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N
anoscale materials have been re-
ceiving increasing attention in the
field of biomedicine. Understand-

ing of the behavior of nanomaterials, espe-
cially nanoparticles (NPs), in living system
is vitally important for both the design of
functionalized nanoparticles and the appli-
cation of some nanomaterial-based medi-
cines already in use. Due to their superior
physiochemical properties, nanomaterials
exhibit excellent advantages in biomedical
research, such as accumulating preferentially
at sites of tumor growth or inflammation,
entering cells much more rapidly through
different mechanisms compared to small
molecules, delivering of various payloads
into their targets, and being modified con-
veniently to perform desirable functions.1�4

For nanoparticles, one of the key parameters
is size. The nanoparticle-mediated in vivo

and in vitro response is size-dependent. Pre-
vious studies showed that nanoparticleswith
different sizes had distinctive distributions in
the organs of living mice,5�8 were taken up
into cells by different mechanisms,9,10 and
followed a size-specific pathway until they
escaped from the cells.11We have previously
demonstrated that smaller nanoparticles
(50 nm) can penetrate deeply into tumor
tissue more easily and effectively than their
larger counterparts (100 nm).12 Among kinds
of nanoparticles, gold nanoparticles have
received much attention due to their easy
fabrication, controllable size and shape,
tunable surface functionalization, and good
biocompatibility.10,13�16 In the past few
years,mucheffort has beenmade to develop
nanoparticle-based therapeutic approaches.
The application of gold nanoparticles is con-
tinuously booming, including drug and gene
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ABSTRACT The aim of this study was to determine the size-dependent

penetration ability of gold nanoparticles and the potential application of

ultrasmall gold nanoparticles for intranucleus delivery and therapy. We synthe-

sized gold nanoparticles with diameters of 2, 6, 10, and 16 nm and compared their

intracellular distribution in MCF-7 breast cancer cells. Nanoparticles smaller than

10 nm (2 and 6 nm) could enter the nucleus, whereas larger ones (10 and 16 nm)

were found only in the cytoplasm. We then investigated the possibility of using

ultrasmall 2 nm nanoparticles as carriers for nuclear delivery of a triplex-forming

oligonucleotide (TFO) that binds to the c-myc promoter. Compared to free TFO, the

nanoparticle-conjugated TFO was more effective at reducing c-myc RNA and c-myc protein, which resulted in reduced cell viability. Our result demonstrated

that the entry of gold nanoparticles into the cell nucleus is critically dependent on the size of the nanoparticles. We developed a strategy for regulating

gene expression, by directly delivering TFOs into the nucleus using ultrasmall gold nanoparticles. More importantly, guidelines were provided to choose

appropriate nanocarriers for different biomedical purposes.

KEYWORDS: ultrasmall gold nanoparticles . cancer cell nucleus . size-dependent . gene regulation . cancer therapy
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delivery vehicles, diagnostic tools, imaging agent
in therapy, and biomarkers in the pharmaceutical
field, etc.17�19

Nucleus is the most important organelle in regulat-
ing reproduction, growth, metabolism, and death of
cells through gene expression. Controlling the nuclear-
governed processes has been amajor goal for nuclear-
targeted therapy. However, most of the nanomaterials
enter the cytoplasm exclusively. Information regarding
the uptake and penetration of nanoparticles in the
nucleus and their application in regulating gene ex-
pression is limited. Previously, gold nanostars were
used to deliver drugs to the nucleus and induce
nuclear phenotype change and apoptosis.20 The
use of nuclear-targeting Au NPs was also reported
by Mostafa et al. to selectively disturb the division
of cancer cells under the observation of cytokinesis
arrest.21 Therapeutic or reporter genes attached to
magnetic nanoparticles for gene-targeting delivery
via high-gradient/high-field magnets demonstrated
in vitro transfection of a variety of cell lines.22 However,
nuclear targeting was indirectly achieved by conjugat-
ing nuclear targeting peptides with nanoparticles or
magnetic targeting in these studies.
Gene therapy is a growing field of medicine that

introduces genetic materials into the body to treat
diseases.23�25 Antisense (AS) gene therapy is a poten-
tially powerful candidate for clinical treatment of var-
ious diseases, such as cancer andHIV/AIDS.23,26 Triplex-
forming oligonucleotides (TFOs) are known to form
triplexes with specific DNA sequences, thereby inter-
fering with gene transcription. However, due to the
high activity of DNase in the cytoplasm, most TFOs are
degraded before forming a triplex with the target
sequence. Thus, the application of TFOs is limited.
Previous studies have reported that conjugation with
Au NPs can improve the stability of oligonucleotides
and prevent their degradation.27�29 However, none
of these methods could directly deliver TFOs into the
nucleus, and the therapeutic efficiency of TFOs is still
maintained at a low level.
Herein, we first report using tiopronin-covered gold

nanoparticles (Au-TIOP NPs) as a typical model to
directly target a nucleus based on the nanoparticle's
specific physiochemical properties. Tiopronin is widely
used as a thiol drug with good biocompatibility.30

