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T
he nucleus is the most important
organelle in the growth, proliferation,
and apoptosis of a cell.1,2 Controlling

the processes governed by the nucleus has
been a primary goal for nuclear-targeted
cancer therapy.3,4 Conventionally, viral vec-
tors are used to deliver drugs to cell nuclei,5

but a drawback is the resulting immuno-
genic response.6,7 Nanomaterials are pro-
mising delivery vehicles because drugs can
be densely loaded on the nanoparticle (NP),
which simultaneously enhances the stabi-
lity and pharmacokinetics of the mole-
cules in vitro.8 Recently, nuclear targeting by
peptide-modified gold NPs has seen some
success9,10 and shown improved anticancer
efficacy;11 however, themechanism respon-
sible for the increased cell death is unknown
because no nanoscale direct visualization of
how the NPs affected the nucleus was
shown.
Nucleolin is the most abundant nucleolar

phosphoprotein in the nucleus of normal
cells12,13 but in metastatic and rapidly divid-
ing cells is overexpressed in the cytoplasm
and translocated to the cell membrane.14�16

The trafficking ability of nucleolin has been
implicated in transporting anticancer ligands
from the cell surface to the nucleus.16,17

Recently, the single-stranded DNA aptamer
AS1411 (26 mer, 7.8 kDa) has been tested as
a chemotherapeutic agent because of its
ability to bind to nucleolin with a high
binding affinity (Kd is in the picomolar to
low nanomolar range).17�20 By blocking
several functions of nucleolin, AS1411 can
result in the arrest of DNA repair in the
nucleus as well as destabilize bcl-2 mRNA
to result in tumor cell death.14,18 This paper
reports the direct visualization of a two-
component nanoconstruct;AS1411 (Apt)
and gold nanostars (AuNS);interacting
with cancer cell nuclei. We exploited the
shuttling properties of nucleolin to traffic

the nanoconstructs (Apt�AuNS) to the peri-
nuclear region (Figure 1) and then tested
hownuclei�nanoconstruct interactions corre-
lated with cell activity.

RESULTS AND DISCUSSION

Two-Component Nanoconstructs Whose Surface
Ligands Are Also Drugs. We synthesized bio-
compatible AuNS by reducing Au(III) chlorate
with 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES), one of the Good's
buffers used in cell culture.21 By controlling
the ratio of the Au(III) salt to HEPES, we
produced nanostars with average sizes
around 25 nm (Figure 2A,B). Despite this
small size, AuNS supported a localized sur-
face plasmon (LSP) resonance centered at
780 nm, within the biologically transparent
near-infrared (NIR) spectral window (Figure
S1A in Supporting Information) because of

* Address correspondence to
todom@northwestern.edu.

Received for review January 20, 2012
and accepted March 16, 2012.

Published online
10.1021/nn300296p

ABSTRACT

We report the direct visualization of interactions between drug-loaded nanoparticles and the

cancer cell nucleus. Nanoconstructs composed of nucleolin-specific aptamers and gold

nanostars were actively transported to the nucleus and induced major changes to the nuclear

phenotype via nuclear envelope invaginations near the site of the construct. The number of

local deformations could be increased by ultrafast, light-triggered release of the aptamers

from the surface of the gold nanostars. Cancer cells with more nuclear envelope folding

showed increased caspase 3 and 7 activity (apoptosis) as well as decreased cell viability. This

newly revealed correlation between drug-induced changes in nuclear phenotype and increased

therapeutic efficacy could provide new insight for nuclear-targeted cancer therapy.

KEYWORDS: gold nanoparticles . aptamers . nucleolin . drug delivery .
light-triggered release . nanoparticle�nucleus interactions
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its multibranched shape. We grafted AS1411 aptamer
to AuNS to create Apt�AuNS nanoconstructs by repla-
cing the HEPES capping molecules with thiolated
aptamers according to published protocols.22 To de-
termine the number of aptamers attached to each
AuNS, we compared differences in fluorescence inten-
sity of a solution of Cy5-labeled aptamer before and
after conjugating the AuNS. We estimated that each
AuNS supported approximately 950 AS1411 strands,
which is in agreement with the theoretical calculation
using themethod reported byMa et al.23 Dynamic light
scattering of the Apt�AuNS nanoconstructs showed
an increase in hydrodynamic diameter from 25 to
32 nm (Figure 2C). This 3.5 nm increase in radius is
consistent with the length of the aptamer dimer;
circular dichroism measurements confirmed that the
G-quadruplexes were still formed in the Apt when

attached to the AuNS (Figure S1B). We also prepared
a control nanoconstruct (cApt�AuNS), where the
cApt had a cytosine-rich, nonquartet DNA structure
(Figure S1C). This control sequence was selected
because of its low affinity to nucleolin.18,19

