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Abstract

Plasmonic nanoparticle research has become increasingly active due to their potential uses in
biomedical applications. However, little is known about the intracellular effects these
nanoparticles have on mammalian cells. The aim of this work is to investigate whether silver
nanoparticles (AgNPs) conjugated with nuclear and cytoplasmic targeting peptides exhibit the
same intracellular effects on cancer cells as peptide-conjugated gold nanoparticles (AuNPs).
Nuclear and cytoplasmic targeting spherical AgNPs with a diameter of 35 nm were incubated in a
cancer (HSC-3) and healthy (HaCat) cell line. By utilizing flow cytometry, confocal microscopy,
and real-time dark field imaging, we were able to analyze how targeting AgNPs affect the cell
cycle and cell division. These experiments demonstrated that nuclear-targeting AgNPs cause DNA
double strand breaks and a subsequent increase in the sub G1 (apoptotic) population in our cancer
cell model at much lower concentrations than previously reported for nuclear targeting AuNPs.
Unlike the M phase accumulation seen in cancer cells treated with AUNPs, an accumulation in the
G2 phase of the cell cycle was observed in both cell models when treated with AgNPs.
Additionally real-time dark field imaging showed that cancer cells treated with nuclear targeting
AgNPs did not undergo cell division and ultimately underwent programmed cell death. A possible
explanation of the observed results is discussed in terms of the chemical properties of the
nanoparticles.

INTRODUCTION

Plasmonic nanoparticles (NPs) have been heavily studied due to their small size and unique
optical and photo-thermal properties.(: 2 Their nanometer size allows NPs to permeate the
cellular membrane and interact with biomolecules inside the cell, which can lead to
disruption of cellular functions.(3-6) Cancer cells, which overexpress a certain ligand
receptor, have the ability to be selectively targeted by NPs that have undergone surface
conjugations to the respective receptor’s complementary ligand.("-% Conjugated NPs also
have the ability to intracellularly target specific organelles and/or locations within the
cell.(8.10-14) A heavily targeted organelle within the cell is the nucleus. The nucleus houses
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the cell’s genetic material and is responsible for maintaining proper cellular activities.(1%)
Any alteration to the nucleus and its genetic material could result in improper regulation of
the cell cycle and cell death. The nucleus is most commonly targeted through the
conjugation of a nuclear localizing signal (NLS) to the surface of the NPs.(8: 12-14) This
signal is known to interact with cytosolic factors forming stable complexes that are docked
at the nuclear pore complex (NPC) in the nuclear membrane.® Our group’s recent work has
provided evidence that nuclear targeting of gold nanoparticles (AuNPs) in cancer (HSC-3)
cells results in DNA damage, cytokinesis (M phase) arrest, and ultimately cell death.(14)
Although this work demonstrates the alteration of the cell cycle in the presence of nuclear
targeting AuNPs, it is still unknown if different nuclear targeting metallic nanoparticles,
such as silver nanoparticles (AgNPs), will exhibit the same effect.

AgNPs have been extensively used in antimicrobial applications(16: 17) put little is known
about the behavior and resulting cellular response when they are targeted to different
organelles of mammalian cells. AgNPs are known for their active generation of reactive
oxygen species (ROS).(18: 19 ROS are a major source of oxidative stress within a cell and
can cause damage to several cellular components. Disruption to DNA replication and
ribosomal subunit protein expression after introduction of AgNPs into cells has been
reported.(18) This disruption was attributed to the Ag* release from the surface oxidation of
the AgNPs after they have been introduced into culture media and internalized in the cells.
The resulting induction of DNA damage and subsequent cell death has potential applications
in cancer and disease therapeutics.

In the present work, we systematically studied the cell cycle and cell division of cancer and
healthy human cells in the presence of 35 nm pegylated and peptide-conjugated AgNPs. The
results suggest that AgNPs localized at the nucleus cause DNA double-strand breaks and an
increase in the sub G1 (apoptotic) population in the cancer cell model. G2 accumulation was
also seen in both cancer and healthy cells lines. The ROS generation from AgNPs is
considered the main cause of the cell cycle alteration.

