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ABSTRACT: Plasmonic nanoparticles (NPs) have become
a useful platform in medicine for potential uses in disease
diagnosis and treatment. Recently, it has been reported that
plasmonic NPs conjugated to nuclear-targeting peptides
cause DNA damage and apoptotic populations in cancer
cells. In the present work, we utilized the plasmonic scat-
tering property and the ability of nuclear-targeted silver
nanoparticles (NLS/RGD-AgNPs) to induce programmed
cell death in order to image in real-time the behavior of
human oral squamous carcinoma (HSC-3) cell communities
during and after the induction of apoptosis. Plasmonic live-
cell imaging revealed that HSC-3 cells behave as nonprofes-
sional phagocytes. The induction of apoptosis in some cells
led to attraction of and their subsequent engulfment by
neighboring cells. Attraction to apoptotic cells resulted in
clustering of the cellular community. Live-cell imaging also
revealed that, as the initial concentration of NLS/RGD-
AgNPs increases, the rate of self-killing increases and the
degree of attraction and clustering decreases. These results
are discussed in terms of the proposed mechanism of cells
undergoing programmed cell death.

Plasmonic nanoparticles (NPs) have received considerable
attention in the biological and biomedical community due to

their potential use in diagnostic and therapeutic applications.1,2

Their ability to scatter light in the visible and near-infrared regions
has been used in biological imaging and cancer diagnostic appli-
cations.3,4 Additionally, their nanoscale size allows them to enter
the cell and target different organelles, such as the nucleus and
mitochondria.5�8 As their popularity in medical and everyday
applications has increased, several studies have been conducted
to investigate their cytotoxic effects on mammalian cells.9�17

Studies examining the toxicity of gold nanoparticles (AuNPs),
with diameter >1.4 nm, have shown minimal cell death with in-
cubation periods of up to 3 days.16,17 Conversely, several reports
have shown that mammalian cells experience increased program-
mable cell death (apoptosis) after incubation with conjugated
and unconjugated silver nanoparticles (AgNPs).11,14,15 The sug-
gested cause for apoptosis in AgNP-treated cells is the generation
of reactive oxygen species (ROS), which is known to cause irre-
versible DNA damage.18�20

Apoptosis is a highly controlled cellular process and plays an
important role in regulating tissue homeostasis and controlling
physiological growth.21,22 Induction of apoptosis can occur from
a variety of stimulating agents, which are generally grouped into

two categories: extrinsic or intrinsic.23,24 Extrinsic stimuli are
those that cause cell death signaling from death receptor ligation.
After ligation, cytoplasmic signaling pathways are activated, and
apoptosis is triggered. Intrinsic apoptosis is usually induced
through generation of metabolic or genotoxic stress. One of the
most notable intrinsic pathways, the p53 pathway, is activated
from DNA damage that results from oxidative stress.23 It is thought
that AgNPs induce apoptosis by acting as intrinsic stimuli due to
their ability to generate ROS and cause DNA double-strand
breaks (DSBs).11,25 In the present work, we exploit the plasmo-
nic light-scattering properties and the cellular apoptotic induc-
tion of AgNPs to investigate the behavior of human oral squamous
carcinoma (HSC-3) cellular communities undergoing apoptosis.

Plasmonic AgNPs were synthesized using previously reported
methods.26,27 The synthesized 35 nm NPs (Figure 1) were then
conjugated with mPEG-SH 5000 to achieve a maximum surface
coverage of 10%. The low poly(ethylene glycol) (PEG) surface
coverage was chosen to maximize peptide conjugation to the
AgNPs.28 Pegylation of the NPs aids in stabilizing the particles in
cell culture media and reduces protein absorption on the particles’
surface.29 The remaining surface of the NPs was conjugated to
nuclear localizing signal (NLS) and cancer cell penetrating (RGD)
peptides.

The cells used in this study, HSC-3, have been shown to
express αvβ6 integrins on their surfaces.30 The RGD peptides
conjugated to the surface of the AgNPs assist in uptake of the
particles by aiding in receptor-mediated endocytosis through their
interaction with the αvβ6 surface integrins.

31 After the particles
enter the cytoplasm, they become localized at the nucleus due to
the interaction between the NLS peptide on the particles’ surface
and importins α and β, karyopherins that are associated with the
nuclear pore complex (NPC).32,33 In recent work, localization of
plasmonic (Au and Ag) NPs at the nucleus of HSC-3 cells was
found to result in DNA DSBs and apoptotic (or DNA-deficient)
populations.34,35

To ensureNLS/RGD-AgNPswere themost efficient at inducing
cell death, we conducted in vitro cytotoxicity (XTT) assays on
both pegylated and peptide-conjugated AgNPs. HSC-3 cells
were incubated with 0.1 nM conjugated AgNPs for 24 h. As
shown in Figure 2, NLS/RGD-AgNPs (nuclear-targeting) showed
the highest cytotoxicity, with ∼54% cell viability, while RGD- and
PEG-conjugated particles showed minimal toxicity, with viabilities
>91%. These results demonstrate the necessity of NLS�peptide
conjugation to induce cell death, as RGD- and PEG-conjugated
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AgNPs did not show significant toxicity. Due to their relatively
high toxicity and their ability to cause DNA damage through the
generation of ROS as seen in our previous work,35 NLS/RGD-
AgNPs were chosen for this study, as they are the most effective
in inducing apoptosis.