Nucleolin Can Traffic the Nanoconstruct to the Perinuclear
Region. As a first test of the trafficking properties of
nucleolin for Apt�AuNS, we incubated Cy5-labeled
nanoconstructs (Cy5�Apt�AuNS) with HeLa cervical
cancer cells for confocal fluorescencemicroscopy anal-
ysis. In these experiments, the Cy5-label was at the
30-end of the aptamer so that fluorescence quenching
by the AuNS would be minimized. Confocal images
showed that the fluorescence signals of the Cy5�
Apt�AuNS overlapped with the DAPI-stained nucleus
as the incubation time increased from 5 to 24 h (Figure
3A�D). In contrast, there was little colocalization be-
tween the Cy5 and DAPI signals when HeLa cells were
treatedwith cApt�AuNS for the same incubation times
(Figure 3E�H). These results suggest that the nano-
constructs were trafficked by nucleolin near the cell
nucleus, which is consistent with observations of nu-
clear targeting by peptides by other far-field imaging
tools such as differential interference contrast micro-
scopy and dark-field scattering.9�11 Actin-mediated
nucleolin transport or lysosomal delivery of the Apt�
AuNS could possibly be responsible for how shuttling
to the perinuclear region occurs;24,25 however, there
are few studies identifying the former mechanism, and
the latter is not consistent with the confocal data in
Figure 3. Although 24 h incubation times showed the
highest concentration of particles near the nucleus, we
chose 7 h incubation times for the remainder of the
experiments to avoid any potential complexities with
cell cycle phases.26

Although light-based imaging can provide diffrac-
tion-limited information on the locations of NPs within
cells, they cannot visualize effects of nanoconstructs
on cellular compartments at the nanometer scale;
however, high-resolution transmission electron micro-
scopy (HRTEM) can resolve interactions at the 10 nm
level. Figure 4A shows that, after 7 h of incubation with
HeLa cells, clusters of Apt�AuNS were localized in the
cytoplasm (C) and very close to the nucleus (N). In
contrast, only a few clusters of cApt�AuNS were ob-
served near the nucleus, and these images were
acquired only after extensive searching (Figure 4B).
To confirm that uptake and transport of the Apt�AuNS
nanoconstructs in cancer cells was mediated by
nucleolin, we carried out control experiments using
MCF-10A, a normal mammary epithelial cell line lacking
surface nucleolin,18 and OVCAR-3, an ovarian carcino-
ma cell line with low expression of surface nucleolin
(data not shown). After 7 h of incubation, we found
only a minimal number of Apt�AuNS anywhere in-
side the MCF-10A cells (Figure 4C) and only a few
Apt�AuNS inside OVCAR-3 cells (Figure 4D).

Figure 1. Nucleolin-mediated, active trafficking of nano-
constructs to the cancer cell nucleus. (A) Scheme of a
two-component nanoconstruct (Apt�AuNS) consisting of
nucleolin-specific aptamers AS1411 and a gold nanostar
(AuNS). (B) Scheme depicting delivery to the nucleus via
three major steps: (1) binding of Apt�AuNS to surface
nucleolin receptors; (2) shuttling of Apt�AuNS by nucleolin
to locations near the cell nucleus; and (3) interactions with
the nuclear envelope (NE) of the nucleus. (Inset) Apt�AuNS
interactions with the nucleus result in deep, intruding folds
of the NE into the nucleoplasm.

Figure 2. Surface functionalization and trafficking proper-
ties of nanoconstruct. (A) TEM images of biocompatible
AuNS. Hydrodynamic diameter of AuNS (B) before (as-
synthesized) and (C) after conjugationwithAS1411aptamer
measured by dynamic light scattering.
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Nanoscale Imaging of Nanoconstruct�Nucleus Interactions
Reveals NE Folding at the Location of the Nanoconstruct. Sur-
prisingly, high-resolution TEM images showed major
changes in nuclear phenotype near the site of the
nanoconstruct; the nuclear envelope (NE) was extre-
mely deformed in over 60% of the HeLa cells with
nanoconstructs. Our analysis of over 150 cells showed
an average of 3( 0.5 folds per nucleus after the cancer
cells were incubated with Apt�AuNS for 7 h. There
have only been some reports on NE folding27 and only

a few because of the presence of a drug.28 More im-
portantly, the locations of over 80% of the intruding
folds into the nucleoplasm correlated directly with
the location of the Apt�AuNS near the nucleus. We
analyzed >100 cell sections to confirm the spatial
correlation between the position of the vesicles con-
taining Apt�AuNS and the sites of folding in the NE.
Ninety percent of nanoconstructs or clusters were
located either within 1.5 ( 0.5 μm from the opening
of the nuclear membrane folds or inside the folds

