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ABSTRACT: Recently, we have shown that targeting the cancer cell nucleus with solid gold
nanospheres, using a cancer cell penetrating/pro-apoptotic peptide (RGD) and a nuclear
localization sequence peptide (NLS), inhibits cell division, thus leading to apoptosis. In the
present work, flow cytometric analysis revealed an increase in cell death, via apoptosis and
necrosis, in HSC cells upon treatment with peptide-conjugated hollow gold nanocages,
compared to those treated with the peptide-conjugated solid gold nanospheres. This is
consistent with a G0/G1 phase accumulation, S phase depletion, and G2/M phase
depletion, as well as reduced ATP levels. Here, we investigate the possible causes for the
observed enhanced cell death with the use of confocal microscopy. The fluorescence images
of HSC cells treated with gold nanocages indicate the presence of reactive oxygen species,
known to cause apoptosis. The formation of reactive oxygen species observed is consistent
with a mechanism involving the oxidation of metallic silver on the inner cavity of the
nanocage (inherent to the synthesis of the gold nanocages) to silver oxide. This oxidation is
confirmed by an observed redshift in the surface plasmon resonance of the gold nanocages
in cell culture medium. The silver oxide, a semiconductor known to photochemically generate hydroxyl radicals, a form of
reactive oxygen species, is proposed as a mechanism for the enhanced cell death caused by gold nanocages. Thus, the enhanced
cell death, via apoptosis and necrosis, observed with peptide-conjugated hollow gold nanocage-treated cells is considered to be a
result of the metallic composition (silver remaining on the inner cavity) of the nanocage.

■ INTRODUCTION

Gold nanostructures and their interactions with biological
systems are growing increasingly important, especially in
biomedical research. Due to their unique optical properties,
gold nanoparticles exhibit extrinsic activation as photothermal
contrast agents, ultimately enabling the photothermal ablation
of tumors by use of core−shell nanoparticles,1,2 gold nano-
rods,3−5 gold nanocages,6 and spherical gold nanoparticles.5,7

As our group has recently demonstrated, using peptide-
conjugated gold and silver nanoparticles to target cancer cells
in vitro,8,9 nanostructures also exhibit intrinsic anti-neoplastic
capabilities. These targeted nanoparticles not only cause
changes in the cell cycle and induce apoptosis, but their
location in the cell can also be determined using plasmonic
imaging, due to their high scattering cross-section, as was first
demonstrated by El-Sayed and co-workers.10 By utilizing
polyethylene glycol (PEG) to minimize nonspecific uptake, as
well as an RGD (arginine-glycine-aspartic acid) sequence
peptide and an NLS (nuclear localization sequence) peptide,
nanoparticles are targeted to alpha v beta integrins on the
cancer cell surface11−14 and translocated to the nuclear pore
complex,15−17 respectively. Not only does the RGD peptide
target integrins on the cell surface to serve as a cell penetration
peptide, but it has also been characterized as a pro-apoptotic
peptide, which induces rapid autoprocessing of the caspase-3
proenzyme, via interactions with an RGD-binding motif,
causing subsequent caspase-3 activation.18,19 Previous reports

of RGD and NLS peptides having the ability to target gold
nanoparticles to the nucleus of cancer cells,16,20,21 as well as the
extensive studies done on the fundamental and applied
properties of gold nanocages,6,22−25 provide an excellent
platform for further investigation of the anti-neoplastic
properties of gold nanostructures, both solid gold nanospheres
and hollow gold nanocages. One such property exhibited by
gold nanostructures is the ability to modulate the cell cycle in
malignant cells, which have characteristic sensitivities to cell
cycle disruption, and, due to inherently compromised repair
mechanisms, malignant cells can undergo subsequent apopto-
sis.8,9

In the present work, we compare the efficacy at which
nuclear-targeting gold nanostructures, of different shapes,
induce disruptions in the cellular functions of HSC (human
oral squamous carcinoma) cells. We specifically detect cell cycle
disruptions, ATP depletion, and apoptotic and necrotic cell
populations induced by both solid gold nanospheres and
hollow gold nanocages. We found that the gold nanocages are
much more effective in disrupting cellular functions and causing
cell death than the gold nanospheres. This is shown to result
from the presence of reactive oxygen species (ROS) species,
known to cause apoptosis in living cells.26 From our previous
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work using gold nanocages for the destruction of pollutant azo
dyes,25 we concluded that the silver remaining on the inner
cavity of the gold nanocages, inherent to their synthesis, is
photochemically oxidized to silver oxide, which produces
reactive oxygen species. Therefore, the different metallic
compositions are proposed to be the cause of different cellular
disruptions observed between the nanospheres and nanocages.