EXPERIMENTAL SECTION
AgNP Synthesis

Citrate stabilized AgNPs with an average diameter of 35 nm were synthesized by the
reduction of silver ions (AgNO3) with sodium citrate.(2%) Briefly, a 100 mL solution of 0.2
mM AgNO3 and 0.3 mM trisodium citrate was brought to a boil under continuous stirring.
After 30 minutes, boiling and stirring were discontinued and the solution was cooled to
room temperature. TEM and DLS analysis showed an average particle diameter of 35 nm
(Figure 1 and Table 1). The surface plasmon resonance band showed a peak absorbance at
430 nm (Figure 1). TEM images were taken on a JEOL 100CX-2 transmission electron
microscope and the average diameter was determined using ImageJ.

AgNP Peptide Conjugation

The citrate stabilized AgNPs were then pegylated to inhibit aggregation before peptide
conjugation. A 1.0 mM solution of mMPEG-SH 5000 (Laysan Bio, Inc.) diluted with DI water
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was added to a AgNP solution to achieve a 103 times greater concentration of mPEG-SH
5000 than AgNPs. The PEG-AgNP solution was allowed to incubate at room temperature
overnight and excess PEG was removed by centrifugation (13,500 rpm, 8 minutes). The
PEG-AgNPs were redispersed in PBS. The pegylated particles were further conjugated with
peptides following a previously established method.(13) For RGD peptide
(RGDRGDRGDRGDPGC) and PEG-AgNP conjugation, a 1.0 mM RGD solution diluted in
DI water was added to the PEG-AgNP solution to attain 103 molar excess of the RGD
peptide than PEG-AgNPs. For NLS peptide (CGGGPKKKRKVGG) and PEG-AgNP
conjugation, a 5 mM NLS peptide solution was added to a PEG-AgNP solution so the NLS
peptide was in 104 times molar excess. Lastly, conjugation of PEG-AgNPs with both RGD
and NLS peptides was achieved by adding the peptides in 103 and 104 times molar excess
respectively when compared to the PEG-AgNPs. All peptide-particle solutions were allowed
to shake overnight at room temperature and excess peptides were removed by centrifugation
(13,500 rpm, 8 minutes). Particles were redispersed in PBS. The conjugation with PEG and
the peptides was characterized by UV-Vis Spectroscopy and DLS analysis (Figure 1 and
Table 1). To achieve the desired final concentrations (0.1 nM and 0.4 nM) the peptide
conjugated AgNPs were further diluted with DMEM cell culture medium.

HSC-3 (human oral squamous cell carcinoma), a malignant epithelial cell line, and HaCat
(human karatinocytes), a nonmalignant epithelial cell line, were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) (Mediatech) supplemented with 4.5 g/L glucose and
sodium pyruvate, 10% v/v fetal bovine serum (FBS) (Mediatech) and 1% antimycotic
solution (Mediatech). Cell cultures were kept at 37 °C in a 5% CO, humidified incubator.

Dark Field Imaging Overlays

Cells were cultured on collagen coated 18 mm diameter glass coverslips for 24 hours and
incubated for 24 hours with 0.1 nM peptide-AgNP solutions diluted in DMEM. The
coverslips were then washed with DPBS buffer and fixed with 4% paraformaldehyde.
Images were obtained with an inverted Olympus 1X70 microscope with a dark field
condenser (U-DCW). A 100%/1.35 oil Iris objective (UPLANAPQ) was used to collect the
scattered light from the AgNP treated samples.

AgNP Uptake Assay

HSC-3 and HaCat cells were cultured for 24 hours in DMEM and then incubated for another
24 hours with 0.1 nM peptide-AgNP solutions diluted in DMEM. Particle solutions were
removed and the solution’s OD values at 430 nm were taken using a microplate reader
(SpectraMax Plus). Cells were counted using an inverted Olympus 1X70 microscope with a
10x% objective. Particle uptake values were normalized to the number of cells and are
reported as a relative percent uptake. Statistical significance was determined from the
comparison of cancer (HSC-3) treated cells and healthy (HaCat) treated cells.
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Cell Cycle Analysis with Flow Cytometry

