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Abstract

We have previously shown that plasmonic nanoparticles conjugated with nuclear-targeting and
cytoplasm-targeting peptides (NLS and RGD, respectively) are capable of altering the cell cycle of
human oral squamous carcinoma cells (HSC-3). In the present work, we show that this regulation
of the cell cycle can be exploited to enhance the efficacy of a common chemotherapeutic agent, 5-
Fluorouracil, by pre-treating cells with gold nanoparticles. Utilizing flow cytometry cell cycle
analysis, we were able to quantify the 5-Fluorouracil efficacy as an accumulation of cells in the S
phase with a depletion of cells in the G2/M phase. Two gold nanoparticle sizes were tested in this
work; 30 nm with a surface plasmon resonance at 530 nm and 15 nm with a surface plasmon
resonance at 520 nm. The 30 nm nuclear-targeted gold nanoparticles (NLS-AuNPs) showed the
greatest 5-Fluorouracil efficacy enhancement when 5-Fluorouracil treatment (500 pM, 48 h) is
preceded by a 24 h treatment with nanoparticles. In conclusion, we show that nuclear-targeted 30
nm gold nanoparticles enhance 5-Fluorouracil drug efficacy in HSC-3 cells via regulation of the
cell cycle, a chemosensitization technique that could potentially be expanded to different cell lines
and different chemotherapies.

INTRODUCTION

Noble metal nanoparticles are becoming increasingly prominent in the treatment of disease

due to their unique properties as both intrinsic antineoplastic agents(1-4) and extrinsic
photothermal contrast agents.(5-11) Gold nanoparticles, in particular, are showing great
promise as antineoplastic agents, especially with their ability to prohibit cell growth and

regulate the cell cycle without external stimulation via radiation.(2, 4, 12-14) Specifically,
cell cycle regulation by gold nanoparticles has been utilized for the sensitization of
malignant cells to radiation. For example, Roa, et al.(14) previously showed that glucose-
capped gold nanoparticles caused accumulation of prostate cancer cells (DU145) in the
G2/M phase of the cell cycle and subsequent radiation sensitization of these cells, as cells in
the G2/M phase are most vulnerable to radiation. Another group later showed that peptide-
capped gold nanorods were capable of sensitizing melanoma cells (A375) to radiation, also
through a G2/M arrest.(15)
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Cell cycle regulation by gold nanoparticles could also potentially be useful for sensitization
of malignant cell lines to chemotherapeutic agents. For example, the antimetabolite drug 5-
Fluorouracil (5-FU) specifically acts on cells present in the S phase of the cell cycle.(16)
Additionally, a population of cells is resistant to 5-FU treatment when there is a depletion of
cells in the S phase with an accumulation of cells in the G2/M phase.(17, 18) With the
extensive research done on the use of 5-FU as a chemotherapeutic agent and its mode of
action, it is possible to now enhance 5-FU chemosensitivity in cells, namely by regulating
the cell cycle.

In the present work, we show that gold nanoparticles, specifically conjugated with nuclear-
targeting peptides, are capable of regulating the cell cycle, such that they induce an S phase
accumulation and G2/M phase depletion. Subsequently, these gold nanoparticles enhance
the chemosensitivity of a human oral squamous carcinoma cell line to 5-FU treatment, as
shown by a cell viability assay. Along with the cell viability results, the mode of cell death is
assessed by flow cytometry analysis of apoptotic and necrotic cells. With these results, it is
again apparent that the pre-treatment of cells with nuclear-targeting gold nanoparticles, can
enhance cell death pathways characteristic of 5-FU treatment. The cell cycle regulation and
subsequent enhancement of 5-FU efficacy seen with the gold nanoparticles investigated in
this work is dependent upon both nanoparticle size and nanoparticle functionalization (i.e.
location of nanoparticles within cells). Also interesting is that the gold nanoparticles are not
inherently cytotoxic to the cells, potentially minimizing toxicity issues commonly presented
with combination chemotherapies.

MATERIALS AND METHODS

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% CO»,
humidified incubator.