In this work, plasmonic live-cell imaging36 was used to
investigate the behavior of cancer cell communities after incuba-
tion with varying concentrations (0, 0.05, 0.1, and 0.4 nM) of
nuclear-targeting NLS/RGD-AgNPs (see Supporting Informa-
tion movies 1�4). Cells were incubated for 24 h with nuclear-
targeting particles before imaging to allow for successful uptake
and disturbance of cellular functions. Representative live-cell
images at 0 and 22 h for each tested concentration are shown in
Figure 3. Untreated cancer cells were able to divide successfully
and maintained their original distribution between neighboring
cells (Figure 3a and SImovie 1). However, incubation withNLS/
RGD-AgNPs stopped cell division and ultimately caused cell
death. Apoptosis was the suggested form of cell death due to
visible cell shrinkage, a morphological characteristic of apoptotic
cells,37 and our results from previous flow cytometry studies,35

which showed an increase in the sub-G1 (or apoptotic/DNA
deficient) population in HSC-3 cells after incubation with NLS/
RGD-AgNPs. Interestingly, the video clearly shows that when
cells are subjected to initial loadings of 0.05 and 0.1 nM AgNPs
and one cell dies (cell becomes still and white in color due to the
loss of focus as they become detached), the live neighboring cells,
which also containNLS/RGD-AgNPs,movewithin close proximity

to the dying cell and proceed to engulf the apoptotic cell. The
attraction of neighboring cells caused a reduction in the initial
random spatial distribution of the cancer cell community and
resulted in cellular clustering (Figure 3b,c and SImovies 2 and 3).
At higher initial loading concentrations (0.4 nM) of AgNPs
(Figure 3d and SI movie 4), the clustering is greatly reduced or
stopped.

The cellular clustering seen throughout the cancer community
(Figure 3b,c and SI movies 2 and 3) is thought to be a result of
apoptotic signaling. As stated previously, apoptosis is necessary
for maintaining homeostasis and regulating tissue growth.21,22

However, dying cells need to be identified and removed to avoid
the loss of membrane integrity and the potential release of cytotoxins.
Traditionally, professional phagocytes, such as macrophages and
immature dendritic cells, facilitate apoptotic cell removal. For cell
removal to occur, apoptotic cells display “eat me” signals on their
cell surface to attract professional phagocytes and aid in their
subsequent engulfment.38 Themost notable signals include annexin
I (AnxI) and phosphatidylserine (PS), which are translocated to
the outer cellular membrane. Additionally, professional phago-
cytes contain PS and vibronectin (αvβ3) receptors that assist in
“eat me” signal recognition and uptake of apoptotic cells.39

Although professional phagocytes are usually involved in the
removal of apoptotic cells, other cell types, such as epithelial cells
and fibroblasts, are known to perform phagocytosis and are col-
lectively termed nonprofessional phagocytes.40 Since our cell line

Figure 1. (a) TEM micrograph of the synthesized citrate-capped
AgNPs (∼35 nm). (b) Illustration of AgNPs conjugated to PEG and
cancer-targeting (RGD) and nuclear-targeting (NLS) peptides.

Figure 2. Viability of HSC-3 cells incubated with 0.1 nM conjugated
AgNPs after 24 h. Overall NLS/RGD-AgNPs showed greater cytotoxi-
city (∼52% cell viability) than RGD- and PEG-conjugated AgNPs
(∼90% viability). This supports the proposal that NLS is needed to
localize AgNPs at the nucleus and cause cell death.