Since the thiol groups of tiopronin can bind to the
surface of nanoparticles to prevent coagulation, it is
used as a stabilizing agent for metal nanoparticles.31

Additionally, small molecules, peptides, or drugs can
be modified to the carboxyl group of tiopronin for
different biomedical applications. In this study, we find
that only gold nanoparticles smaller than 10 nm (2 and
6 nm) can enter the nucleus. The larger ones (10 and
16 nm) are localized exclusively outside of the nucleus
in the cytoplasm (Scheme 1). Importantly, we used the
ultrasmall 2 nm Au NPs as a carrier and gene regulator

to deliver triplex-forming oligonucleotides into the
nucleus directly. Our result shows that the expression
of targeted gene was significantly down-regulated by
a 2 nm Au NP�TFO complex at a concentration much
lower than that of free TFOs.

RESULTS AND DISCUSSION

Characterization of Au-TIOP NPs with Different Sizes. In
order to investigate whether gold nanoparticles with
different sizes have distinctive localization behavior
and the ability to enter the nucleus in breast cancer
cells, tiopronin-coated gold nanoparticles with sizes
ranging from 2 to 16 nmwere synthesized in this study.
Tiopronin is a verywell-knownpharmaceutical drugused
for the treatment of rheumatoid arthritis and cystinuria,
and its biocompatibility is quite well-established
already.23 As shown in Figure S1 in Supporting Informa-
tion, 2 and 6 nm Au-TIOP NPs were directly prepared by
reduction of sodium borohydride with the protecting
agent tiopronin. For the 10 and 16 nm Au-TIOP NPs,
citrate-stabilized gold nanoparticles were first prepared,
then a surface molecular ligand exchange method was
used to add tiopronin.

The morphology of the as-prepared Au-TIOP NPs
with different sizes is shown in Figure 1A. TEM images
revealed that the gold nanoparticles have uniform
spherical morphology and narrow size distribution
(Figure S2 in Supporting Information). Compared with
the 15 nm BBI gold nanoparticles (Figure S3 in Sup-
porting Information), the sizes of as-prepared nano-
particles weremeasured and 200 NPs of each size were
statistically analyzed and found to be about 2.1 ( 0.6,
5.6( 0.8, 10.5( 2.1, and 15.8( 2.4 nm. In addition, the
hydrodynamic diameters of the Au-TIOP NPs were
measured by dynamic light scattering (DLS) and are
shown in Table 1. It is reasonable that the hydrody-
namic diameters were a little larger than the sizes
determined by TEM, due to the different measuring
principles of each method. For simplicity, the sizes
of the Au-TIOP NPs are referred to as 2, 6, 10, and
16 nm in the rest of this paper. The ζ-potentials of each
size of Au-TIOP NP were analyzed using a Nano ZS

Scheme 1. Schematic illustration of the distribution and
localization behavior of smaller (2 nm) and larger (10 nm)
Au-TIOP NPs in MCF-7 cancer cells. The ultrasmall 2 nm Au-
TIOP NPs were used as a carrier to enter the nucleus and
deliver a TFO (POY2T) to regulate gene expression.
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Zetasizer and are shown in Table 1. The ζ-potentials of
Au-TIOP NPs were �43.9 mV (2 nm), �41.1 mV (6 nm),
�39.1 mV (10 nm), and �35.9 mV (16 nm). All of the
Au-TIOP NPs were negatively charged, and there was
a minor difference (2�3.2 mV) between each pair of
adjacent sizes.

X-ray diffraction (XRD) analysis was also used to
characterize the four sizes of gold nanoparticles. As
shown in Figure 1B, there were five primary diffraction
peaks at 38.187, 44.385, 64.576, 77.567, and 81.722,
which could be correspondingly indexed to the crystal
planes of (111), (200), (220), (311), and (222) of Au. This
result was consistent with the XRD patterns of Au with
a PDF number of 04-0784 (cubic, a = b = c = 0.2884 nm,

Figure 1. Characterization of 2, 6, 10, and 16 nm Au-TIOP NPs and Au-FITC NPs with different sizes. (A) TEM images
and the corresponding size distribution histograms of the different sizes of Au-TIOP NPs. (B) XRD patterns of
as-synthesized Au-TIOP NPs. (C) Gel shift assay of as-synthesized Au-TIOP NPs. (D) Fluorescence spectra of the
as-synthesized Au-FITC NPs and free FITC. (E) Photos of as-synthesized Au-FITC NPs and free FITC under a daylight
lamp and a UV lamp.