■ EXPERIMENTAL PROCEDURES

Cell Culture. Human oral squamous cell carcinoma (HSC-
3) cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, Mediatech) supplemented with 10% v/v
fetal bovine serum (FBS, Mediatech) and 1% v/v antimycotic
solution (Mediatech) in a 37 °C, 5% CO2 humidified incubator.
Nanoparticle Synthesis and Peptide Conjugation.

Gold nanocages (AuNCs), with a 45 nm wall length and a 5
nm wall thickness, were prepared via galvanic replacement
reaction with silver nanocubes as a template.22 Silver nanocubes
were prepared by a previously reported method.24 Briefly, 70
mL of ethylene glycol (EG) was heated to 150 °C for 1 h,
followed by the addition of polyvinyl pyrrolidone (PVP, MW
55,000; 0.82 g dissolved in 5 mL EG). While still at 150 °C, 0.7
mL of a 3 mM sodium sulfide solution (in EG) was added,

followed by slow injection of 4 mL of a silver nitrate solution
(0.48 g dissolved in 10 mL EG).25,27 The reaction was allowed
to proceed to completion (10−15 min) resulting in the
reduction of silver ions to silver nanocubes. The silver
nanocubes were purified by adding a 1:2 acetone/water mixture
at a volume two times that of the nanocube solution,
centrifuging at 14,000 rpm for 5 min and redispersing the
precipitate in 200 mL of water. The silver nanocube solution
was brought to a boil under reflux, after which a 10 mg/L
hydrogen tetrachloroaurate (HAuCl4) solution was slowly
injected and the UV−vis spectrum of the solution was
monitored until the absorption maximum red-shifted and
remained constant at about 720 nm.27 The AuNCs were then
purified by centrifugation at 14,000 rpm for 5 min and
redispersed in water. The surface plasmon absorption spectrum
of the PVP-AuNCs can be found in Figure 1A (black).
Transmission electron microscopy (TEM) reveals that the
AuNCs synthesized here are between 40 and 50 nm in wall
length (Figure 1C).
Gold nanospheres (AuNSs), with a 35 nm diameter, were

synthesized based on the method developed by Frens.28 Briefly,
20 mL of a 1 mM HAuCl4 solution was brought to a boil, under
reflux, while stirring, followed by addition of 0.5 mL of a 1%

Figure 1. UV−vis absorption spectra of (A) PVP-AuNCs and (B) citrate-AuNSs before (black) and after (red) conjugation with PEG. Transmission
electron micrograph of (C) 45 nm PVP-AuNCs and (D) 35 nm citrate-AuNSs.
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trisodium citrate solution. Reaction completion was determined
by the color changing from clear to a deep red/purple. The
UV−vis spectrum of the solution showed the absorption
maximum to be around 535 nm for the AuNSs. The AuNSs
were then purified by centrifugation at 6000 rpm for 15 min
and redispersed in water. The surface plasmon absorption
spectrum of the citrate-AuNSs can be found in Figure 1B
(black). Transmission electron microscopy (TEM) reveals the
AuNSs synthesized here are between 30 and 40 nm in diameter
(Figure 1D).
Prior to peptide conjugation, the AuNCs and AuNSs were

coated with thiol-terminated polyethylene glycol (mPEG-SH
5000) through a Au−S bond. This was done in order to
prevent nonspecific adsorption of proteins to the particles in a
physiological environment. A 1 mM aqueous solution of PEG
was added to AuNPs at 104 molar excess, and left overnight.
Particles were then purified by centrifugation at 6000 rpm for
15 min and resuspended in water. The surface plasmon
absorption spectrum of the PEG-AuNCs and PEG-AuNSs can
be found in Figure 1A,B (red), respectively.
After PEGylation the AuNCs and AuNSs were further