Cells were grown for 24 hours in culture medium (DMEM) and then incubated with AgNPs
in culture medium (DMEM) for 24 hours. After AgNP incubation, cells were fixed with —20
°C cold ethanol (70%) until analysis. To prepare for flow cytometry analysis, fixed cell
suspensions were centrifuged at 1,250 rpm for 12 minutes and the cell pellet was redispersed
in PBS. Cells were treated with 200 pg/mL RNAse (Sigma) for 30 minutes at 37 °C.
Following RNAse treatment, DNA staining with 100 pg/mL of propidium iodine (Sigma)
was conducted at room temperature for 15 minutes. A BD LSR Il (BD Biosciences) with a
488 nm excitation laser and fluorescence detection in the PE channel was used to run flow
cytometry. The obtained cell cycle data was analyzed using FloJo (Tree Star Inc.), a flow
cytometry analyzing software.

Cell Synchronization

Nocodozale, a mitoic inhibitor, was used to synchronize HSC-3 and HaCat cells in the
prometaphase (M phase). Cells were grown for 14 hours in the presence of 80 ng/mL
nocodazole and mitoic cells were collected by shake-off. The motoic cells were released in
fresh culture medium (DMEM) and collected at the indicated time points. Cells were then
washed three times with PBS and fixed with =20 °C cold ethanol (70%) for further analysis
by flow cytometry.

Confocal Microscopy and DNA Damage Test

HSC-3 and HaCat cells were grown on 18 mm diameter glass coverslips and treated with
their respective peptide-AgNP concentration. Cell fixation was conducted with 2%
paraformaldehyde for 15 minutes, and cells were washed in PBS for 3x10 minutes. Cells
were then permeabilized for 5 minutes on ice in 0.2% Triton X-100 and blocked in PBS with
1% BSA for 3x10 minutes at room temperature. Blocked cells were incubated with anti-y-
H2AX antibody (Bethyl Laboratories, INC) for one hour, washed in PBS with 1% BSA for
3x10 minutes at room temperature and then incubated for 1 hour at room temperature with
FITC-conjugated goat anti-rabbit secondary antibody (Bethyl Laboratories, INC). Lastly,
cells were washed in PBS with 1% BSA for 3x10 minutes at room temperature and stained
with 4,6 diamidino-2-phenylindole (DAPI) for 5 minutes. Confocal images were taken using
a Zeiss LSM 510 NLO META multi-photon excitation confocal microscope.

Real-Time Dark Field Imaging

A homemade set-up was based on the modification of an inverted Olympus 1X70
microscope.(2) The samples were grown in 35 mm culture plates for 24 hours and then
incubated with peptide-conjugated AgNPs in culture medium (DMEM) for 24 hours.
Samples were placed inside a mini cell chamber that was mounted on the stage of the
microscope. The mini cell chamber allowed the sample to maintain a temperature of 37 °C
and a carbon dioxide concentration of 5% CO». The scattered light from the sample was
collected using a long working distance 40x objective. A Nikon D200 digital camera was
used to capture the dark field pictures every two minutes.
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Statistical Analysis

Statistical analysis of experimental values are conveyed as mean + standard deviaion of at
least three independent experiments. The data was analyzed using the t test calculator
(GraphPad Software, GraphPad Software, Inc.) and statistical significance was determined
from untreated (control) to treated (AgNPs incubation) samples unless otherwise noted. Data
was considered statistically significant if the P value < 0.05.

RESULTS AND DISCUSSION

Synthesis and Conjugation of AgNPs

The silver nanoparticles (AgNPs) used in this work were synthesized by the reduction of
silver nitrate with trisodium citrate.(29) The relatively monodispersed AgNPs had an average
diameter of 35 nm, as shown by TEM (Figure 1). UV-Vis spectroscopy further confirmed
the synthesis of 35 nm silver particles, as the spectra showed the characteristic surface
plasmon resonance (SPR) peak at 430 nm (Figure 1). Table 1 shows measurements of the
hydrodynamic diameter (HD) and the zeta potential of the synthesized AgNPs.