TABLE 1. Characterization of As-Synthesized Au-TIOP NPs

and Au-FITC NPs

sample UV�vis λmax (nm)

hydrodynamic

diameter (nm/PDI) ζ-potential (mV)

2 nm Au-TIOP NPs 505 2.58/0.39 �43.9
2 nm Au-FITC NPs 456/477 4.7/0.46 �29.2
2 nm Au-POY2T NPs 507 3.6/0.40 �30.4
6 nm Au-TIOP NPs 518 6.11/0.33 �41.1
2 nm Au-FITC NPs 458/480 10.02/0.45 �28.5
10 nm Au-TIOP NPs 521 11.21/0.20 �39.1
10 nm Au-FITC NPs 458/479 15.49/0.27 �27.4
16 nm Au-TIOP NPs 525 16.8/0.31 �35.9
16 nm Au-FITC NPs 458/477 19.33/0.43 �26.7

A
RTIC

LE



HUO ET AL. VOL. 8 ’ NO. 6 ’ 5852–5862 ’ 2014

www.acsnano.org

5855

d(111) = 0.2355 nm). A previous report showed that
the smaller the particle, the wider the corresponding
XRD peak.32 This has also been confirmed in this study,
as shown in Figure 1B. Due to the preparation of such
small nanoparticles and the reduced degree of crystal-
lization, diffraction peaks of the Au NP samples exhib-
ited a degree of broadening. Furthermore, according
to the famous Scherrer equation, D = kλ/B cos θ,33 the
calculation based on the (111) peak line width at half-
maximum intensity from top to bottom roughly
showed that the average sizes of the nanoparticles
were about 16, 10, 6, and 2 nm. These sizes are also
consistent with the results above.

Electrophoresis of colloidal gold nanoparticles was
conducted not only to demonstrate the surface charge
of the particles but also to determine their relative
size.34 As shown in Figure 1C, all of the nanoparticles
with good dispersion moved toward the anode side
of the electrophoresis tank, meaning that they were all
negatively charged. It was also obvious that the 2 nm
Au-TIOP NPs traveled the longest distance while the
16 nmAu-TIOPNPsmoved the shortest distancewithin
the same time. This can be attributed to the different
resistance to the gel, which is related to the particle
size. It is reasonable to assume that, since the surface
charges were almost the same, the electrophoresis
speed or distance traveled by the NPs was determined
by their sizes.

Moreover, in order to confirm the dispersion of
synthesized Au-TIOP NPs in relevant media, additional
stability experiments were conducted. As shown in
Figure S4 in Supporting Information, Au-TIOP NPswere
well-dispersed in the relevant media in a discrete state,
and the absorption peaks of each particle dispersed in
different solutions also trended toward identical behav-
iors (for the ultrasmall size of synthesized nanoparticles,
the DMEM culture medium could not be used for
this test).

In summary, several methods were used to demon-
strate that we successfully prepared spherical-shaped
and stable Au-TIOP NPs with diameters of 2, 6, 10, and
16 nm with good PDI. As these nanoparticles differed
only in size, they were used for the following studies.

Characterization of Au-FITC NPs with Different Sizes. In
order to observe the exact distribution of the nano-
particles in cells through confocal laser scanning mi-
croscopy (CLSM), different sizes of Au-TIOP NPs were
labeled with FITC. As shown in Figure S5 in Supporting
Information, PEG2000 was used as a linker between
particles and FITC to prevent fluorescence quench-
ing due to the nanomaterial surface energy transfer
effect.35,36 The particle size and morphology of FITC-
labeled gold nanoparticles can be visualized by TEM
(Figure S6 in Supporting Information). As a result of the
attachment of polymers to the surface of the particles,
the monodispersity of the gold nanoparticles de-
creasedand localizedaggregationoccurred. Furthermore,

because of the polymeric covering, the size of the nano-
particles increased (Table 1).