conjugated with custom peptides purchased from GenScript
USA, Inc. Specifically, an RGD (RGDRGDRGDRGDPGC)
peptide and an NLS (CGGGPKKKRKVGG) peptide, both
with C-terminal amidation, were used in this work. Conjugation
of peptides was achieved by addition of a 5 mM aqueous
solution of peptide to the PEG coated nanoparticles at 1 × 104

molar excess of NLS peptides/nanoparticle and 8 × 103 molar
excess of RGD peptides/nanoparticle for 24 h, after which the
peptide conjugated nanoparticles were centrifuged at 6000 rpm
for 15 min and redispersed in water to render RGD-AuNCs,
RGD-AuNSs, NLS-AuNCs, NLS-AuNSs, RGD/NLS-AuNCs,
and RGD/NLS-AuNCs. The hydrodynamic diameter of the
peptide-conjugated gold nanoparticles was determined using
dynamic light scattering (DLS). The hydrodynamic diameter of
the PEG-conjugated and peptide-conjugated AuNSs and
AuNCs is drastically different although the actual gold
nanoparticle size varies only by 10 nm. Upon conjugation
with PEG, and RGD and NLS peptides, the hydrodynamic
diameter of AuNCs increases to 96 nm while the RGD/NLS-
AuNSs have a hydrodynamic diameter of 42 nm. The size
increase to almost 100 nm observed in the case of the
conjugated AuNCs is in agreement with the hydrodynamic
diameter measurements previously observed, by Xia and co-
workers,29 for PEG conjugated AuNCs. Further confirmation
that the nanoparticle surface was modified during conjugation
of PEG and peptides was achieved through zeta potential
measurements, shown in Table S1.
The peptide conjugated AuNCs and AuNSs were further

diluted in DMEM to 0.1 and 0.4 nM, for treatment of HSC-3
cells. The gold nanoparticle concentrations were determined
using ε = 5.0 × 109 (AuNCs), which was calculated based on
ICP measurements, and ε = 5.3 × 109 (AuNSs), which is based
on previous reports.30

Gold Nanoparticle Internalization. Two different
methods were used to determine nanoparticle uptake by
HSC-3 cells. First, to determine the percentage of nanoparticles
taken up by HSC-3 cells, a previously utilized spectroscopic
method was used.9 Specifically, the cells were grown in 96-well
tissue culture plates overnight. The growth media was then
removed and replaced with growth media containing gold
nanoparticles. After a 48 h incubation period with gold
nanoparticles, the gold nanoparticle-containing media was

removed and placed into a cell-free 96-well plate. The optical
density was analyzed on a Biotek Synergy H4 multimode plate
reader at wavelengths of 723 and 538 nm (plasmon absorption
for the AuNCs and AuNSs, respectively). In order to determine
nanoparticle uptake, the recorded optical density was
subtracted from the optical density of the gold nanoparticle-
containing growth media initially added to the cell culture. This
value was then converted to a percentage of what was initially
added to the cell culture. Second, to visualize the nanoparticles
inside HSC-3 cells by plasmonic dark field light scattering
imaging, cells were grown on coverslips for 24 h, after which
the culture medium was removed and replaced with nano-
particle-containing medium. HSC-3 cells were then grown in
the presence of 0.4 nM peptide-conjugated gold nanoparticles
for 48 h. The nanoparticle-containing medium was removed
and the cells were washed with PBS buffer. In order to remove
nanoparticles that have not been internalized by the HSC-3
cells, a previously developed etching method was used.31

Briefly, 1 mL of an aqueous solution containing a 1:6 molar
ratio mixture of I2 (0.34 mM) and KI was added to the cells and
removed after 5 min. The coverslips were then washed with
deionized water. The cells were then fixed with 4%
paraformaldehyde. Dark field images were taken using an
inverted Olympus IX70 microscope utilizing a dark field
condenser (U-DCW) and a 100×/1.35 oil Iris objective
(UPLANAPO).