Figure 4. Nuclear envelope invaginations in cancer cell nuclei at locations near Apt�AuNS. TEM images of (A) Apt�AuNS-
treatedHeLa cells showmechanical deformation of theNEgeneratedby thenanoconstructs. (B) Nuclei of cApt�AuNS-treated
HeLa cells and (C) Apt�AuNS-treated MCF-10A cells appear undisturbed. (D) Fewer Apt�AuNS and NE folds are observed in
OVCAR-3 cells. All cells were incubated for 7 h with the nanoconstructs. White arrows highlight the locations of the NE folds,
and the black arrows point to the Apt�AuNS clusters.

Figure 3. Intracellular trafficking of nanoconstructs to the nucleus. Intracellular delivery of Apt�AuNS to the nucleus was
monitored by incubating HeLa cells with Cy5�Apt�AuNS and imaging with a confocal fluorescence microscope. (A�D)
Accumulation of Cy5�Apt�AuNS in the nucleus, indicated by the red fluorescence, starts to appear after 5 h and increased
significantly after 7 and 24 h. This observation suggests that Apt�AuNS are internalized by HeLa cells and are transported to
locations spatially close to the nuclei. (E�H)When HeLa cells are treated with control nanoconstructs (Cy5�cApt�AuNS), the
Cy5 signal is only observed in the cytoplasm but not in the cell nucleus.
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(Figure S2), which strongly implies that the presence of
the nanoconstruct produced the localized changes in
the cancer cell NE.We also observed that 20%of the NE
invaginations did not have Apt�AuNS near them.
However, considering that the thickness of the section
is only 80�90 nm, it is possible that the TEM sections
that show NE invaginations without particles are also
generated by Apt�AuNS. This interpretation is consis-
tent that the nucleus is a 3D object but that TEM can
only image in 2D;so, the Apt�AuNS are needed for
the NE folds, but they can only be imaged in other TEM
sections. In addition to our analysis, we found that
increased incubation times of the nanoconstruct re-
sulted in even deeper invaginations or multibranched
folds of the NE at 7 h. Cross sections of these deep folds
within the nucleoplasm were even observed at 24 h
(Figure S3). We conducted statistical analysis over 30
different cells in each set of samples and observed that
the length of the NE folds increased from 1.2( 0.1 μm
after 7 h incubation to 1.4 ( 0.1 μm after 24 h
incubation (p < 0.01). We also observed folding in the
NE in OVCAR-3 cells; however, there were far fewer
folds (1( 0.5 folds per nucleus, p < 0.001) compared to
that in HeLa cells (Figure 4E).

Since NE folding was only observed in cancer cells
treated with Apt�AuNS but not cApt�AuNS, we hy-
pothesized that the AS1411 aptamers were primarily
responsible for NE folding. Surprisingly, there have
been no reports on the possible changes in nuclear
phenotype induced by AS1411 despite this drug being
in phase II clinical trials.29 We conducted experiments
with free AS1411 and observedNE folding in ca. 70%of
the HeLa cell population after treatment at therapeutic
concentrations (10 μM)18 (Figure S4A). Surprisingly, if
we used 450 nM free AS1411;the equivalent of
AS1411 concentration in 0.3 nM of Apt�AuNS;there
was no morphological change in the cancer cell nu-
cleus compared to treatment with 0.3 nM Apt�AuNS
(Figure S4B). This finding highlights the role that AuNS
serves as a carrier of high, local concentrations of
aptamer that can be delivered near the nucleus. There
is the possibility that ligand-induced nucleolin cluster-
ing as a result of Apt�AuNSbinding tomultiple nucleolin
proteins could also result in NE folding. In contrast, and in
agreement with cApt�AuNS results, we found no defor-
mations in the nucleus after treatment with free control
aptamer (10 μM, Figure S4C). Altogether, these results
indicate that the interactions between Apt�AuNS vesi-
cles and the cell nucleus are mediated by AS1411. How
nucleolin and AS1411 aptamers inside vesicles interact,
however, is not well-understood. A recent report sug-
gests that uptake of AS1411 is via macropinocytosis,
resulting in macropinosomes, which are leakier than
endosomal vesicles.30 Further study is needed to elu-
cidate details of this uptake mechanism.