UV�vis absorption spectroscopy, a common meth-
od to characterize gold nanoparticles, was used to
acquire the absorbance spectra of the nanoparticles
before and after FITC labeling. As shown in Figure S7
in Supporting Information (a�d, black), the UV�vis
absorption peak was red-shifted as the size of the Au-
TIOP NPs increased. Themeasured absorption peaks of
the 2, 6, 10, and 16 nmAu-TIOP NPs were 505, 518, 521,
and 525 nm, respectively. This result was in agreement
with theMie theory.37 Themaximum absorption wave-
length of the FITC molecule is between 490 and
495 nm, and its maximum emission wavelength is
around 525�530 nm, resulting in a bright yellow-green
fluorescence. After fluorescence labeling, as the red
curves show (Figure S7 in Supporting Information), all
four sizes of Au-TIOP NPs have large absorption peaks
between 450 and 480 nm, which are similar to the
absorption peak at 492 nm of free FITC. The fluores-
cence spectra, as shown in Figure 1D, indicated that
the FITC-labeled nanoparticles also have different
levels of emission and the emission peaks are all con-
sistent with that of free FITC. As shown in Figure 1E, the
color of each nanoparticle solution changed after
fluorescence labeling. FITC-labeled nanoparticles also
emit similar yellow-green fluorescence under ultra-
violet light compared with the free FITC solution. This
also proved that the prepared gold nanoparticles have
fluorescent characteristics that are suitable for use in
the CLSM study.

Size is a critically important factor in this study, so
more than one method was used to measure the
particle size to ensure the credibility of the following
experiment. All the data (Figure S8 and Figure S9 in
Supporting Information) are summarized in Table 1. As
mentioned above, the different UV�vis absorption
peaks reflect the different sizes of the gold nanoparti-
cles. Compared with TEM images, DLS characterization
gives the true hydrodynamic diameter, which reflects
the real dispersed state of gold nanoparticles in solu-
tion, especially when they are surface-modified by
polymers. For example, the hydrodynamic size of the
6 nmAu-TIOP NPs changed from 6.11 to 10.02 nm after
FITC modification, which means that the PEG-FITC
polymer added a 3�4 nm thick surface cover to the
nanoparticles. The ζ-potential changes were also ob-
served, as shown in Table 1.

Distribution of Au-TIOP NPs with Different Sizes in MCF-7
Cells. Bio-TEM was conducted to observe the distribu-
tion of Au-TIOPNPs inMCF-7 cells. After treatmentwith
different sizes of Au-TIOPNPs, cells were harvested and
sectioned for bio-TEM analysis. As shown in Figure 2, 2
and 6 nm Au-TIOP NPs were located in both cytoplasm
and nucleus. More importantly, they were found to be
monodispersed in the cell, not aggregated. In contrast,
the larger Au-TIOP NPs (10 and 16 nm) were located in
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the cytoplasm, and none of them entered the cell
nucleus. Additionally, most of them were trapped in
vesicles. We reasoned that the size-dependent nuclear
distribution of the Au-TIOPNPs is related to the nuclear
pore complex (NPC), which is reported to allow cargos
smaller than 9 nm to enter the nucleus freely.38 This
hypothesis was further proved by our next experiment.

Bio-TEM results indicate that the smaller 2 and 6 nm
Au-TIOP NPs have the ability to enter the nuclei of
tumor cells. Thereafter, the quantitative distribution of
Au-TIOP NPs in cell nucleus was determined by ICP-MS.
Cell nuclei were extracted for ICP-MS analysis after

incubation for different times with various con-
centrations of Au-TIOP NPs. The number of NPs was
then calculated according to a previously reported
method.16 As shown in Figure 3A(a), when cells were
incubated with increasing concentrations (1 to 100 nM
in particle number dose) of 2 nm Au-TIOP NPs for 24 h,
the number of NPs in cells and nuclei increased and the
intranuclear percentage of Au-TIOP NPs in whole cells
reached about 40% when the incubation concen-
tration was raised to 100 nM. When the incuba-
tion concentration was 100 nM, the amount of 2 nm
Au-TIOP NPs in cells and nuclei also increased with

Figure 2. Bio-TEM images of the localization of 2, 6, 10, and 16 nm Au-TIOP NPs in MCF-7 cells after 24 h treatment.
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increasing incubation time (Figure 3A(b)), which is
in accordance with the result in Figure 3A(a). Similar
results were obtained for 6 nmAu-TIOPNPs (Figure 3B),
but a significant difference was that the number of
6 nm Au-TIOP NPs in the cells and nuclei was about 1/4
of that for cells treated with 2 nm Au-TIOP NPs under
the same conditions. This also demonstrated that the
smaller 2 nm Au-TIOP NPs can enter into cells and
nuclei more easily and quickly than the 6 nm Au-TIOP
NPs, which is consistent with the Bio-TEM images.