Gold Nanoparticle Synthesis and Peptide Conjugation

Gold nanoparticles (AuNPs) were synthesized via citrate reduction of chloroauric acid
(HAUCIly), as developed by Frens(19) Briefly, 50 mL of a 0.01% (w/v) HAuCl, aqueous
solution is brought to a boil, while stirring, followed by addition of a trisodium citrate
aqueous solution. The reaction is determined to reach completion when the solution color
changes from clear to a deep red/purple. To obtain AuNPs with a 30 nm diameter and a
surface plasmon resonance at 530 nm (Fig. 1A), 1 mL of 1% (w/v) trisodium citrate was
added to the HAuUCI, solution. To obtain AuNPs with a 15 nm diameter and a surface
plasmon resonance at 520 nm (Fig. 1B), 1 mL of 2% trisodium citrate (w/v) was added. The
AUNPs were then purified by centrifugation at 6000 rpm for 15 min and redispersed in
water. The core nanoparticle diameters were determined using ImageJ software. Extinction
coefficients used for the 30 and 15 nm AuNPs (3.0 x 10° and 3.6 x 108 M~1cm™1,
respectively) were based on previous reports.(20)
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The as-synthesized AuNPs are first stabilized with polyethylene glycol (mPEG-SH, MW
5000, Laysan Bio, Inc.) to prevent nonspecific adsorption of proteins and other biological
components in the physiological environment. Stabilization with PEG was achieved through
addition of a 1 mM aqueous solution of PEG to the AuNP solution at a molar excess of 104
and shaking on an orbital shaker overnight at room temperature. After PEG stabilization, the
AuUNPs were centrifuged at 6000 rpm for 15 min and redispersed in water.

The now PEG-stabilized AuNPs were functionalized with custom peptides purchased from
GenScript USA, Inc, as we have previously demonstrated.(4) Specifically, an NLS (nuclear
localization sequence) peptide with the sequence CGGGPKKKRKVGG and an RGD (Arg-
Gly-Asp) peptide with the sequence (RGD),4 PGC were used throughout this work. Peptide
conjugation was achieved through addition of a 5 mM aqueous solution of peptides to the
PEG-AUNP solutions at a molar excess of 10% and shaking on an orbital shaker overnight at
room temperature. The peptide-conjugated AuNPs were then purified by centrifugation at
6000 rpm for 15 min and redispersed in water. Three different nanoparticle formulations
were utilized in this study; 15 nm NLS-AuNPs, 30 nm NLS-AuNPs and 30 nm RGD-
AuNPs.

In order to confirm nanoparticle functionalization, the hydrodynamic diameter (HD) and
zeta potential were measured via dynamic light scattering (DLS). Table 1 displays the
increasing HD and neutralization of zeta potential upon conjugation of citrate-capped
AuUNPs with PEG and peptides.

Treatment of Cells with AuNPs and 5-Fluorouracil

HSC-3 cells were treated with both AuNPs and 5-Fluorouracil (5-FU). Briefly, after cells
were grown overnight, a 0.4 nM concentration of AuNPs (in cell culture medium) was
added to the cells. Cells were treated with AuNPs for 24 h, after which, they were washed
with PBS and subsequently treated with various concentrations of 5-FU. Cells were treated
with 5-FU for 48 h before performing analyses. The control samples in this work are treated
with an appropriate concentration of DMSO in cell culture medium (0.2%) corresponding to
the highest percentage of DMSO that is introduced to cells by the 5-FU treatment.

Flow Cytometry Cell Cycle Analysis

In order to determine the percentages of cells that exist in specific phases of the cell cycle,
flow cytometry cell cycle analysis was performed. Briefly, HSC cells were plated in a 12-
well tissue culture plate. Cells were allowed to grow overnight after which treatment was
administered according to method described above. Upon treatment of cells, they are
washed with PBS, collected by trypsinization and centrifugation, and fixed in 70% ice cold
ethanol and storage at =20 °C. For preparation of cells for flow cytometry cell cycle
analysis, the fixed cell suspension is centrifuged and a cell pellet is obtained. The cells are
then redispersed in PBS (750 uL) and 5 uL of 2 mg/mL RNase is added and the cells are
incubated at 37 °C for 30 min. After RNase treatment, cells are stained with 75 uL of the
fluorescent nucleic acid dye, Propidium iodide (PI, 1 mg/mL). Cells are then incubated at
room temperature for 15 min, after which they are passed through a 40 um sterile filter.
Cells are then analyzed on a BD LSR Il (BD Biosciences) with a 488 nm excitation. Flow
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cytometry data is analyzed using the flow cytometry analysis software, FlowJo. Results are
reported as the average % of cells in each phase of the cell cycle + standard deviation.