Flow Cytometry Cell Cycle Analysis. HSC-3 cells were
grown in 12-well tissue culture plates overnight. The growth
media was then removed and replaced with growth media
containing gold nanoparticles. After cells were treated with gold
nanoparticles for 48 h, they were fixed in 70% ethanol,
centrifuged, washed, and resuspended in phosphate buffered
saline (PBS). Cells were then treated with 10 μg/mL RNase
(Sigma) at 37 °C for 30 min, after which they were stained with
100 μg/mL of propidium iodide (PI), fluorescent DNA stain,
for 15 min at room temperature. Samples, consisting of 10,000
cells, in triplicate, were analyzed using the BD LSR II (BD
Biosciences) with a 488 nm excitation. Using the flow
cytometry analysis software, FlowJo, DNA content and
subsequent cell cycle analyses were carried out.

ATP Assay. HSC-3 cells were grown in white opaque-walled
96-well tissue culture plates overnight, after which the growth
media was replaced with gold nanoparticle-containing media.
Upon 48 h treatment with nanoparticles, the CellTiter-Glo
Luminescent Cell Viability Assay was used according to the
manufacturer’s protocol. Briefly, the CellTiter-Glo Reagent was
prepared by mixing the CellTiter-Glow Buffer with the
CellTiter-Glo Substrate. After 48 h gold nanoparticle treatment,
the cells were rinsed with PBS, 100 μL of fresh media was
added, and the plate was allowed to equilibrate to room
temperature. 100 μL of the CellTiter-Glo Reagent was then
added to the cells and the plate was mixed on an orbital shaker
for 2 min to promote cell lysis. Luminescence was then
recorded on a Biotek Synergy H4 multimode plate reader. This
method provides a quantitative measurement of the amount of
ATP in the cell culture, and can be used as a cell viability assay,
as the luminescence signal is directly correlated to the number
of metabolically active cells, based on their ATP production.32

Flow Cytometry Analysis of Apoptosis and Necrosis.
HSC-3 cells were grown in 12-well tissue culture plates
overnight, after which the growth media was removed and
replaced with growth media containing gold nanoparticles.
After cells were treated with gold nanoparticles for 48 h, an
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Alexa Fluor 488 annexin-V/Dead Cell Apoptosis kit for flow
cytometry (Invitrogen) was used for the detection of apoptosis
and necrosis. The standard protocol was optimized for our
experimental conditions. Briefly, cells were centrifuged, washed,
and resuspended in 1 mL of 1× annexin-binding buffer. After
which 5 μL of Alexa Fluor 488 annexin-V and 2 μL of 100 mg/
mL propidium iodide (PI) were added to the cell suspension
and left to incubate at room temperature for 15 min. Upon
completion of dye loading, 1 mL of 1× annexin-binding buffer
was added. Cells were analyzed immediately using the BD LSR
II (BD Biosciences) with a 488 nm excitation on 10,000 cells,
in triplicate. Using the flow cytometry analysis software,
FlowJo, the Alexa Fluor 488 and PI intensities were gated
based on a negative control (HSC-3 cells in nanoparticle-free
media) and a positive control for apoptosis (HSC-3 cells
treated with 10 μM camptothecin for 4 h).
Confocal Acquisition of ROS. HSC-3 cells were grown on

coverslips overnight. The growth media was then removed and
replaced with growth media containing gold nanoparticles.
After a 24 h incubation period with gold nanoparticles, the gold

nanoparticle-containing media was removed and the cells were

washed with PBS, after which the cells were stained with a 10

μM solution of H2DCFDA (6-carboxy-2′,7′-dichlorodihydro-
fluorescein diacetate, Invitrogen, C2938) and left to incubate at

37 °C for 30 min. After dye loading, the cells were washed with

PBS and fixed with 4% paraformaldehyde for 15 min, followed

by nuclear staining with DAPI (4′6-Diamidino-2-phenylindole,
Dihydrochloride, Invitrogen) and washing with water. Fluo-

rescence images were taken by multiphoton confocal

microscopy using the Zeiss LSM 510 NLS META with 785

(DAPI) and 488 nm (FITC) excitation sources.
Statistical Analysis. All results are expressed as the mean ±

standard deviation of three independent experiments. Statistical

significance (i.e., p-value) was calculated using a t test calculator

(GraphPad Software, Inc.) and the data is considered

statistically significant (indicated by *) when p < 0.05.

