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Understanding how nanomaterials affect live cell functions,
controlling such effects, and using them for disease therapeutics
are now the principal aims and most challenging aspects of
nanobiotechnology and nanomedicine. Gold nanoparticles (AuNPs),
nanorods, and nanoshells with unique properties1-5 have been
shown to be of potential use in anticancer drug delivery systems6

and photothermal cancer treatment agents.7-12 Although such
applications have shown promising potential in cancer treatment,
the fundamental interactions and effects of nanomaterials in living
systems for the most part still remain unknown.

To address these fundamentals, many studies to assess the effect
of introducing AuNPs into the cytoplasm of the cell have been
done,13-15 yet little is known about the effect of AuNPs at the
nucleus of the cell. The cell nucleus functions to maintain all
processes that occur within the cell, and any disruptions within the
nucleus would subsequently affect the cell’s DNA, thereby disturb-
ing the highly regulated cell cycle.

Here we report the use of nuclear targeting of AuNPs to
selectively disturb the division of cancer cells by the observation
of cytokinesis arrest. Cytokinesis arrest was observed by AuNP
dark-field imaging of live cells in real time,16 which showed
binucleate cell formation at late stages of mitosis, leading to the
failure of complete cell division. Confocal microscopy and flow
cytometry gave evidence that DNA damage and programmed cell
death (apoptosis), respectively, accompany the observed cytokinesis
arrest.

In order to selectively transport the AuNPs into the cancer cell
nucleus, 30 nm AuNPs coated with polyethylene glycol (PEG) were
bioconjugated with an arginine-glycine-aspartic acid peptide
(RGD) and a nuclear localization signal (NLS) peptide. A detailed
description of the experiment can be found in the Supporting
Information (SI). RGD is known to target alpha v beta 6 integrins
on the cell surface and enter the cytoplasm via receptor-mediated
endocytosis.17 NLS, which has a lysine-lysine-lysine-arginine-
lysine (KKKRK) sequence, is known to associate with karyopherins
(importins) in the cytoplasm, after which translocation to the nucleus
occurs.18 AuNPs conjugated with RGD only (RGD-AuNPs) exhibit
cancer-cell-specific targeting, and AuNPs conjugated with RGD
and NLS (RGD/NLS-AuNPs) exhibit cancer cell nucleus-specific
targeting. In this study, human oral squamous cell carcinoma (HSC)
having alpha v beta 6 integrins overexpressed on the cell surface19

was used as the cancer cell model, and human keratinocytes (HaCat)
were used as the normal cell model. The RGD-AuNPs specifically
target the cytoplasm of cancer cells (Figure S2a in the SI) over
that of normal cells (Figure S2c), and the RGD/NLS-AuNPs
specifically target the nuclei of cancer cells (Figure S2b) over those
of normal cells (Figure S2d).

To look at the effects of the specific nuclear localization of
AuNPs in cancer cells, a full investigation of the cell cycle was
carried out under various conditions. Cell-cycle arrest was

determined by studying the full cell-cycle time and the dynamics
of cell division in the presence of AuNPs by using long-term
live-cell gold plasmonic scattering imaging on a homemade setup
(see Figure S3). Figure 1 displays typical snapshots of the movies
taken of cancer cell division (movies S1-S4 in the SI). In the
absence of AuNPs (Figure 1A and movie S1), cancer cells begin
the process of cytokinesis at 45 min (Figure 1A3). After complete
cleavage furrow contraction, daughter cells were linked together
by a cytoplasmic bridge, which was extended over time with
the midbody at its center (Figure 1A6). Abscission occurred after
2 h, and the two daughter cells separated completely to form
independent cells (Figure 1A7). A similar process was observed
for cells incubated with 0.4 nM RGD-AuNPs (see Figure S4a
and movie S2) and 0.1 nM RGD/NLS-AuNPs (see Figure S4b
and movie S3), with the 0.1 nM RGD/NLS-AuNPs extending
the full cell-cycle time by ∼4 h (Figure S5). However, for cells
incubated with 0.4 nM RGD/NLS-AuNPs, complete cell division
was not observed (Figure 1B; also see movie S4). The onset of
cytokinesis proceeded with the same kinetics as in the untreated
cells (Figure 1B1-4), but when the cleavage furrow was fully
contracted, the cytoplasmic bridge did not extend (Figure 1B5,6);
instead, the contractile ring relaxed, and the daughter cells fused
back together to form a binucleate cell (Figure 1B7). Cytokinesis
arrest was not observed in any normal cell groups here. This
observation clearly demonstrates that a 0.4 nM concentration
of AuNPs targeting the nucleus of cancer cells causes disruption
of cytokinesis, thereby inhibiting these cells from completing
cell division.

Within the present work, cytokinesis arrest was observed only
in cancer cells treated with 0.4 nM RGD/NLS-AuNPs, suggesting
that a disruption within the nucleus is the cause. To test this
possibility, we investigated DNA double-strand breaks (DSBs) in
cancer cells incubated with AuNPs. Figure 2 shows confocal images
of cancer cells in which the cell nuclei are stained blue with DAPI
and the DSB foci are seen as bright-green FITC fluorescence (see
Methods in the SI). For untreated cells (Figure 2a) and cells with
AuNPs present in the cytoplasm (Figure 2b), no DSBs were
observed in the cell nuclei. However, for cells with 0.4 nM AuNPs
present at the nucleus (Figure 2c), bright-green DSB foci were
observed in the cell nuclei. DSBs can induce many different defects
of cellular function and could be one reason for cell-cycle
disruption, specifically cytokinesis arrest and subsequent apoptosis,
as observed here. No DNA damage was observed in free-peptide-
treated cancer cells.