Cell Viability Assay

In order to determine cell viability, an XTT assay (Biotium, Inc. Cat# 30007) was utilized.
Briefly, HSC cells were plated in a 96-well tissue culture plate. Cells were allowed to grow
overnight, after which, treatment was administered according to method described above.
Upon treatment of cells, they are washed with PBS and then incubated with the activated
XTT reagent (prepared according to manufacturer’s protocol) for 5 h. The cell viability is
determined based on spectrophotometric measurements of the XTT reagent with a Biotek
Synergy H4 multi-mode plate reader. All treated groups are normalized to the control (HSC
cells treated with 0.2% DMSO) and results are reported as the average % viability + %
relative standard deviation.

Apoptosis and Necrosis Detection via Flow Cytometry

In order to quantify the various modes of cell death that are potentially involved with the
combination treatment of AuNPs and 5-FU, the ApoTarget™ Annexin-V FITC Apoptosis
Kit (Invitrogen, Inc. Cat. #PHN1010) was utilized. The standard protocol was optimized for
our experimental conditions. Briefly, HSC cells were plated in a 12-well tissue culture plate.
Cells were allowed to grow overnight after which treatment was administered according to
method described above. Upon treatment of cells, they are washed with PBS and collected
by trypsinization and centrifugation. The cells are then washed again with cold PBS and
collected by centrifugation, after which, 500 uL of 1x Annexin binding buffer, 2 uL of 100
pg/mL Pl and 5 pL of Annexin-V-FITC are all mixed with the cells and left to incubate for
15 min at room temperature. Following cell staining with Pl and Annexin-V-FITC, the
remaining volume of 1x Annexin binding buffer was added (493 pL) and the cell solution
was passed through a 40 um sterile filter. Cells are then analyzed on a BD LSR Il (BD
Biosciences) with a 488 nm excitation. Flow cytometry data is analyzed using the flow
cytometry analysis software, FlowJo. Results are reported as the average % of cells in each
phase of the cell cycle * standard deviation.

Statistical Analysis

Statistical significance was determined with the t test calculator (GraphPad Software, Inc.).
Data is considered statistically significant when p < 0.05 and is indicated by *.

RESULTS AND DISCUSSION

Gold Nanoparticle Induced Cell Cycle Regulation

Cell cycle regulation can be advantageous, specifically for the sensitization of malignant
cells to specific methods of cancer treatment.(14, 15) Particularly, some chemotherapeutic
agents act on cells that are in a specific phase of the cell cycle (e.g. GO/G1, S, or G2/M). For
example, 5-Fluorouracil (5-FU), a standard drug utilized in the clinical treatment of cancers
of the head and neck, (21, 22) is most effective when cells are in the S phase of the cell
cycle, as it is associated with the incorporation of fluoronucleotides (e.g. fluorodeoxyuridine
triphosphate, FAUTP) in place of nucleotides (e.g. deoxyuridine triphosphate, dUTP) in the
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cell’s RNA.(16-18) Since we have shown previously that AUNPs conjugated with NLS and
RGD peptides have the ability to alter the cell cycle of HSC-3 cells(2, 4), we took this
further by testing their ability to chemosensitize HSC-3 cells to 5-FU treatment in vitro. In
order to first estimate the efficacy by which these nanoparticles chemosensitize HSC-3 cells
to 5-FU treatment, we performed cell cycle analysis on cells after a 24 h treatment with
various AuNPs (0.4 nM), as well as a subsequent treatment with 100 pM 5-FU. In order to
compare cell cycle regulation between nanoparticle size, 15 and 30 nm NLS-AuNPs, known
to localize at the nucleus of HSC-3 cells,(4) were tested. In order to compare between the
location of nanoparticles within cells (i.e. AUNP surface functionalization), the 30 nm NLS-
AUNPs were also compared to RGD-AuNPs, known to localize in the cytoplasm of HSC-3
cells.(4) Figure 2 shows the cell cycle analysis of HSC-3 cells after various treatments.
Interesting here is that all nanoparticles induce an increase in the S phase population and a
decrease in the G2/M phase population of cells after a 24 h treatment. Also shown in the cell
cycle analysis is that 100 uM 5-FU itself induces an S phase accumulation with a G2/M
phase depletion. The combination treatment of AuNPs and 5-FU causes an S phase increase
with a G2/M decrease, but only in the case of the 30 and 15 nm NLS-AuNPs (Fig. 2A,B).