Figure 2. Cellular internalization and nuclear localization of peptide-conjugated AuNPs by HSC cells after 48 h, determined as the percent uptake
(A), as well as the with plasmonic dark field light scattering imaging (B) of internalized nanoparticles before and after etching of extracellular
nanoparticles. Scale bar: 20 μm.

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc300592d | Bioconjugate Chem. 2013, 24, 897−906900



■ RESULTS AND DISCUSSION

HSC cells were treated with gold nanoparticles of different
shape: solid gold nanospheres (AuNSs, ∼35 nm diameter) and
hollow gold nanocages (AuNCs, ∼45 nm wall length) as shown
in Figure 1. These two distinctly shaped gold nanoparticles
were stabilized with polyethylene glycol thiol (mPEG-SH, MW
5000) in order to prevent any nonspecific interactions that
might take place with these nanoparticles in the physiological
environment. The PEGylated gold nanoparticles were then
functionalized with specific peptides: an RGD (arginine-
glycine-aspartic acid) sequence peptide and an NLS (nuclear
localization sequence) peptide. The RGD peptide provides for
receptor-mediated uptake of nanoparticles by cancer cells, as it
mimics extracellular matrix proteins and targets alpha v beta

integrins that are overexpressed on the cell surface of HSC
cells,12,33 while also exhibiting pro-apoptotic capabilities.18,19

The NLS peptide from the simian virus (SV) large T antigen,
having a KKKRK (lysine-lysine-lysine-arginine-lysine) se-
quence, provides for nuclear localization of nanoparticles, by
binding importin alpha in the cytoplasm of the cell, which
subsequently binds importin beta located on the cytoplasmic
side of the nuclear membrane.34−38 Peptide conjugation was
exploited to give rise to six different types of gold nanoparticles,
RGD-AuNSs NLS-AuNSs, RGD/NLS-AuNSs, RGD-AuNCs,
NLS-AuNCs, and RGD/NLS-AuNCs. Each nanoparticle type
exhibited cellular internalization, with the NLS peptide-
conjugated nanoparticles showing subsequent nuclear local-
ization. Cellular internalization (i.e., nanoparticle uptake) is
shown in Figure 2A. Overall, each nanoparticle formulation

Figure 3. Cell cycle changes induced by peptide-conjugated AuNPs, compared to control (HSC cells treated with nanoparticle-free culture medium).
RGD/NLS-AuNSs (A) and RGD/NLS-AuNCs (B), at concentrations of 0.4 nM, both generate an increase in G0/G1 phase, a decrease in S phase,
and a decrease in G2/M phase populations when incubated with HSC cells for 48 h. Values expressed as mean ± standard deviation of three
independent experiments. Statistical significance, with respect to control, indicated by * (p < 0.05).

Figure 4. ATP depletion induced by peptide-conjugated AuNPs (0.1 and 0.4 nM), normalized to the control (HSC cells treated with nanoparticle-
free medium) after 48 h. The combination of RGD and NLS peptides conjugated to the nanoparticles allows for the greatest reduction in ATP in the
case of the AuNSs (A) and AuNCs (B). Values expressed as mean ± standard deviation of three independent experiments. Statistical significance,
with respect to control (0.0 nM), indicated by * (p < 0.05).
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exhibits about 50% uptake by HSC cells over 48 h. In order to
confirm the internalization of the nanoparticles, plasmonic dark
field imaging and a previously developed etching technique
were employed.31 With this technique, it can be seen that the
plasmonic dark field light scattering images, before and after the
removal of extracellular nanoparticles by I2/KI etching, are the
same, suggesting nanoparticle internalization by HSC cells has
occurred. Also, these images suggest the nuclear localization of
the nanoparticles conjugated with the NLS peptide, while those
without appear to be more dispersed throughout the cytoplasm
of the cell, as we have shown previously with similar
nanoparticle formulations.8 Co-localization of the RGD/NLS-
AuNSs and RGD/NLS-AuNCs with the nucleus was also
confirmed with confocal imaging (see Figure S1 in Supporting
Information for details). Upon confirmation of nuclear and
cytoplasmic localization, all nanoparticles were examined in
terms of their effects on HSC cellular functions, as well as their
ability to induce cell death via apoptosis and necrosis.
Nanoparticle-Induced Disruption of Cellular Func-