Figure 3. Still images taken at 0 and 22 h of HSC-3 cells incubated with
(a) 0, (b) 0.05, (c) 0.1, and (d) 0.4 nM nuclear-targeting AgNPs. Cells
treated with 0 nM AgNPs do not show plasmonic light scattering.
Images of cells treated with NLS/RGD-AgNPs show that (1) scattering
from the AgNPs is heavily localized at the nucleus, (2) cellular clustering
increases as the AgNP concentration increases from 0.05 to 0.1 nM, and
(3) the degree of cellular clustering decreases when cells are treated with
0.4 nM AgNPs. The observed decrease in clustering could be attributed
to the increased rate of the observed cell death. The high AgNP density
at the cell nucleus, as indicated by the strong scattering (d), is the reason
for the rapid cell death (see text) for most cells and could impair the
ability of these cells to produce or detect intercellular apoptotic signals.
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is classified as an epithelial cell line and has been shown to express
αvβ3 receptors and AnxI, it is possible that HSC-3 cells also act as
nonprofessional phagocytes.30 As seen from our video imaging
(Figure 3b,c and SI movies 2 and 3), once one cell undergoes
apoptosis, the neighboring cells move and recognize the dying
cell. Characteristic palpitating and cohesive movements of the
live and dying cells indicated successful apoptotic identification.
The observed clustering was the consequence of the identifica-
tion of the dying cell by several neighboring cells which have less
AgNP DNA damage and are still viable. After the apoptotic cell
had been identified, the live neighboring cells proceeded to
engulf the dying cell. Engulfment was suggested by the merger
of the live and dying cells, which caused the live cell to become
unfocused and bright white, like the apoptotic cell. Unlike profes-
sional phagocytes, nonprofessional phagocytes require longer
periods of time to ingest an apoptotic cell.41 This characteristic is
also seen in our video imaging, as recognition of the dying cell
occurs rather quickly, but engulfment requires several hours. The
extended time for ingestion is most likely due to the apoptotic
cell needing to undergo further changes to signal to nonprofes-
sional phagocytes for engulfment.41

In addition to the observed cellular clustering around the
apoptotic cell, there also appears to be an increased localization
of cell deaths. It has been reported by several groups that cellular
clusters collectively undergo apoptosis after the apoptotic induc-
tion of a single cell within the cluster.25 Thubagere et al.25

recently showed that Caco-2 cells (heterogeneous human epithe-
lial colorectal adenocarcinoma cells) underwent cellular apoptotic
clustering after incubation with polystyreneNPs. They attributed
the propagation of apoptosis throughout the cellular community
to the production of hydrogen peroxide, which they proposed
was released into the extracellular environment. Nano-size metal
oxide materials, especially Ag2O, which is formed from oxidation
of the AgNPs' surfaces, are known to generate ROS including
hydrogen peroxide.19 Although ROS are a natural byproduct of
cellular metabolism (i.e., oxidative phosphorylation) during the
production of ATP, increased concentrations of these species,
especially hydrogen peroxide, causes oxidative damage that results in
DNA damage and apoptosis. As indicated from our previous
papers, DNA damage was indeed found to occur in HSC-3 cells
treated with nuclear-targeting NPs and was attributed to the
generation of ROS.34,35 In this study, it is suggested that ROS
generated from the NLS/RGD-AgNPs are released into the
extracellular environment and cause an increase in the local
concentration of ROS near the apoptotic cell. The increased local
concentration resulted in the permeation of ROS through the
membranes of neighboring cells. Additionally, a successive
heightening of apoptotic signaling within the neighboring cells,
as these cells also contain NLS/RGD-AgNPs, is thought to have
occurred, which led to the observed localization of cell death near
the primary apoptotic cell.

As shown in Figure 3d and SI movie 4, when the loading
concentration of NLS/RGD-AgNPs reached 0.4 nM, cellular
clustering greatly diminished or stopped. This observation might
suggest that, at this high concentration of AgNPs, most of the
cells die at rapid and comparable rates. Using SI movie 4, it can be
estimated that the initial death rate of cells at initial AgNP loading
concentrations of 0.05, 0.1, and 0.4 nM are 0.05, 0.1, and 0.25 h�1,
respectively. The increased death rate of the 0.4 nM sample is
expected to impair the cells’ ability to sense or display intercellular
apoptotic signals as well as hinder their movement and clustering.
Since the nuclear-targeting AgNPs are thought to be the initial

cause of apoptosis, one may conclude that intracellular and inter-
cellular apoptotic signaling (i.e., PS and AnxI) are competitive
processes. The quicker intracellular apoptotic signaling is in-
duced in cells of a community, the less likely it is that intercellular
communication and clustering of cells will occur.

In conclusion, we used plasmonic live-cell imaging to study the
resulting behavior of cancer cell communities when apoptotic
induction occurs in one or several cells within the community.
Our imaging revealed cellular attraction, clustering, and bystan-
der killing after incubation with apoptosis-inducing AgNPs at low
concentrations. It is suggested that cells neighboring an apoptotic
cell act as nonprofessional phagocytes and are attracted to and
engulf the dying cell through “eat me” signals such as PS and
AnxI, which are displayed on the apoptotic cell’s surface. The
resulting cellular clustering allowed ROS generated from the
NLS/RGD-AgNPs and released from the apoptotic cell to
permeate the neighboring cells’membranes and cause a localiza-
tion of cell death. At high AgNP concentrations (and increased
rate of programmed cell death), the degree of attraction and
clustering is diminished. This is presumably due to simultaneous
death of most cells that impairs their ability to move and cluster.

It is interesting to point out that the plasmonic live-cell
imaging and nuclear-targeting AgNPs used in this study had the
ability to visually investigate intercellular responses to external
stimuli in a cellular community without the need to use fluor-
escent dyes and expensive microscopic equipment.
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