The citrate capped AgNPs were then conjugated with polyethylene glycol (PEG) in order to
increase their stability in the culture medium and prevent non-specific binding of proteins to
the surface of the particles.(2) The PEG stablized AgNPs were further conjugated with
arginine-glycine-aspartic acid (RGD) and nuclear localization signal (NLS) peptides. RGD
is known to target avp6 as well as other av integrins on the cell surface and assists in
receptor-mediated endocytosis in cancer cells.(23-25) NLS has a characteristic lysine-lysine-
lysine-arginine-lysine (KKKRK) sequence. Biomolecules labeled with this nuclear tag are
known to bind to importin a and 3 in the cytoplasm and be actively transported into the
nucleus through the nuclear pore complex (NPC).(28) The bioconjugation with the NLS and
RGD peptides was confirmed through UV-Vis spectroscopy and dynamic light scattering
(DLS) measurements. The UV-Vis spectra in Figure 1 shows a slight red shift in the
particles after conjugation with the peptides. The red shift was attributed to the change in the
dielectric constant of the surrounding environment of the AgNPs. The DLS measurements,
reported in Table 1, show the HD of AgNPs increased 20 nm after conjugation with the
surface ligands. A change in the zeta potential of the particles was also observed after
conjugation.

Additionally, the stability of the peptide-conjugated particles was investigated after 24 hours
of incubation in culture medium. The UV-Vis spectra of the incubated AgNPs did not show
a significant alteration in the SPR indicating that nanoparticle aggregation did not occur and
the particles were stable in the biological environment (data not shown).

Localization and Relative Uptake of AgNPs in Cells

A major advantage of using silver nanoparticles in biomedical applications is their enhanced
light scattering, which allows their localization and distribution to be imaged in different
biological environments.() In this experiment, we wanted to determine the localization and
relative uptake of the pegylated and peptide-conjugated AgNPs in two different cell lines.
The cell lines used were human oral squamous cells carcinoma (HSC-3) and human
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keratinocytes (HaCat) cells, which modeled cancer and healthy cells respectively. HSC-3
cells have been reported to express av integrins (ie. avp3 and avp5) and overexpress avp6
integrins, an RGD receptor, on their cell surface.(27: 28) We hypothesized that RGD
conjugation would enhance the uptake of AgNPs by cancer cells since our healthy cell line
has not been shown to overexpress avp6 integrins unless induced by transforming growth
factor-B1 (TGFP1).(29 To investigate the uptake and localization of NLS/RGD-AgNPs,
RGD-AgNPs and PEG-AgNPs dark field imaging was utilized. The dark field image
overlays seen in Figure 2A show AgNPs conjugated with the nuclear targeting signal (NLS)
are localized at the nucleus of both cell models while RGD-AgNPs and PEG-AgNPs were
dispersed within the cytoplasm. Figure 2A images also reveal that cancer cells show an
apparent overall increase in AgNP uptake when compared to healthy cells.

To quantify the uptake of the different AgNPs in the cancer and healthy cell lines, the
relative percent uptake of particles was determined. AgNP uptake, as reported in Figure 2B,
was calculated through the normalization of the data to the number of cells present in each
sample well. Cancer cells showed a statistically significant (P < 0.05) higher relative percent
uptake of all conjugated AgNPs when compared to heatlhy cells. Furthermore, NLS/RGD-
AgNPs exhibited the greatest relative percent uptake in both cell lines. The increased uptake
in cancer cell lines is thought to be due to the overexpression of avf6 integrins on their
cellular membrane(@”), however other av integrins on the cell surface could have also
contributed to the trend seen(4 25), The cause for the differences between RGD and
NLS/RGD particle uptake in both cell lines is still unclear, however the overall surface
charge of the particles could enhance/hinder the particle’s ability to undergo receptor-
mediated endocytosis.