tions. Cell cycle analysis was utilized in order to compare the
dependence of cell cycle disruption on nanoparticle shape
(solid sphere or hollow cage), as well as nanoparticle
concentration (0.1 or 0.4 nM). The most significant changes
seen for all of the nanoparticle formulations occur when HSC
cells are treated with a 0.4 nM concentration. With this high
concentration, HSC cells experience cell cycle disruptions that
have been previously linked to apoptosis.39 The cell cycle
changes observed for the RGD/NLS-AuNSs and RGD/NLS-
AuNCs, as shown in Figure 3 (A and B, respectively), are an
increased G0/G1 phase population (16% by AuNCs and 19%
by AuNSs), a decreased S phase population (10% by AuNCs
and 2% by AuNSs) and a decreased G2/M phase population
(100% by both AuNCs and AuNSs). Similar trends are seen
with the RGD-conjugated and NLS-conjugated gold nano-
particles (see Figure S2) except when HSC cells are treated
with 0.1 nM RGD-AuNCs. In this case, a prominent G2/M
arrest is observed, which has been correlated to cytokinesis
arrest and apoptosis.8 The more common trend observed here,

G0/G1 phase accumulation and subsequent S phase depletion,
has been attributed to a decrease in cellular ATP, as
demonstrated using mitochondrial function disrupting agents.40

Therefore, a direct quantitative measure of the ATP in gold
nanoparticle-treated HSC cells was carried out. As shown in
Figure 4, the amount of ATP present in cells is reduced with
increased nanoparticle treatment concentrations for all nano-
particle formulations. The greatest reduction in ATP is
observed with 0.4 nM RGD/NLS-AuNCs and RGD/NLS-
AuNSs, as would be expected, based on the cell cycle changes
observed for these two nanoparticle treatments (Figure 3C and
D). When HSC cells are treated with 0.4 nM RGD/NLS-
AuNCs, ATP production is reduced to about 38%, which is
slightly lower than the 43% ATP production observed with 0.4
nM RGD/NLS-AuNS-treated cells. With previous evidence of
the reduction of ATP leading to apoptosis,39 the sub G1 cell
population observed in the cell cycle histograms (Figure S3),
and the efficacy at which these HSC cell nucleus targeting
(RGD/NLS) nanoparticles reduce ATP in HSC cells, it is
imperative to assess the fate of these physiological changes and
to determine if the outcome (i.e., apoptosis and/or necrosis) is
dependent on the nanoparticle structure (i.e., solid sphere vs
hollow cage). In order to directly resolve whether or not the
peptide-conjugated gold nanoparticles utilized in this study
cause apoptosis and/or necrosis, flow cytometric analysis of
Alexa Fluor 488 conjugated annexin-V and propidium iodide
(PI) in HSC cells was utilized. One of the earliest events that
take place during apoptosis is the exposure of phosphatidylser-
ine (PS) residues on the outer leaflet of the cell membrane.
These PS residues have a high affinity for the phospholipid
binding protein annexin-V. Therefore, by exposing cells to
fluorescently labeled annexin-V, apoptosis can be quantified by
the fluorescence intensity measured using flow cytometry.41

The apoptotic population can be distinguished from the
necrotic population with the addition of PI, which binds nucleic
acids in cells only once the membrane becomes permeable (i.e.,
necrosis).

Figure 5. Cell death, via apoptosis (A) and necrosis (B), induced in HSC cells after 48 h treatment with 0, 0.1, and 0.4 nM peptide-conjugated
AuNSs (purple) and AuNCs (blue). The RGD/NLS-AuNCs, at 0.4 nM treatment concentrations, induce the greatest amount of cell death. Values
expressed as mean ± standard deviation of three independent experiments. Statistical significance, with respect to control (above each bar) and
between AuNSs and AuNSs (above each line) indicated by * (p < 0.05).