The cell cycle regulation observed for the combination of AuNPs and 5-FU suggests that the
potency of 5-FU could be enhanced when administered after an initial 24 h treatment with
the AuNPs tested in this work. In order to assess this potency, we have calculated the 5-FU
efficacy by dividing the S phase population by the G2/M phase population. This value is
justified as the chemosensitivity factor since 5-FU itself causes an S phase accumulation
with a G2/M phase depletion (Fig. 2), and previous reports have defined the resistance to 5-
FU as a decrease in S phase with an increase in G2/M phase populations.(17) Figure 3
shows the 5-FU chemosensitivity factors for the various nanoparticle treatments alone (0.4
nM, 24 h), as well as in combination with 100 uM 5-FU (48 h). The inherent 5-FU efficacy
value for HSC-3 cells is around 1.6 and after treatment with 100 pM 5-FU, this value is
increased to 5.8. In terms of the various nanoparticles tested here, the 30 nm NLS-AuNPs
have the greatest impact on 5-FU efficacy, increasing the value to 21.4 and when combined
with 100 uM 5-FU, the value is increased even more, to 29.8. The 15 nm NLS-AuNPs
increase 5-FU efficacy to 2.5, and only up to 6.3 when combined with 5-FU. The 30 nm
RGD-AuNPs increase 5-FU efficacy to 4.1, but only up to 6.9 when combined with 5-FU. It
is clear here that 5-FU efficacy is influenced by gold nanoparticles and is dependent on the
size and location of nanoparticles within cells, with 30 nm nuclear-localized AuNPs being
the most effective at enhancing 5-FU efficacy.

Enhanced 5-Fluorouracil Chemosensitivity

Utilizing the various AuNPs and their ability to regulate the cell cycle, as shown above, we
can now assess whether these nanoparticles actually sensitize HSC-3 cells to 5-FU treatment
(i.e. chemosensitization). HSC-3 cells were initially treated with the different AuNPs (0.4
nM, 24 h) in order to allow for accumulation of cells in the S phase and depletion of cells in
the G2/M phase. Following AuNP treatment, 5-FU was introduced at increasing
concentrations (10-500 pM, 48 h) and the cell viability was determined. Figure 4 displays
the results of the cell viability analysis, comparing between both AuNP size and AuNP
surface functionalization (i.e. nanoparticle location within the cell). It should first be noted
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that none of the AuNP formulations shown here are inherently cytotoxic to the HSC-3 cells
(no significant reduction in cell viability upon 24 h treatment with 0.4 nM AuNPs),
alleviating common toxicity issues presented with combination chemotherapies. As one
would expect, cell viability decreases with increasing concentrations of 5-FU. The lowest
cell viability observed for the control (no AuNPs) is about 40% when the cells are treated
with 500 uM 5-FU, but when pre-treated with 30 nm NLS-AuNPs (Fig. 4A), the cell
viability is significantly reduced to 17%. In addition to the 500 uM 5-FU treatment being
more effective, concentrations as low as 100 uM are also significantly enhanced by the pre-
treatment of cells with the 30 nm NLS-AuNPs (Fig. 4A). When comparing AuNP size, the
15 nm NLS-AuNPs (Fig. 4B) do not appear to enhance the efficacy of 5-FU at any of the 5-
FU treatment concentrations tested. In particular, at 5-FU concentrations of 10 and 100 uM,
the cell viability is significantly enhanced by pre-treatment of cells with 15 nm NLS-AuNPs.
At increasing concentrations of 5-FU (200-500 uM), pre-treatment of cells with 15 nm
NLS-AuUNPs has no significant effect on 5-FU efficacy. Another comparison here is the
different effects induced when the nanoparticles are localized in the cytoplasm of the cell
(RGD-AUNPs) as opposed to localized at the nucleus of the cell (NLS-AuUNPs). When cells
are pre-treated with 30 nm RGD-AuNPs (Fig. 4C), the efficacy of 10 uM 5-FU is
significantly enhanced (79% cell viability reduced to 43%). At higher 5-FU treatment
concentrations (100-500 pM), the pre-treatment of cells with 30 nm RGD-AuNPs does not
have any significant effect on 5-FU efficacy.