The observations seen with imaging techniques occurred in
only a few cases. In order to prove this phenomenon on a larger
scale, flow cytometry was carried out on a large number of cells.
Both cancer cells and normal cells were first synchronized at
prometaphase with nocodazole and then released in fresh medium
containing different concentrations of RGD-AuNPs and RGD/
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NLS-AuNPs (see Methods in the SI). The flow cytometry results
are shown in Figure 3 (for the original data, see Figure S6). In
the absence of AuNPs, 90% of the cancer cell population was
synchronized in the M phase at time zero (see the original data
in Figure S6). At 120 min, more than 75% of the cell population
had exited mitosis. Finally, at 360 min, more than 90% of the
cell population was at the G1 phase. In the presence of 0.1 nM
RGD/NLS-AuNPs, the process of cell division was slightly
disrupted (slowed down), as indicated by the dynamics compared
with the untreated cancer cells, but more than 80% of the cell
population was able to go through mitosis and enter the G1
phase. In contrast, in the presence of 0.4 nM RGD/NLS-AuNPs,
60% of the cell population was at the M phase after 120 min,
suggesting mitotic delay. At 360 min, 35% of the cell population
was still arrested at the M phase, indicating that the cancer cells
were unable to proceed through mitosis. As for the normal cells,
all of the AuNP-treated groups showed no contrast to the
untreated cells. Normal cells in all cases were able to proceed
through mitosis.

As the last step of cell division, cytokinesis is very complex
and highly regulated.20 Errors in the cytokinesis process could
potentially cause apoptosis. To further investigate the result of the
observed cytokinesis arrest, a complete cell-cycle analysis via flow
cytometry and subsequent identification of a subG1 cell population
(apoptotic cells) was carried out (Figure 4).

Cancer cells and normal cells were grown in the presence of
different concentrations of RGD-AuNPs and RGD/NLS-AuNPs
for 24 h before being analyzed (see Methods in the SI). For
cancer cells incubated with 0.4 nM RGD/NLS-AuNPs, ∼20%
of the cell population was apoptotic (yellow in Figure 4). This
particular attribute was not observed in the untreated cancer cells,
the other AuNP-treated cancer cells, or any of the normal cell
cases (treated or untreated with AuNPs). In the normal cell group,
cells treated with a 0.4 nM concentration of AuNPs showed

accumulation of cells at the G1 phase, indicating a disruption
of the G1-to-S transition in the cell cycle, but the AuNPs did
not cause apoptosis, as indicated by the absence of a subG1 cell
population (Figure S7). In control groups treated with free
peptides, neither M-phase arrest nor G1 disruption were observed
(Figure S8).

Upon observation of an apoptotic cell population, absolute
cell numbers were counted under each condition (Figure S9).
The cancer cell number did not significantly change with AuNPs
present in the cytoplasm, but a significant decrease in the cell
number (30%) was observed in the presence of 0.4 nM RGD/
NLS-AuNPs. The normal cell number did not significantly
change upon treatment with AuNPs. Here, both the subG1 cell
population (20%) and cell number decrease (30%) were observed
in only the cancer cells treated with 0.4 nM RGD/NLS-AuNPs.

Figure 1. Real-time images of cancer cell division showing an apparent cytokinesis arrest (B4) followed by binucleate cell formation (B6, B7) in the
presence of 0.4 nM nuclear-targeting gold nanoparticles (RGD/NLS-AuNPs) (also see movie S4 in the SI). This phenomenon was not observed in untreated
cancer cells (A1-7) or cancer cells under other conditions (see Figure S3 and movies S2 and S3). Red stars indicate the nuclei. Scale bar: 10 µm.

Figure 2. DNA damage induced by nuclear localization of gold nanopar-
ticles in cancer cells in the presence of 0.4 nM nuclear-targeting gold
nanoparticles (RGD/NLS-AuNPs) is indicated by the bright-green fluores-
cence in (c). Cancer cells (a) in the absence of AuNPs and (b) in the presence
of a lower concentration of AuNPs showed no DNA damage. Scale bar:
10 µm.

Figure 3. (top) M phase (mitosis phase of cell division) accumulation of
cancer cells in the presence of 0.4 nM nuclear-targeting gold nanoparticles
(RGD/NLS-AuNPs) suggests complete cell division (cytokinesis) has not
taken place (see movie S4). (bottom) Data for normal cells. Nocodazole
synchronization and release techniques were used in this experiment (see
Methods in the SI; the original data are shown in Figure S6), and the cell
cycle was measured at different times of release (120 and 360 min).
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These results clearly show that the cytokinesis arrest observed
in the live-cell imaging and synchronized cell flow cytometry
for cancer cells in the presence of 0.4 nM RGD/NLS-AuNPs
results in apoptosis.

In conclusion, we have demonstrated that nuclear targeting of
gold nanoparticles in cancer cells cause cytokinesis arrest, leading
to the failure of complete cell division and thereby resulting in
apoptosis. This work shows evidence that nanomaterials localized
at the cell nucleus can specifically affect cellular function. A detailed
mechanism has not been established, yet the results shown here

are still significant. These observations have implications in
understanding the basic interactions between nanomaterials and live
systems and have a huge impact on the fields of nanomedicine and
nanobiology. These results might even propose a new method by
which AuNPs can be used alone as an anticancer therapeutic
material if conjugated to the proper nuclear-targeting ligands. The
cytokinesis arrest observed here should be a general effect for other
types of nanoparticles that can selectively target the nuclei of cancer
cells.
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Figure 4. Percentages of cells in each phase of the cell cycle show the
appearance of a DNA-deficient cell population (subG1, yellow) for cancer
cells in the presence of 0.4 nM nuclear-targeting gold nanoparticles (RGD/
NLS-AuNPs), suggesting apoptosis.
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