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc300592d | Bioconjugate Chem. 2013, 24, 897−906902



HSC cells were treated with 0.1 and 0.4 nM concentrations
of peptide-conjugated gold nanoparticles and the percentages
of apoptotic and necrotic cells were determined. The RGD/
NLS-conjugated nanoparticles induce greater overall cell death
than those conjugated with only RGD or only NLS (see Figure
S4), which correlates well with the observed decrease in ATP
for these nanoparticle formulations in particular. As shown in
Figure 5, the AuNCs significantly induce more apoptosis
(Figure 5A) and necrosis (Figure 5B) than the AuNSs. At
higher treatment concentrations, the RGD/NLS-AuNCs
induce apoptosis in HSC cells two times greater than RGD/
NLS-AuNSs. At higher concentrations, the RGD/NLS-AuNCs
induce thirty times more necrosis than RGD/NLS-AuNSs. It is
also important to note that these nanoparticles induce minimal
cell death in a control (HaCat) cell line (see Figure S6), as
these cells do not overexpress alpha beta integrins42 and
thereby are not effectively targeted with the RGD conjugated
nanoparticle. The drastic differences in which the peptide-
conjugated nanoparticles, solid gold spheres and hollow gold
cages, induce cell death in HSC cells prompt an explanation for
how two different gold nanoparticle formulations could have
such different effects on these cells.
Possible Mechanism for Enhanced Nanoparticle-

Induced Cell Death by the Nanocages. Since it has been
shown previously that nanoparticle conjugates exhibit enhanced
cellular effects compared to the free ligands in solution,43,44 we
therefore propose that the RGD and NLS peptides conjugated
to the nanoparticles are more effective than when free in
solution. HSC cells were treated with the same concentration of
NLS and RGD peptides as that which was added to the
nanoparticles during conjugation (4 and 3.2 μM, respectively).
The free NLS and RGD peptides induce much lower levels of
apoptosis and necrosis, as seen in Figure 6, compared to that
when conjugated to the AuNSs and AuNCs. This is possibly
due to an RGD-dependent pathway. As was previously
suggested by Salmon and co-workers, the RGD peptide
activates pro-caspase-3, a pro-apoptotic protein, via interactions

with an RGD-binding motif and subsequent conformational
changes in the protein.18,19 It is possible that multivalency (i.e.,
localized RGD peptides bound to the gold nanoparticle
surface) can enhance the overall effect of RGD on the cell.
Another mechanism is proposed based on the confirmation

that the RGD/NLS-AuNCs reduce ATP and induce apoptosis
and necrosis in HSC cells to a greater extent than RGD/NLS-
AuNSs. As expected, based on the method of AuNC synthesis
(see Experimental Procedures), ICP results show a 10% silver
atom content in the metallic composition of the AuNCs used in
this study (data not shown). Therefore, we consider the
possibility that there could be Ag+ ions present in the
nanoparticle solution used for the treatment of HSC cells. In
order to quantify the amount of Ag+ ions, NaCl was added to
the 0.4 nM RGD/NLS-AuNC solution, such that the NaCl
concentration is slightly below its Ksp. Upon dissolution of
NaCl in the 0.4 nM RGD/NLS-AuNC solution, no AgCl white
precipitate was observed, indicating that the concentration of
Ag+ in the AuNC solution must be below 0.0456 nM.
Therefore, HSC cells were treated with 0.0456 nM AgNO3
to represent the maximum concentration of Ag+ ions that could
be present in the 0.4 nM RGD/NLS-AuNC treatment, as well
as 10 and 20 nM AgNO3, to represent the concentration of Ag+

ions that would be needed in order to observe high levels of
apoptosis or necrosis. Figure 6 displays the apoptotic and
necrotic populations for cells treated with increasing concen-
trations of AgNO3 (i.e., Ag

+ ions). It is obvious here that 0.0456
nM Ag+ is not sufficient to induce apoptosis or necrosis to the
extent at which the 0.4 nM RGD/NLS-AuNCs do. It is also
apparent that the concentration of Ag+ would have to be on the
order of 20 nM for there to be significant apoptosis in HSC
cells. Although the Ag+ ions do not appear to induce apoptosis
or necrosis, the residual silver atoms remaining on the inner
cavity of the AuNCs could possibly have been oxidized in the
cell culture medium to silver oxide (Ag2O).