Light-Triggered Release of Aptamers Induces Further Changes
to Nuclear Phenotype. To test whether the concentrated

release of aptamer from the constructs could increase
NE folding further, we detached AS1411 from the AuNS
surface using femtosecond (fs) pulses at the LSP
wavelength of the AuNS (Materials and Methods).
Ultrafast pulses at NIR wavelengths have been used
to detach thiolated DNA from gold nanoparticles while
still maintaining the viability of the molecules.31,32 We
identified the optimal irradiation conditions (e.g.,
shortest excitation time, lowest pulse energy) using
Cy5-labeled Apt�AuNS incubated with HeLa cells for
7 h. For these experiments, the Cy5 was situated at the
thiol end of the aptamer (closest to the AuNS surface,
Apt�Cy5�AuNS) so that only if the AS1411 aptamer
was released from the AuNS would Cy5 fluorescence
be observed. In buffer, we found that 40 fs pulses
(power density 4.8 W/cm2), irradiation times of 2 s, and
a wavelength of 800 nm produced the largest fluores-
cence signal and the highest amount of AS1411 release
(Materials and Methods). This exposure time is much
shorter than previous reports that required an average
of a few minutes of NIR irradiation.31,33,34 Flow cyto-
metry of HeLa cells and Apt�Cy5�AuNS irradiated
with NIR fs pulses showed a significant increase in
Cy5 fluorescence intensity compared to nonirradiated
samples (Figure S5A). These data confirmed that fs-NIR
irradiation was able to release the aptamer from AuNS
in cells.

HRTEM images also revealed that the nanocon-
structs were in some type of vesicle throughout the
intracellular trafficking process (Figure 5A). Femtose-
cond excitation produced a breaking up of the clusters
of Apt�AuNS (Figure 5B), partial deterioration of the
membrane, and release of the aptamer from the AuNS.
Possible heating effects cannot be eliminated, but
reports suggest that this temperature increase is
minimal.31,32 Second, >95% of the cells containing
Apt�AuNS showed deformations in nuclear pheno-
type and NE invaginations (5 ( 0.5 folds per nucleus)
immediately after irradiation (Figure 5C). This 40%
increase in the number of cells that show NE folding
(compared to 60%without released aptamer) suggests
that the released aptamers increase the effects of
aptamer�NE interactions. We studied the effects of
the released drug over longer times by examining the
cancer cell nucleus at 24, 48, and 72 h after aptamer
release. At 24 and 48 h time points, the NE invagina-
tions became deeper (1.5 ( 0.1 and 1.9 ( 0.3 μm,
respectively (p < 0.001)) (Figure 5D,E). After 72 h, 98%
of the cell population was composed of small daughter
cells that showed extreme NE roughening (Figure 5F).
These observations suggest that the released AS1411
continues to have an effect even after 72 h.

Extent of Nuclear Envelope Deformation Correlates to Cellular
Activity. Direct comparison of the HeLa cell nuclei
before and after fs irradiation indicates that an increase
in the number of NE folds (>2 times) was observed
immediately after the AS1411 was released from the
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AuNS (Figure 6A,B). To test whether these physical
changes were correlated with cell function, we mea-
sured caspase 3 and 7 activities (Materials and
Methods) since an increase in caspase activity sug-
gests that cells are undergoing apoptosis.3 Figure 6C
shows that the caspase activity of HeLa cells treated
with Apt�AuNS þ hν increased immediately by 1.5
times compared to cells incubated with only Apt�
AuNS. In addition, since apoptosis is related to the
functional disruption of the nucleus,11 the amount of

double-stranded DNA breaks (DSBs) was evaluated
by confocal fluorescence microscopy. Figure 6D,E
shows that DAPI-stained nuclei overlapped with the
green FITC fluorescence of the DSB foci (Materials and
Methods). Clearly, the DSB foci exhibited significantly
higher FITC signals after aptamer release from the
AuNS carriers (Figure 6E). Therefore, the increases in
caspase activity as well as the increase in DNA damage
are highly correlated to the increased levels of NE
deformation.