Cell Cycle Analysis and Cell Synchronization of AQNP Treated Cells

After it was shown that NLS/RGD-AgNPs did localize at the nucleus, we investigated
whether this localization caused cell cycle distruption in both cell models. To determine the
effects of the peptide-conjugated AgNPs on cancer and healthy cells, complete cell cycle
analysis was performed using flow cytometry. The complete cell cycle analysis of cancer
and healthy cells treated with 0.1 nM and 0.4 nM conjugated AgNPs for 24 hours, as to
allow successful uptake of the particles, is shown in Figure 3. Cancer cells treated with 0.1
nM and 0.4 nM NLS/RGDAgNP showed a statistically significant (p < 0.05) increase in the
sub G1 (DNA deficient(®9) population (Figure 3A). The sub G1 population resulting from
incubation with 0.1 nM nuclear-targeting AgNPs suggested that there was an increased
toxicity of AgNPs in our cancer cell model when compared to AuNPs.(14) The sub G1
population also appears to increase as the concentration of nuclear-targeting AgNPs
introduced into the cancer cells increases from 0.1 nM (~8.0%) to 0.4 nM (~9.0%).
Additionally, cancer cells treated with NLS/RGD-AgNPs showed an accumulation in the
G2/M phase of the cell cycle indicating the presence of nuclear targeting AgNPs disrupted
the transition of G2/M or M/GL1.

Contrary to the results seen with nuclear-targeting AuNPs, a significant sub G1 population
was also seen in healthy cells when treated with NLS/RGD-AgNPs for 24 hours (Figure
3B). It is believed that the lack of overexpression of avf6 integrins(?® on their cell surface
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and reduced uptake of nuclear-targeting AgNPs contributes to the reduced sub G1
population in healthy cells when compared to our cancer cell model. Nevertheless, the
presence of the DNA deficient population in healthy cells provides further evidence of the
harmful, toxic effects AgNPs have when compared to AuNPs. Moreover, healthy cells show
G2/M accumulation upon treatment with NLS/RGD-AgNPs indicating that the presence of
nuclear-targeting AgNPs prevents normal transitions between the different phases of the cell
cycle.

To ensure that the NLS peptide was necessary to induce significant sub G1 populations in
cancer and healthy cells, we examined the effect that RGD and PEG conjguated AgNPs had
on the cell cycle. Cancer and healthy cells treated with RGD-AgNPs did not show a
significant increase in the sub G1 population when compared to their controls but did show
G2/M accumulation. The G2/M accumulation seen in our work is consistent with work
reported from AshaRani et al. as they observed similar G2 accumulation in human
glioblastoma cells (U251) and normal human lung fibroblast cells (IMR-90) when treated
with starch-coated AgNPs.(31) However, their starch coated particles did not produce DNA
deficient populations. This suggests that alteration of the cell cycle occurs in the presence of
AgNPs, but the observed increase in apoptotic populations is only induced when AgNPs are
localized at the nucleus. Moreover, cell cycle analysis of cancer and healthy cells treated
with 0.1 nM and 0.4 nM PEG-AgNP showed no significant increase in the sub G1 or
apoptotic population when compared to untreated cells (Figure S2).

The two main reported causes for the appearance of an apoptotic population upon treatment
with AgNPs are the leaching of Ag* ions from the AgNPs and the generation of reactive
oxygen species (ROS) from nano metal oxide materials (AgNPs can oxidize easily to form
Ag,0).1.32) To determine if the alteration in the cell cycle was due to free Ag* ions alone,
cancer and healthy cells were incubated for 24 hours with 20 nM AgNOg3 and their cell
cycles were analyzed. Neither cell model showed significant (P < 0.05) cell cycle alteration
(Figure 3) when compared to their controls. This result suggested that the apoptotic
population is not solely due to the leaching of Ag* ions and could be part due to the
generation of ROS from the silver metal oxide inside the cancer cells.(33) ROS species are
known to cause oxidative stress and DNA damage inside cells, which is a leading cause of
apoptosis.(34-37) Additionally, it has been reported that upregulation of p53, a protein that is
overexpressed when DNA damage occurs and causes cell cycle arrest and apoptosis, was
seen after cells were incubated with unconjugated AgNPs.(38) It is possible that incubation
with NLS/RGD-AgNPs also causes upregulation of p53 and signals for programmed cell
death in our cancer cell model.