Distribution of Au-FITC NPs with Different Sizes in MCF-7
Cells. The fluorescent molecule FITC was conjugated to
Au-TIOP NPs for CLSM. As shown in Figure 4, only 2 nm
Au-FITC NP-treated MCF-7 cells exhibited an FITC
signal (indicating the location of the nanoparticles) in
both cytoplasm and nucleus. Cells treated with the
other three larger nanoparticles exhibited an FITC
signal in the cytoplasm only. From these results, we
concluded that the 2 nm Au-FITC NPs were capable of
entering the cell nucleus and 6, 10, and 16 nm Au-FITC
NPs were not. This raises the question why the 6 nm
nanoparticles were located in the nucleus in the TEM
experiment but in the cytoplasm only in the CLSM
experiment. This result could be interpreted in terms of
the size increase which occurred when the Au-TIOP
NPs were conjugated to FITC using PEG as a linker. The
hydrodynamic diameter of the 6 nm Au-FITC NPs was
actually 10.02 nm after fluorescence labeling, as shown
in Table 1. This final size was larger than the 9 nm

threshold of the NPC, thus limiting the free entry of the
nanoparticles into the nucleus.

Ultrasmall Au-TIOP NPs for Carrying DNA into the Nucleus.
Triplex-forming oligonucleotides are a kind of single-
stranded DNA which can bind to the major groove of
double-strandedDNA and form a triplex.39 The binding
between TFOs and double-stranded DNA follows the
principle of Hoogsteen base pairing; therefore, a TFO
can be designed to bind to a specific double-stranded
DNA sequence. TFOs have been used to bind to the
transcription initiation site of a target gene and inhibit
its transcription, eventually silencing the gene. How-
ever, TFOs are quite vulnerable in cells and blood
due to high DNase activity. High concentrations of
TFOs are needed to achieve gene down-regulation.
Many studies reported that DNA stability was increased
significantly by conjugating the DNA with gold nano-
particles.29,40,41 The high salt concentration around
gold nanoparticles and steric hindrance between
DNase and the conjugated DNA strand successfully
protected the DNA. Thus, we decided to use our gold
nanoparticles as a TFO carrier. As TFOs are only effec-
tive in the cell nucleus, we took advantage of the ability
of 2 nm Au-TIOP NPs to enter the nucleus and chose
2 nm Au-TIOP NPs as the TFO carrier.

We selected a TFO named POY2T from a previous
report.42 POY2T is a 23 nt oligonucleotide (TGGGTGG-
GTGGTTTGTTTTTGGG) which can bind to the P2 pro-
moter of the c-myc oncogene and down-regulate

Figure 3. Number of 2 and 6 nm Au-TIOP NPs in cells and nuclei. (A) Number of 2 nm Au-TIOP NPs (a) after 24 h treatment at
concentrations of 1, 10, and 100 nM; (b) after treatment for 3, 6, 12, and 24 h at a concentration of 100 nM. (B) Number of 6 nm
Au-TIOP NPs (a) after 24 h treatment at concentrations of 1, 10, and 100 nM; (b) after treatment for 3, 6, 12, and 24 h at a
concentration of 100 nM. All the volumes of Au-TIOP NPs solution added were 1 mL, and the concentration was in particle
number dose.
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c-myc expression. Figure S10 in Supporting Informa-
tion shows that POY2T only inhibits cell proliferation at
high concentrations (5 and 10 μM). In order to demon-
strate the sequence-specific toxicity of POY2T, another
oligonucleotide named POY2M with a scrambled
sequence (GGTGTGTTGTTGGTGGTGTGTTG) derived
from POY2T was used as a control TFO sequence. It is
nontoxic to MCF-7 cells at the same concentra-
tion compared with POY2T (Figure S10 in Support-
ing Information). We concluded that POY2T was toxic
to MCF-7 cells by down-regulating c-myc gene ex-
pression and inhibiting cell proliferation.43 Therefore,
POY2T is an effective TFO for use in our study. 50

Amino-modified POY2T was linked to Au-TIOP NPs
through the carboxyl group of tiopronin (Figure S11
in Supporting Information). The TFO-modified nano-
particles were named as Au-POY2T NPs (Figure 5A and
Figure S12 in Supporting Information). MTT assays
showed that Au-POY2T NPs inhibit cell viability by
about 30% at a low concentration (1 μM), and POY2T
was not toxic at this concentration (Figure 5B). Au NPs
will interferewith cell functions according to a previous
report.44 The potential toxicity of amino modification
should also be noticed. NH2-POY2T or Au-TIOP NPs

showed no cytotoxicity at the same concentration of
1 μM Au-POY2T according to our result (Figure 5B),
which means that the decrease in cell viability after
treatment with Au-POY2T NPs was not caused by Au-
TIOP NPs or amino modification of POY2T. Moreover,
Au-POY2Mwas set as a control of Au-POY2T to rule out
the interference of possible toxic materials introduced
during the synthesis. The result shows that Au-POY2M
was not more toxic than free POY2M, indicating
that the increased toxicity of Au-POY2T NPs was not
caused by the conjugating process. It is the outcome
of improved stability of POY2T in culture medium and
cells after conjugation with Au NPs.