Figure 6. Nuclear phenotype and biological activity of the nucleus are correlated. (A) TEM image of a HeLa nucleus treated
withApt�AuNS showing a small number of NE folds after incubation for 7 h. (B) TEM image showing a dramatic increase in the
number and depth of the NE invaginations after fs pulsed irradiation for 2 s. White arrows highlight the locations of the NE
folds, and the black arrows point to the Apt�AuNS clusters. (C) Caspase 3 and 7 activity of Apt�AuNS-treated HeLa cells
increased by 1.5 times immediately post-irradiation (p < 0.05). (D,E) Confocal fluorescence images of double-stranded DNA
breaks (DSBs) indicated by the green FITC fluorescence in HeLa cells incubated with (D) Apt�AuNS only and (E) Apt�AuNS
and light-triggered release of aptamer. Although both treatments result in DSBs, there are more DSB foci after the aptamers
are released from the AuNS, which produces more severe changes in nuclear phenotype.

Figure 5. Number of NE folds in a nucleus increases when aptamers are released from the nanoconstructs by fs pulsed light.
(A) TEM image depicts that the vesicle membrane surrounding the Apt�AuNS clusters conforms to the particles and is intact.
(B) Vesicle membranes are partially deteriorated after irradiation with 2 s of fs pulsed light, which facilitates escape of
aptamers from the vesicle. The morphology of the AuNS does not change significantly after light irradiation. (C�F) Nuclei of
HeLa cells treated with 0.3 nM of Apt�AuNS for 7 h and followed by 2 s of fs pulsed irradiation show large changes in nuclear
phenotype and an increase in number of NE folds (C) immediately, (D) at 24 h, (E) at 48 h, and (F) at 72 h after the aptamers
were released.
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Finally, we investigated whether the physical de-
formation of the NE correlated with changes in cellular
activities such as metabolism. Cell viability was mea-
sured since a decrease in viability would indicate shut-
down of metabolic activity.3 We found that HeLa cells
treatedwith both Apt�AuNSonly andApt�AuNSþ hν
showed decreased cell viability over 72 h. Consistent
with the increased amounts of NE folding, 40% of the
HeLa cell population treatedwith Apt�AuNSþ hν died
immediately, while only 25% of the population died
with Apt�AuNS (Figure 7).

This result confirms that locally increasing the
availability and concentration of the AS1411 near the
cell nucleus can have deleterious effects on the meta-
bolic activity of the cells (p < 0.01) and result in cell
death. Furthermore, viability analysis showed that
>70% of the cell population died between 48 and
72 h after release of the aptamer, a percentage that is
much higher than that of Apt�AuNS only treated cells.

In addition, the viabilities of cApt�AuNS-treated HeLa
cells and Apt�AuNS-treated MCF-10A cells after ultra-
fast light irradiation were nearly 100%, which is ex-
pected since the nuclei of these cells remained intact
(Figure 4C,D), and the 2 s irradiation did not damage
the cells (Figure S5B). These results strongly suggest
that the physical deformation of the nucleus can be
related to prolonged shutdown of cellular metabolism.
Finally, we observed that the viability of cells treated
with 450 nM of free aptamer (the estimated concen-
tration based on the number of aptamers on each
AuNS and the concentration of AuNS)wasmuchhigher
than for cells treated with Apt�AuNSþ hν (Figure S8).
Therefore, the localized release of high concentrations
of aptamer from the AuNS surface in the perinuclear
region can have a significant effect on therapeutic
efficiency.

CONCLUSION

In summary, we have directly visualized the interac-
tion between a drug-loaded nanoconstruct and the
cancer cell nucleus and correlated the resulting mor-
phological deformations in the NE with increased
efficacy. By taking advantage of the shuttling protein
nucleolin, we could actively deliver the nanoconstruct
to locations in nanoscale proximity to the nucleus,
which resulted in extreme deformation and invagina-
tion of the NE at the site of the construct. These
morphological changes were exacerbated upon ultra-
fast, light-triggered release of the aptamer from the
AuNS. That cancer cell function can be correlated with
deformations in the nucleus suggests that major chal-
lenges in particle-based, nuclear-targeted therapy can
be overcome. For example, complete internalization of
nanoconstructs inside the nucleus is not necessary if
induced physical changes in nuclear phenotype can
disrupt nuclear functions. Also, becausemorphological
effects are inducedbyNPsoutside thenucleus, theremay
be no limitation in the size or shape of NPs that can
achieve a similar response. These factors should provide
insight into the development of new strategies to design
drug-loaded NPs with increased therapeutic efficacy.