To further investigate alterations to the cell cycle, cell synchronization experiments were
conducted to determine whether M phase arrest was seen after incubation with NLS/RGD-
AgNPs. Nocodozale, a mitotic inhibitor, was used to synchronize cancer and healthy cells in
the prometaphase (M phase).(3%:40) Based on our groups previous work with nuclear-
targeting AuNPs(4), which showed abscission of two daughter cells occurred in ~2 hours
for untreated cells and ~4 hours for particle treated cells, we chose 120 and 360 minutres for
points of analysis. As seen in Figure 4, there was not significant M phase accumulation in
the cancer or healthy cells after treatment with NLS/RGD-AgNPs. These results differs from
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NLS/RGD-AuNPs, as M phase accumulation in cancer cells was seen.(!4) Since complete
cell cycle analysis revealed an increase in the G2/M population, and the cell cycle
synchronization experiment did not show M phase accumulation, it is proposed that the
arrest has taken place in the G2 phase. This suggests that cancer cells treated with NLS/
RGD-AgNPs were unable to pass through the G2 checkpoint of the cell cycle, the cell’s last
opportunity to evaluate it’s genetic material before entering mitosis%), and resulted in
apoptosis if their DNA was unable to be repaired. Furthermore, these experiments indicate
that irreversible DNA damage occurs at different phases in the cell cycle when different
plasmonic nanoparticles are used (Figure 5).

Confocal Microscopy and DNA Damage Test

DNA damage, in cancer and healthy cells treated with nuclear targeting AgNPs, was
suggested from the sub G1 population and G2 accumulation in the flow cytometry
experiments. To further investigate whether DNA damage was a result of incubation with
nuclear-targeting AgNPs, treated cells were tested for double strand breaks (DSBs) in DNA
by confocal microscopy. Confocal images of untreated and treated cancer cells are shown in
Figure 6. The nuclei have been stained blue with DAPI and DSBs are indicated by bright
green FITC fluorescence foci. DNA DSBs are seen in cancer cells treated with 0.1 nM and
0.4 nM NLS/RGD-AgNPs (Figure 6B and 6C). When cancer cells were treated with 0.1 nM
and 0.4 nM NLS/RGD-AuNPs, DNA DSBs were only seen after incuabtion with the 0.4 nM
concentration.(34) This provides supplementary evidence that AgNPs exhibit more harmful
effects on cancer cells than AuNPs. Confocal images of healthy cells treated with the highest
concentration of NLS/RGD-AgNPs showed no DSBs (Figure S3). The absence of DSBs is
due to the lower nanoparticle concentration at the nucleus in healthy cells compared to
cancer cells. We attributed the decreased nanoparticle concentration at the nucleus to the
reported lack of overexpression of avfp6 integrins, an RGD receptor, in our healthy cell line
when compared to our cancer cell line.(27: 29 These images confirm that NLS/RGD-AgNPs
induce irreversible DNA damage in cancer cells, leading to an increased sub G1 (apoptotic)
population. The confocal images further suggested that the selective targeting facilitated by
the RGD peptide conjugation caused an increased vulnerability to DNA damage in cancer
cells compared to healthy cells.

Real-Time Dark Field Imaging of AQNP Treated Cancer Cells

We also wanted to investigate in real-time whether the presence of nuclear targeting AgNPs
in our cancer cell model interferes with proper cellular division. The dynamics of cell
division were monitored by long-term live-cell plasmonic scattering imaging.(?Y) Figure 7
displays representative real-time dark field images of cell division in our cancer cell model.
Untreated cancer cells underwent proper division and showed no cell death. However, when
cancer cells were incubated with varying concentrations of NLS/RGD-AgNPs normal cell
division was not observed (Figure 7) and cell death resulted. These images differs from our
group’s previous work when using NLS/RGD-AuUNPs, which showed cytokinesis (M phase)
arrest in cancer cells after incubation with nuclear-targeted AuNPs.(14) The inability of cells
treated with NLS/RGD-AgNPs to reach cytokinesis (M phase) provides further evidence
that cells have arrested and accumulated in the G2 phase of the cell cycle due to the
increased cytotoxicity of AgNPs compared to AuNPs.
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CONCLUSIONS