25,45 To test this,
AuNCs were left under physiological conditions, in cell culture
medium, for 48 h, after which the UV−vis spectrum was taken
in order to detect any changes in the surface plasmon
resonance of the AuNCs. Indeed, a 51 nm redshift in the
AuNC surface plasmon resonance was observed after 48 h in
cell culture medium (see Figure S7), indicating the residual
silver atoms on the inner cavity of the AuNC were oxidized to
Ag2O.

46−48 It had previously been shown, by Yen, et al.,25 that
when Ag2O is formed on the inside of the gold nanocage, it has
the ability to produce hydroxyl radicals (generally termed
reactive oxygen species (ROS)). These ROS have been shown
to damage DNA, ultimately leading to apoptosis, especially
when located near the DNA,26 as would be expected with the
nuclear-targeted AuNPs studied here. Therefore, it is important
to consider the possibility that ROS are generated by the RGD/
NLS-AuNCs, which might be causing the observed enhanced
apoptosis and necrosis49 above that observed with RGD/NLS-
AuNSs. Confocal imaging was performed to detect the
presence of ROS in HSC cells treated with 0.4 nM RGD/
NLS-AuNCs and AuNSs (Figure 7). HSC cells were stained
with H2DCFDA after treatment with nanoparticles and a green
fluorescent (FITC) signal is generated when the acetate groups
of H2DCFDA are removed during intracellular oxidation via
the generation of ROS. The confocal images shown in Figure 7
show that there are indeed ROS in the RGD/NLS-AuNC-
treated HSC cells, which is not seen with the RGD/NLS-AuNS
treatment. The presence of ROS is also detected with other
peptide-conjugated AuNCs, but not the AuNSs (see Figure

Figure 6. Cell death induced, via apoptosis (yellow) and necrosis
(gray), in HSC cells after 48 h treatment with varying concentrations
AgNO3 (i.e., Ag

+ ions), as well as free peptides in culture medium (3.2
μM RGD and 4 μM NLS). Values expressed as mean ± standard
deviation of three independent experiments. Statistical significance,
with respect to control, indicated by * (p < 0.05).
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S3). Although the ROS seen with the AuNCs is not as apparent
as the ROS seen with a positive control (100 μM H2O2 for 3
h), it can still be concluded that the silver atom content on the
inner cavity of the AuNCs has an impact on the enhanced
apoptosis and necrosis observed for the RGD/NLS-AuNC-
treated HSC cells.

■ CONCLUSIONS
We have found here that hollow gold nanocages conjugated
with nuclear targeting (NLS) and cancer cell penetration/pro-
apoptotic (RGD) peptides induce apoptosis and necrosis in
HSC cancer cells to a greater extent than solid gold
nanospheres. The observed cell death is preceded by a number
of different processes that also appear to be dependent on the
concentration and shape/metallic composition of the peptide-
conjugated gold nanoparticles. It is found that the 0.4 nM
RGD/NLS-AuNCs and RGD/NLS-AuNSs induce cell cycle
changes (i.e., G0/G1 phase accumulation, S phase depletion,
and G2/M phase depletion) (Figure 3) and subsequently
reduce ATP production in HSC cells (Figure 4). The outcome
of these cell cycle changes and reduction in ATP is apoptosis
and necrosis (Figure 5), with the greatest degrees of apoptosis
and necrosis occurring when HSC cells are treated with the
hollow gold nanocages. The increased apoptosis and necrosis
seen with hollow gold nanocages can be explained based on the
metallic composition of the gold nanocage. As a result of the

synthesis, the gold nanocage has residual silver atoms on its
inner cavity, which can be easily oxidized to Ag2O, as observed
by a redshift in the AuNC surface plasmon resonance (Figure
S7),46−48 which in turn produces ROS,25,49 as observed by
confocal microsopy of HSC cells treated with 0.4 nM RGD/
NLS-AuNCs (Figure 7). In conclusion, it is clear here that the
metallic composition and, thus, the shape of gold nanoparticles
have an impact on their intrinsic antineoplastic properties,
which can possibly be exploited further in the treatment of
cancer.
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