MATERIALS AND METHODS

Synthesis of Gold Nanostars. Gold nanostars (AuNS) were
synthesized by reducing Au(III) chlorate in HEPES buffer to
create biocompatible, surfactant-free gold nanoparticles for
in vitro studies.21 The AuNS were prepared by mixing 5 μL of
40 mM HAuCl4 (Sigma Aldrich) with 1 mL of 140 mM HEPES
buffer. The resonance wavelength of the AuNS was measured
using UV�vis spectroscopy. Particle size was determined using
both high-resolution transmission electron microscopy (HRTEM)
and dynamic light scattering (DLS).

Preparation of Apt�AuNS Nanoconstructs. AS1411 aptamer with
a disulfide modification at the 50-end (50-T-(C6-S-S-C6)-TTG GTG
GTG GTG GTT GTG GTG GTG GTG G-30) and a control aptamer
(cApt), where all the guanines were replaced with cytosines

(50-T-(C6-S-S-C6)-TTC CTC CTC CTC CTT CTC CTC CTC CTC C-30),
were purchased from TriLink Biotechnologies, Inc. HPLC-pur-
ified aptamers were dissolved in Millipore water (18.2 MΩ 3 cm)
to make 1 mM solutions. The disulfide bond was cleaved by
adding 2.5 μL of 25 mM tris(2-carboxyethyl)phosphine (TCEP)
(Sigma Aldrich) to 10 μL of the 1 mM aptamer solution. After
30 min, the thiolated aptamer solution was added to 10 mL of
0.2 nM solution of AuNS and left overnight to form the nanocon-
struct (Apt�AuNS). To increase the surface concentration of
aptamers on AuNS,35 we salted themixture solution with 2.5mL
of a 500mM solution of NaCl twice, separated by 4 h. The size of
the nanoconstructs was characterized using DLS.

Calculation of the Number of Aptamers per AuNS. Cy5-labeled
aptamer (50-T-(C6-S-S-C6)-TTG GTG GTG GTG GTT GTG GTG
GTGGTGG-Cy5-30) was used to estimate thenumber of aptamers

Figure 7. Increase in the extent of NE folding is related to
metabolic shutdown and cell death. Viability analysis of
Apt�AuNS-treated HeLa cells shows a maximum decrease
(>70%) between 24 and 72 h after light-triggered release of
the aptamer (p < 0.001). Even without released aptamer,
Apt�AuNS-treated cells showed a decrease in viability of
25%. Minimum cell death was observed in cApt�AuNS-
treated HeLa cells (cApt�AuNS þ hν) and Apt�AuNS-trea-
ted MCF-10A cells ((M)Apt�AuNS þ hν) after the 2 s
irradiation. Lines over bars indicate groups that are not
significantly different.
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functionalized on a single AuNS. Cy5 was placed at the 30-end of
the aptamer, while the 50-end was attached to the AuNS surface
via the gold�sulfur bond. To estimate the number of aptamers
involved in the AuNS functionalization, we took fluorescence
measurements of the free Cy5-labeled aptamers in the solution
before the conjugation. Cy5-labeled aptamers were then con-
jugated on AuNS based on aforementioned protocol. After 24 h,
the nanoconstruct solution was centrifuged at 15 000 rpm for
11 min, and the supernatant was collected. The fluorescence of
the supernatant was measured to determine the amount of
aptamers which did not react with the AuNS. Upon the basis of
these results, there are approximately 950 AS1411 strands
functionalized on a single AuNS.

Tissue Culture for Cancer and Control Cell Lines. The human
cervical carcinoma HeLa cell line (ATCC) was maintained in
DMEM medium (Gibco) supplemented with 10% fetal bovine
serum (FBS) (Invitrogen). The human epithelial cell lineMCF-10A
(ATCC) was maintained in DMEM/F12 medium (Gibco) supple-
ment with 10% horse serum (Invitrogen), 20 ng/mL epidermal
growth factor (EGF) (Sigma Aldrich), 0.5 mg/mL hydrocortisone
(Sigma Aldrich), 100 ng/mL cholera toxins (Sigma Aldrich), and
10 μg/mL insulin (Sigma Aldrich). The ovarian carcinoma cell
line OVCAR-3 (ATCC) was maintained in RPMI-1640 medium
(Gibco) supplementedwith 20% fetal bovine serum (Invitrogen)
and 0.01 mg/mL bovine insulin (Sigma Aldrich). The cells were
cultured at 37 �C with 5% CO2 and plated in T25 flasks (VWR)
with aforementioned media.