Real-time PCR and Western blot analyses were
conducted to determine c-myc expression after Au-
POY2T NP treatment. Real-time PCR results revealed
that the c-myc mRNA level was decreased to about
50% in Au-POY2T NP-treated MCF-7 cells, much lower
than in the POY2T-treated cells (85%) (Figure 5C and
Figure S13 in Supporting Information). Western blot-
ting also confirmed this result. As shown in Figure 5D
and Figure S14 in Supporting Information, the c-myc
protein level in cells was reduced significantly after
treatment with Au-POY2T NPs for 24 h, and POY2T only

Figure 4. Intracellular localization of Au-FITC NPs with different sizes in MCF-7 cells observed by confocal laser scanning
microscopy. MCF-7S cells were cultured in confocal dishes and incubated with Au-FITC NPs (green) of different sizes for 24 h.
Cells were then washed with PBS three times, and nuclei were stained by Hoechest 33342 (blue). Cells were fixed by
paraformaldehyde and observed by confocal microscopy (exFITC = 488 nm, exHoechest = 405 nm).
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showed weak gene silencing ability compared to Au-
POY2T NPs.

Nucleus, as the center for cell proliferation regula-
tion, plays an important role in tumor metastasis.
Killing tumor cells by interfering with their gene ex-
pression in the nucleus has long been catching scien-
tist's eyes. Antisense oligonucleotides are potential
candidates for gene therapies because of their easy
manipulation. Although the antisense approach is
attractive, it suffers from one major disadvantage: the
number of mRNA molecules in a cell is huge, which
makes it difficult to completely inhibit a specificmRNA.
Moreover, blocking translation of mRNA does not
prevent mRNA from reproduction because of the
feedback mechanisms that lead to increased mRNA
transcription in antisense therapy. Triplex-forming
oligonucleotides are molecules that bind to specific
duplex DNA sequence and can selectively modulate
the expression of genes. It is therefore a much more
practical approach that directly blocks gene transcrip-
tion to bring down the mRNA concentration in a more
efficient and long-lasting way.45

However, the inefficient delivery of TFOs to the
targeted cell greatly challenges TFOs to be used as
antigene agents. Oligonucleotides have a much great-
er molecular mass and are polyanionic compared to
small-molecule pharmaceuticals, and these make the
cellular uptake of TFOs by passive diffusion inefficient.
Therefore, simple addition of TFOs to culture medium
could hardly reach the therapeutic concentration. Pre-
viously, cell-penetrating peptides have been used to
increase the uptake of TFOs. Otherways, such as single-
cell microinjection, comixture of oligonucleotides with

cationic liposomes, and electroporation, have also
been tried.46�50 However, none of these methods
could directly deliver TFOs into the nucleus. In our
method, we directly delivered TFOs using our 2 nm Au
NP carriers, while avoiding the stress caused by micro-
injection and electroporation, etc.

Moreover, even triplex-forming oligonucleotides
are successfully internalized into cells, and they do
not effectively down-regulate the targeted gene. It is
because unmodified oligonucleotides are prone to be
degraded by endogenous DNase enzymes, resulting
in little intact TFOs in the media that finally enter
the nucleus. Many efforts have been made to improve
the stability of triplex-forming oligonucleotides under
physiological conditions. Typical approaches include
modifying the nucleosides of TFO or incorporation of
modified bases. However, while these modifications
are carried out to achieve resistance to undesirable
DNase degradation, decreased binding to the target
sequence or unspecific binding happens sometimes.
Gold nanoparticles have a high affinity for oligonucleo-
tides. Our method of using ultrasmall Au-TIOP NPs
functionalized with amino-modified TFOs to deliver
TFOs stably to cells in the culture media and the
binding between gold nanoparticles and the TFOs is
very selective and cooperative. Thus, not only en-
hanced entry of TFOs to the nucleus is achieved but
also protection of oligonucleotide is achieved while
keeping its specificity and high transcription inhibition
efficacy. During thebindingof TFOwith theDNAdouble
helix in the major groove, Au NPs and other TFOs may
cause steric hindrance, but 2 nm Au NPs are even
smaller than the width of the major groove (22 Å).51