It is clear from the cell viability results shown in Figure 4 that there are definite differences
in the 5-FU efficacy after cells are pre-treated with various AuNPs. The 30 nm NLS-AuNPs
appear to be the most effective at sensitizing HSC-3 cells to 5-FU treatment, which is also
confirmed by the high 5-FU efficacy values determined by cell cycle analysis (Fig. 3), and
no apparent increase in 5-FU uptake by the presence of nanoparticles was observed in this
case (see Supporting Information, Figure S1). Smaller AuNPs (15 nm NLS-AuNPs) and
AUNPs localized at the cytoplasm (30 nm RGD-AuNPs) do not consistently enhance the
efficacy of 5-FU, which is also confirmed by the lower 5-FU efficacy values determined by
cell cycle analysis (Fig. 3).

In order to further assess the mode by which the 30 nm NLS-AuNPs chemosensitize HSC-3
cells to 5-FU, cell death was investigated by flow cytometry analysis of cells labeled with
the nucleic acid dye, propidium iodide (necrotic cells), cells stained with a
phosphatidylserine label, Annexin-V-FITC (early apoptotic cells), cells labeled with both
(late apoptotic), and cells that are unlabeled (live cells). Figure 5 displays percentages of
necrotic (red), late apoptotic (dark blue), early apoptotic (light blue) and live (green) cells
after treatment with 0.4 nM 30 nm NLS-AuNPs alone (24 h), 150 uM 5-FU alone (48 h), as
well as 150 uM 5-FU (48 h) after pre-treatment with 30 nm NLS-AuUNPs (0.4 nM, 24 h).
The primary mode of cell death upon treatment with 5-FU appears to be via early apoptosis.
Interestingly, the 30 nm NLS-AuUNP treatment also exhibits a higher degree of early
apoptosis, compared to necrosis or late apoptosis. Although early apoptosis is the
predominant mode of cell death, late apoptosis and necrosis also occur to a significant
degree. In terms of late apoptosis, when cells are treated with the combination of 30 nm
NLS-AuUNPs (0.4 nM, 24 h) and 150 uM 5-FU (48 h), the population is significantly
enhanced compared to either treatment alone. In terms of necrosis, the population is also
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significantly enhanced for the combination treatment, compared to treatment with only 30
nm NLS-AuNPs or only 5-FU. In looking at the early apoptotic populations, which appear
to be the dominant mode of cell death for both individual treatments, the pre-treatment with
30 nm NLS-AuNPs does not enhance the amount of early apoptotic cells. It is interesting to
note that this is the only population of dead cells in which this trend is observed, possibly
due to the fact that the 30 nm NLS-AuNPs alone induce a smaller population of early
apoptotic cells than the 5-FU alone, therefore not providing any enhancement in this mode
of cell death.

CONCLUSIONS

In conclusion, we have shown that nuclear-targeted gold nanoparticles (NLS-AuNPs),
specifically 30 nm in diameter, regulate the cell cycle of HSC-3 cells by inducing an
accumulation of cells in the S phase with a depletion of cells in the G2/M phase. The S
phase accumulation and G2/M phase depletion can be used to quantify the efficacy of a
common chemotherapeutic agent, 5-Fluorouracil (5-FU). Of all the nanoparticles tested in
this work, the 5-FU efficacy value is highest when cells are treated with 30 nm NLS-AuNPs
(0.4 nM, 24 h), compared with 15 nm NLS-AuNPs or 30 nm RGD-AuNPs (cytoplasm
localized AuNPs). This high 5-FU efficacy value is further confirmed when testing the
cytotoxicity of 5-FU after pre-treatment with the various AuNPs. The cell viability of 5-FU
treated cells is significantly reduced when the cells are pre-treated with 30 nm NLS-AuNPs
(0.4 nM, 24 h), compared with cells pre-treated with the smaller NLS-AuNPs or the RGD-
AUNPs. More detailed analyses of the modes of cell death involved with 5-FU treatment
revealed that these 30 nm NLS-AuNPs also enhance levels of late apoptosis and necrosis
when introduced to the cells 24 h prior to 5-FU treatment. It is clear that cell cycle
regulation plays a major role in enhancing drug efficacy in malignant cells. It has been
previously demonstrated that gold nanoparticles are capable of altering the cell cycle via
regulation of cyclins, cyclin-dependent kinases (CDKSs),(23) and cell cycle inhibitor proteins
(p21 and p27).(24) From the results shown here, it is indeed possible that our nuclear-
targeted AuNPs are causing alterations in the expression of these cell cycle regulators, and
elucidation of the detailed mechanism by which they are capable of doing this will be
essential. Once the molecular mechanisms involved in AuNP-induced cell cycle alterations
are determined, chemosensitization via AUNPs can be exploited as a new technique for the
treatment of various cancers with various chemotherapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
UV-Vis spectra and TEM images (inset) of AuNPs synthesized via citrate reduction of

HAUCI,. (A) AuNPs with a surface plasmon resonance at 530 nm have a diameter of 29 + 4
nm. (B) AuNPs with a surface plasmon resonance at 520 nm have a diameter of 14 + 1 nm.