Confocal Imaging of Dye-Labeled Nanoconstructs. HeLa cells (2 �
104 cells/coverslip) were plated on poly-L-lysine-treated cover-
slips and maintained with Dulbecco modified Eagle's medium
(DMEM) with 10% fetal bovine serum (FBS). After cell growth
(37 �C in 5% CO2) for 24 h, the growth medium was removed,
and the cells were washed three times with phosphate buffered
saline (PBS) (Invitrogen). Then, 300 μL of 0.3 nM 30-labeled
Cy5�Apt�AuNS in DMEM was added to cells for different
incubation times (2.5, 5, 7, and 24 h). For the control, 0.3 nM
of nontargeting 30-labeled Cy5�cApt�AuNS was added to
HeLa cells for similar incubation times. After the AuNS solutions
were removed, the cells were washed three times with PBS.
Then, 200 μL of 4% paraformaldehyde (Sigma Aldrich) was
added for 20 min to fix the cells, followed by washing the
samples three times with PBS. A drop of ProLong Gold antifade
reagent with DAPI (Invitrogen) was added to each well, and
then the sample was mounted on a glass slide for fluorescence
imaging.

TEM Imaging of Nanoconstructs and Cancer Cells. HeLa cells were
plated at 2 � 105 cells per well in a 12-well plate for 24 h. After
removal of the growth media, 3 mL of the 0.3 nM Apt�AuNS in
DMEM was added to each well for 2, 5, 7 and 24 h incubation.
HeLa cells were harvested by treating with 0.25% trypsin-EDTA
for 5 min at 37 �C in 5% CO2. The cells were then centrifuged at
500g for 5 min. The supernatant was removed, and the pellets
were resuspended and washed in PBS. The cells were fixed by
the first infiltration step using a Pelco Biowave microwave. Two
exchanges of the primary fixative were made using 2% paraf-
ormaldehyde and 2.5% glutaraldehyde in a 0.05 M sodium
phosphate buffer followed by two buffer washes. The second-
ary fixative of 1.5% osmium tetroxide in DI water was followed
by two DI water rinses. Acetone was used for the dehydration
series and infiltration steps. The EMBed 812 resin was made to
medium hardness. Bench infiltration steps at room temperature
included resin to acetone ratios of 1:1 for 4 h and 2:1 overnight,
followed by 100% resin for 3 h, and 100% resin for another hour.
Polymerization took place in a 60 �C oven for 24 h, and no
additional stainingwas done. A Leica Ultracut S or RMCMT-6000
XL microtome was used to collect 90 nm thick sections. Cell
sections were imaged and captured by a JEOL1230 TEM and
Gatan 831 bottom-mounted CCD camera.

Statistical Analysis of the Nuclear Envelope Folds. The number of
NE folds was averaged over 150 cell sections based on TEM
images. The lengths of the NE folds were measured using the
measuring tool in the Gatan 831 bottom-mounted CCD camera
software. The reported lengths were averaged over 30 cell
sections of each sample group. The standard error of the mean,
defined as the standard deviation of the sampling distribution,

was reported. We performed two-way ANOVA (Origin, 8th ed.)
of the distances of Apt�AuNS from the cell nucleus and the
lengths of NE folds between two sample groups and tested
against the null hypothesis that there is no difference in
distance or length between the two groups.

Ultrafast Light-Triggered Release of Aptamers from AuNS. The fem-
tosecond NIR pulses used in the irradiation experiments were
generated using a 1 kHz Ti:sapphire regenerative amplifier
(Spitfire Pro, Spectra-Physics) seeded by a Ti:sapphire oscillator
(Tsunami, Spectra-Physics). The center wavelength was set to
800 nm, and the pulse duration was 40�50 fs. The beam was
focused to a 4.5 mm diameter spot at the sample using a 50 cm
focal length plano-convex lens. The average pump power was
attenuated to 760 mW, corresponding to a power density of 4.8
W/cm2, using a gradient neutral density filter wheel. Samples
were irradiated in the 96-well plates, and the irradiation time
was controlled to within 2 ms by a shutter (Uniblitz, Vincent
Associates) connected to a computer.

Release of Aptamers from AuNS in Phosphate Buffer Saline (PBS). Eighty
microliters of 0.2 nMApt�Cy5�AuNS in PBSwas added in each of
a 96-well plate. The Cy5 dye was located at the 50-end of aptamer
which also contains a thiolated group attaching to the AuNS (50-
T-(C6-S-S-C6)-Cy5-TTGGTGGTGGTGGTTGTGGTGGTGGTGG-30).
Because the dye was closest to the surface of the particle (<1 nm),
we expected the fluorescence would be quenched by the gold.36

Each well was irradiated (hν) for 2 s using a 40 fs, 1 kHz repetition
rate, 800 nm pulsed laser at different power densities (from 0.5 to
4.8 W/cm2), and the fluorescence was measured using a PC1
fluorimeter. We then determined the fluorescence intensity of the
solution with all of the thiolated Cy5-labeled aptamer replaced
from AuNS with mercaptobutanol in order to calculate the
percentage of released aptamer from fs irradiation.22 Our results
showed that approximately 20%of theDNAwas released from the
AuNS after fs irradiation at 4.8 W/cm2 for 2 s.