Figure 5. Cytotoxicity and gene regulation evaluation of Au-POY2T NPs in MCF-7 cells. (A) TEM image of as-synthesized
Au-POY2T NPs. (B) Cytotoxicity evaluation of Au-POY2T NPs compared to control, Au NPs, POY2T, and NH2-POY2T (at 1 μM in
POY2T). (C) C-myc mRNA level determined by real-time PCR after 24 h treatment of 5 μM POY2T and Au-POY2T. (D) C-myc
protein level determined by Western blotting after 24 h treatment of 5 μM POY2T and Au-POY2T.
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Oligonucleotide is also considered to be a flexible
material, and only a few TFOs are near the hybridiza-
tion site. Thus, the assumed steric hindrance caused
by Au NPs and other TFOs is not likely to stop hybridi-
zation of TFO with the target site effectively. Another
question that should be discussed is that only one
TFO in Au-POY2T takes part in the hybridization, then
higher overall doses of TFO are needed theoretically.
We think that the improved stability of TFO on Au NPs
may be the answer to this question. Mirkin et al.

reported that the half-life of DNA on Au NPs was pro-
longed by 4.3 times compared to that of free DNA.40 Au
NPs can protect TFOs effectively on their way from
culture medium to cell nuclei, while free TFOs go
unprotected. Higher TFO concentration in nuclei could
then be achieved by a Au-TFO delivery system at
the same treatment concentration. Slower diffusion
of larger Au-TFO particles than that of free TFOs
according to Stokes' law is also a problem which may
makes Au-TFO work slowly. However, the diffusion
speed of Au-TFO and free TFOwill not be very different
concerning the ultrasmall size of Au NPs. Moreover,

stability is the key in TFO-mediated gene regulation,
not diffusion speed. We therefore think that slower
diffusion speed will not compromise the gene regula-
tion efficiency of Au-TFO.

CONCLUSION

In this work, gold nanoparticles with different sizes
and consistent surface properties were selected as a
typical model to explore the interaction between
nanoparticles and the nucleus of breast cancer cells.
We used various means to systematically study the
entry of Au-TIOP NPs into the cell nucleus and con-
cluded that nuclear entry is critically dependent on
size. This work presents new evidence about the entry
of ultrasmall Au-TIOP NPs into the cell nucleus and
provides a new strategy for regulating gene expression
by delivering TFOs into the nucleus with ultrasmall
gold nanoparticles. Our future work also aims at using
these ultrasmall nanoparticles to realize nuclear target-
ing for biomedical application. More importantly,
guidelines were provided to choose nanocarriers for
different purposes in the field of biomedicine.

EXPERIMENTAL SECTION

Chemicals. Sodium borohydride (g98.0%), gold(III) chloride
trihydrate (g99.9%, HAuCl4 3 3H2O), trisodium citrate tribasic di-
hydrate (g99.0%), N-(2-mercaptopropionyl)glycine (tiopronin),
N-hydroxysuccinimide (98%,NHS,C4H5NO3),N-(3-(dimethylamino-
)propyl)-N0-ethylcarbodiimide hydrochloride (EDC, C8H17N3 3HCl),
and fluorescein isothiocyanate isomer I (g90%, FITC, C21H11NO5S)
were purchased from Sigma-Aldrich (St Louis, USA). L-(þ)-Ascorbic
acid (99%) was supplied by Acros (USA). Amino-modified poly-
(ethylene glycol) (PEG-2NH2, MW = 2000, 99%) was supplied by
Beijing SeaskyBio Technology Company. Nitric acid and hydrogen
peroxide (MOSgrade)wereprovidedbyBeijingChemical Reagents
Institute (China). Gold stock standard solution (1000 μg/mL) was
obtained from the National Analysis Center for Iron and Steel,
China. Unless otherwise noted, all chemicals were used as received
without further purification, and Milli-Q water (18.2 MΩ 3 cm,
Millipore System Inc.) was used throughout this study.

Cell Culture. The MCF-7 (human breast cancer cell line) cell
was maintained in Dulbecco's modified Eagle's medium
(DMEM) with 4.5 g/L glucose and 10% fetal bovine serum in
a water-jacketed CO2 incubator (Forma Series II 3110, Thermo
Fisher Scientific Inc., USA) providing a humidified atmosphere
containing 5% CO2 at 37 �C.

Cell Viability Assay. MCF-7 cells were seeded at 5 � 103 cells
perwell in a 96-well plate, preincubated for 24 h, then incubated
with POY2T (0.1, 1, 2.5, 5, and 10 μM), POY2M (0.1, 1, 2.5, 5, and
10 μM), Au-POY2T NPs (at 1 μM in POY2T), NH2-POY2T (at 1 μM
in POY2T), or Au-TIOP NPs (as a control of Au-POY2T NPs) for
24 h. The medium was then replaced with 100 μL of 0.5 mg/mL
MTT, and after 3 h, the MTT solution was replaced with 150 μL
of DMSO solution. The absorbance at 570 nm of each well
was measured by a microplate reader (Infinite M200, Tecan,
Durham, USA). The absorbance at 630 nm was also measured
as a reference. Untreated cells in medium were used as control.
All standard deviations were calculated from three replicates.