Photochem Photobiol. Author manuscript; available in PMC 2016 January 08.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Mackey and El-Sayed

A 30 nm
—Jcontrol 80+ NLS-AuNPs

¥Z740.4 nM AuNPs
R 100 uM 5-FU
[ 0.4 nM AuNPs+100 uM 5-FU

% HSC cells
S
o

Comparing ﬂ%
AuNP GO/G1 G2M
Size cell cycle phase
B 15 nm c
80 NLS-AuNPs 80+

@
o

% HSC cells
B
o

% HSC cells
ey
1<)

~N
o

Page 11

Comparing
AuNP
surface

30 nm
RGD-AuNPs

G0/G1

cell cycle phase

Figure 2.

cell cycle phase

Cell cycle analysis of HSC-3 cells after treatment with various AuNPs (0.4 nM, 24 h) and 5-
FU (100 pM, 48 h); cells that were not treated (control), cells treated with AuNPs alone,
cells treated with 5-FU alone, and cells treated with combination of AuNPs and 5-FU are
shown. Comparison between AuNP size: (A) 30 nm NLS-AuNPs versus (B) 15 nm NLS-
AuNPs. Comparison between AuNP surface functionalization: (A) 30 nm NLS-AuNPs

versus (C) 30 nm RGD-AuUNPs.
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Figure 3.
5-FU efficacy in HSC-3 cells after treatment with various AuNPs (0.4 nM, 24 h) and 5-FU

(100 uM, 48 h); control represents cells that were not treated with any AuNPs. Cells that
were not treated with 5-FU, and cells that were treated with 5-FU are shown. 5-FU efficacy
is defined as % cells in S phase divided by % cells in G2/M phase of the cell cycle.
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Figure4.

100 200 300 400 500
concentration of 5-FU (uM)

Cell viability determined by an XTT assay of HSC-3 cells after treatment with various
AUNPs (0.4 nM, 24 h) and 5-FU (10-500 uM, 48 h); c that were only treated with 5-FU
(control, m) and cells treated with a combination of AuNPs and 5-FU (@). Comparison
between AuNP size: (A) 30 nm NLS-AuNPs versus (B) 15 nm NLS-AuNPs. Comparison
between AuNP surface functionalization: (A) 30 nm NLS-AuNPs versus (C) 30 nm RGD-
AuUNPs. Statistical significance between cells treated with only 5-FU and cells treated with
combination of AuNPs and 5-FU is indicated by * (p < 0.05).
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Au

Au+5-FU

Flow cytometry analysis of HSC-3 cell death after treatment with 0.4 nM NLS-AuNPs (24
h), 150 uM 5-FU (48 h) or 0.4 nM NLS-AuNPs (24 h) followed by 150 uM 5-FU (48 h).
Right panel shows (top to bottom) necrotic populations, late apoptotic populations, early
apoptotic populations, and live populations for cells that were untreated (c), treated with 150
UM 5-FU for 48 h (5-FU), treated with 0.4 nM 30 nm AuNPs for 24 h (Au) and treated with
150 pM 5-FU (48 h) after 24 h pre-treatment with 0.4 nM 30 nm NLS-AuNPs (Au + 5-FU).
Statistical significance with respect to the control is indicated by * (p < 0.05) within the bars
of the graph. Statistical significance with respect to different treatment groups indicated by *

(p < 0.05) above graph.

Photochem Photobiol. Author manuscript; available in PMC 2016 January 08.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Mackey and El-Sayed

Table 1

Dynamic light scattering measurements of the hydrodynamic diameter and zeta potential for various gold

nanoparticles used in this study.

Nanoparticle Core Size (diameter)  Surface Functionalization ~Hydrodynamic Diameter ~ Zeta Potential

Citrate 22 nm -33mVvV
15nm
PEG + NLS 58 nm -4 mV
Citrate 49 nm -33mVvV
30 nm PEG + RGD 73 nm 6 mV
PEG + NLS 87 nm -3mVvV
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