Intracellular Release of Aptamers from AuNS. HeLa cells were
plated at 10 � 103 per well in 48 wells of a 96-well plate for
24 h. After removal of the growth media from the wells, 100 μL
of 0.3 nM Apt�Cy5�AuNS in RPMI-1640 colorless media was
added to each well and incubated for 7 h. Half of the wells were
subjected to 2 s irradiation at 4.8 W/cm2 (same conditions as in
buffer), while the other half were untreated to serve as a control.
Apt�AuNS HeLa cells were then collected by trypsinization
(5 min) of the cells from the plate and spun down (350g) for
5 min to form a cell pellet. The pellets were resuspended and
washed twice in PBS, after which PBS was removed and replaced
with binding buffer (Invitrogen). The fluorescence signal mea-
sured by flow cytometry showed an increase by 2 times in fs
irradiated cells.

Measurement of Caspase 3/7 Activity. Apo-ONE Homogeneous
Caspase-3/7 assay kit (Promega) was used to test caspase 3/7
activity, an apoptotic indicator, in cancer cells after light-trig-
gered release of Apt. The assay was performed following the
protocol by Promega.36 The cells were plated on a 96-wells
plate (∼10000 cells/well) for 24 h. After treatment, the cells were
lysed with the mixture containing pro-fluorescence sub-
strate (Z-DEVD-R110) and bifunctional cell lysis/activity buffers. We
measured the caspase 3/7 activity using Synergy 3 microplate
reader (NU-HTA) to determine the fluorescence intensity of
R110 (487ex/528em nm) at different time points (0, 24, 48, and
72 h) after release of the aptamer. Error bars were calculated by
taking the ratio between standard deviation of the sample set
and square root of the sample population (N = 18). Two-way
ANOVA was performed (Origin, 8th ed.) to evaluate significant
differences between the factor level means within a factor and
for interactions between the factors of different sample sets.

Determination of Double-Stranded DNA Breaks (DSBs) in the Cell
Nucleus. DSBs were determined by immunostaining of serine-
139 phosphorylated γ-H2AX protein with the primary antibody
anti-γ-H2AX (Sigma Aldrich).37 The secondary antibody, goat
anti-mouse IgG labeled with the green fluorescent dye FITC
(Millipore), was attached to the primary antibody. dsDNA breaks
were indicated by the bright green FITC signals. HeLa cells (2�
104 cells/coverslip) were plated on poly-L-lysine-treated cover-
slips. After treatment, the cells were fixed with 4% paraformal-
dehyde for 20 min. The fixed cells were then incubated with
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1 mL of PBS for 5 min and then treated with 300 μL of PBS
containing 0.5% Triton X-100 (Invitrogen) for 3 min to enhance
permeability. The cells were washed with PBS three times and
incubated with primary antibody anti-γ-H2AX diluted in 1%
Tween-PBS (T-PBS) solution containing 0.1% BSA (1:100) for 1 h.
The cells were thenwashed with PBS three times and incubated
with secondary antibody diluted in T-PBS (1:250) for 20 min. A
drop of ProLong Gold antifade reagent with DAPI (Invitrogen)
was added to the coverslip, and the sample was then placed on
a glass slide for confocal fluorescence imaging.

Measurement of Cell Viability. Cell-Titer Blue Cell viability assay
(Promega) was used to determine the viability of cells. This kit
contains highly purified nonfluorescent rezasurin in buffer.
Viable cells will reduce rezasurin to resofurin, which is a highly
fluorescent molecule. Nonviable cells, however, lose their meta-
bolic activity and will not reduce rezasurin. Cells were plated on
a 96-well plate (∼10 000 cells/well) for 24 h. After treatment, we
determined cell viability by measuring the fluorescence inten-
sity (560ex/ 590em nm) of resofurin at different time points (0, 24,
48, and 72 h). Error bars were calculated by taking the ratio
between standard deviation of the sample set and square root
of the sample population (N = 18). Two-way ANOVA was
performed (Origin, 8th ed.) to evaluate significant differences
between the factor level means within a factor and for interac-
tions between the factors of different sample sets.
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