Isolation of Cell Nuclei and Qualitative Determination of Au Content.
MCF-7 cells (105) were seeded in 6-well plates 24 h in advance.
Afterward, 1mL of Au-TIOP NPs of 2 and 6 nm at concentrations
of 1, 10, and 100 nM (in particle number dose) was added to the
wells and incubated for 24 h or incubated for 3, 6, 12, and 24 h at
a concentration of 100 nM. Then the cells were washed with

PBS, trypsinized, and centrifuged for 3 min at 179g. The treated
cells were then resuspended in 2 mL of PBS and divided into
two equal groups. One group was dissolved in aqua regia
for nitrolysis and then analyzed by ICP-MS for gold element
quantification. The other part was handled for cell nucleus
extraction using a nuclear extraction kit (SN000, Solarbio,
Shanghai, China). In brief, the sample was grinded in lysis buffer
for 3 min, centrifuged at 700g for 5 min, resuspended in lysis
buffer, precipitated inmediumbuffer, and stored in store buffer.
All procedures were carried out at 4 �C quickly to keep nucleus
integrity. The extracted nuclei were also analyzed by ICP-MS
after nitrolysis. The percentage of Au NPs located in the cell
nucleus was calculated according to the Au content in the
isolated nuclei compared to that in the whole cells.

Subcellular Localization of Au-FITC NPs. MCF-7 cells were seeded
into 35 mm glass dishes, incubated at 37 �C for 24 h, then
cultured with Au-FITC NPs at a gold content concentration of
5 μM at 37 �C for 24 h. Cells were imaged using a TCS SP2
(Leica Microsystems GmbH Wetzlar, Germany) confocal micro-
scope. Hoechest 33342 was used to stain cell nuclei. FITC was
excited by a 488 nm laser, while Hoechest 33342 was excited by
a 405 nm laser.

Bio-TEM Observation of Au-TIOP NP-Treated MCF-7 Cells. Bio-TEM
was carried out to observe the distribution of Au-TIOP NPs in
treated MCF-7 cells. Briefly, MCF-7 cells were seeded in 6-well
plates and incubated with 1 mL of Au-TIOP NPs at a concentra-
tion of 100 nM for 24 h, washed with PBS gently twice, and fixed
overnight using 3% glutaraldehyde solution at room tempera-
ture. This was followed by secondary fixation with 1% osmium
tetraoxide, then dehydration in a gradient ethanol series. Cells
were finally embedded in Epon resin after 3 day polymeriza-
tion at 60 �C. Embedded samples were sectioned (50�60 nm
in thickness) and examined under an electron microscope
(HT7700, 120 kV, Hitachi, Japan). Uranyl acetate staining was
not used in this study to avoid uranyl acetate precipitation
interfering with the TEM observation.

C-myc Gene Expression. C-myc gene expression, in both mRNA
and protein levels, was quantitatively determined by reverse
transcriptase polymerase chain reaction (RT-PCR), real-time
PCR, and Western blotting. MCF-7 cells were incubated with
Au-POY2T NPs and POY2T at a POY2T concentration of 5 μM for
24 h. For RT-PCR, total mRNA was extracted from MCF-7 cells,
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and first-strand cDNA was synthesized using a PrimeScript first-
strand cDNA synthesis kit (Takara, Shiga, Japan). Real-time PCR
analysis of c-myc was conducted for quantitative analysis of the
reduction in c-myc transcription. GAPDH was used as a refer-
ence gene. Specific forward and reverse primer sequences were
as follows: c-myc fwd, 50-TGAGGAGACACCGCCCAC-30 ; c-myc
rev, 50-CAACATCGATTTCTCTCATCTTC-30 ; GAPDH fwd, 50-GAC-
TTCAACAGCAACTCCCAC-30 ; GAPDH rev, 50-TCCACCACCCTG-
TTGCTGTA-30 . PCR parameters were as follows: one cycle of
2 min at 95 �C, followed by 20 s at 95 �C, 20 s at 55.6 �C, and 40 s
at 72 �C for 45 cycles.

For Western blotting, protein lysates from cells treated
with 5 μM POY2T and Au-POY2T for 24 h were extracted in
TNE lysis buffer (0.5% NP-40, 10 mM Tris, 150 mM NaCl, 1 mM
EDTA and protease inhibitors). Total protein (50 mg) was
separated by 10% SDS-PAGE gel, transferred to a PVDF mem-
brane, treated with primary rabbit monoclonal c-myc (diluted
1:1000, BS246; Bioworld Technology, Inc., Minnesota, USA), and
then immunoblotted with peroxidase-conjugated secondary
antibody (1:5000, zsBio, Beijing, China).
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