The cell cycle and cell division of cancer (HSC-3) and healthy (HaCat) cells in the presence
of conjugated AgNPs were systematically studied. DNA damage and apoptosis were seen in
cancer cells that were treated with nuclear-targeting AgNPs. Real-time dark field imaging
suggested that cancer cells treated with NLS/RGD-AgNPs are unable to successfully divide
and ultimately undergo cell death. Complete cell cycle analysis showed a significant
increase in the sub G1 population of cancer cells after treatment with nuclear-targeting
AgNPs. G2 accumulation was also seen in cancer and healthy cells during cell cycle
analysis. The resulting G2 accumulation in cells treated with varying concentrations of
AgNPs differed from the M phase accumulation in cells treated with 0.4 nM NLS/RGD-
AUNPs. In cancer cells, the G2 accumulation accompanied by the increase in the sub G1
population suggests cells were unable to pass through the G2 checkpoint and the G2-M
transition has been affected. The cause of the altered cell cycle was attributed to DNA
damage, as seen with confocal microscopy. The basis for the observed DNA damage could
potentially be a result of ROS generation from the AgNPs, as we eliminated leaching Ag*
ions as the sole reason. These results demonstrate the importance of systematically studying
the intracellular effects of each surface ligand and plasmonic nanoparticle combination to
ensure the desired biomedical function and cytotoxicity are achieved.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) TEM image of the AgNPs used in this study and (B) UV-Vis spectra of citrate capped
AgNPs conjugated with RGD (red) and NLS/RGD (green) peptides showing the
characteristic shift and peak broadening of the AgNPs’ surface plasmon.
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Figure 2.

(A) Dark field images overlays of single cells showing where the strong scattering AgNPs
reside in the cell. Dark field images show NLS/RGD-AgNPs are highly localized at the
nucleus while RGD and PEG conjugated AgNPs are dispersed throughout the cytoplasm.
Scale bar: 10 um. (B) The relative percent uptake of the conjguated AgNPs incubated in
cancer (grey) and healthy (yellow) cells for 24 hours. Cancer cells show a higher relative
uptake of conjugated AgNPs when compared to healthy cells. All values were normalized to
the number of cells present in the sample. Asterisks (*) indicate a p value < 0.05.
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Figure3.

Complete cell cycle analysis of cancer and healthy cells by using flow cytometry. Cancer
cells show a significant increase in the sub G1 (DNA deficient) population after treatment
with NLS/RGD-AgNPs when compared to the control (A). G2 accumulation is seen in both
cell models when treated with peptide-conjugated AgNPs. Asterisks (*) indicate a P value <

0.0

5.
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Figure4.

Cell synchronization of NLS/RGD-AgNPs treated cells. Significant M phase accumulation
was not seen between control and NLS/RGD-AgNP treated cells in both cancer (A) and

healthy (B) cells. Cells were synchronized with nocodazole in the prometaphase (M phase)
and cell cycle analysis was conducted at 120 and 360 minutes. Statistical significance was

determined from a P value < 0.05.
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Figure5.
Summary of the difference in the effect of spherical nuclear-targeting AgNPs and AuNPs on

the cell cycle. Cell cycle accumulation was seen in the G2 phase when cancer and healthy
cells were treated with peptide-conjugated AgNPs. It has been reported!? that nuclear-
targeting AuNPs show cell cycle accumulation in the M phase of the cell cycle.
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A.

Figure®6.
Cofocal images of DNA damage in cancer cells resulting from incubation with NLS/RGD-

AgNPs. The cells’ nuclei were stained with DAPI (blue) and DNA double strand breaks
(DSBs) were stained with FITC (green). No DNA damage was seen in untreated cancer cells
(A). DNA double strand breaks (green foci) were seen in cells treated with (B) 0.1 nM and
(C) 0.4 nM NLS/RGD-AgNPs. Cells were incubated with nuclear-targeting AgNPs for 24
hours. Scale bar: 10 um.
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Figure7.
Real-time dark field images of cancer cells. Untreated cells (top) showed proper cell

division while cells treated with 0.05 nM (middle) and 0.4 nM (bottom) nuclear-targeting
AgNPs were unable to successfully divide and resulted in programmed cell death. The red
stars indicate the cells of interest. Scale bar: 10 pm.

Bioconjug Chem. Author manuscript; available in PMC 2016 January 21.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Austin et al.

Table 1

Hydrodynamic diameters and zeta potentials of AgNPs

Sample Hydrodynamic Diameter (nm) | Zeta Potential (mV)
Citrate-AgNPs 35 -41
PEG-AgNPs 55 -18
NLS/RGD-AgNPs 57 14
RGD-AgNPs 56 16
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