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Abstract: Gold nanoparticles (AuNPs) have recently attracted attention as clinical agents for 

enhancing the effect of radiotherapy in various cancers. Although radiotherapy is a standard treat-

ment for cancers, invasive recurrence and metastasis are significant clinical problems. Several 

studies have suggested that radiation promotes the invasion of cancer cells by activating molecu-

lar mechanisms involving integrin and fibronectin (FN). In this study, polyethylene-glycolylated 

AuNPs (P-AuNPs) were conjugated with Arg–Gly–Asp (RGD) peptides (RGD/P-AuNPs) to 

target cancer cells expressing RGD-binding integrins such as α5- and αv-integrins. RGD/P-

AuNPs were internalized more efficiently and colocalized with integrins in the late endosomes 

and lysosomes of MDA-MB-231 cells. A combination of RGD/P-AuNPs and radiation reduced 

cancer cell viability and increased DNA damage compared to radiation alone in MDA-MB-231 

cells. Moreover, the invasive activity of breast cancer cell lines after radiation treatment was 

significantly inhibited in the presence of RGD/P-AuNPs. Microarray analyses revealed that 

the expression of FN in irradiated cells was suppressed by combined use of RGD/P-AuNPs. 

Reduction of FN and downstream signaling may be involved in suppressing radiation-induced 

invasive activity by RGD/P-AuNPs. Our study suggests that RGD/P-AuNPs can target integrin-

overexpressing cancer cells to improve radiation therapy by suppressing invasive activity in 

addition to sensitization. Thus, these findings provide a possible clinical strategy for using 

AuNPs to treat invasive breast cancer following radiotherapy.

Keywords: gold nanoparticles, radiotherapy, breast cancer, invasion, integrin, fibronectin

Introduction
In recent years, gold nanoparticles (AuNPs) have been widely studied for drug delivery,1 

imaging,2 and cancer diagnostics.3,4 As a high atomic number (Z) material, AuNPs can 

serve as sensitizers to enhance the effects of ionizing radiation (IR) through the photo-

electric effect.5 In recent studies, the size, shape and surface properties of nanoparticles 

were shown to improve the efficacy of tumor targeting6,7 and enhance the effect of 

cancer therapy.8,9 AuNPs may increase the effects of radiation by producing secondary 

electrons and reactive oxygen species (ROS), increasing double-strand DNA breaks.10 

Recently, radiosensitization using AuNPs has achieved high specificity and efficiency 

in breast cancer cells by targeting specific molecules.11 Although surface modification 

of nanoparticles enables high targeting specificity, Gilles et al12 suggested that it may 

decrease hydroxyl radical production, in turn reducing DNA damages. Therefore, it 

is important to optimize size and surface modification in the production of AuNPs. 

In addition, the detailed molecular mechanisms of AuNPs-mediated radiosensitization 

must be examined to maximize its efficacy in future clinical application.
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Radiation therapy is a standard treatment for local breast 

cancer. Adjuvant radiotherapy after breast conserving surgery 

may reduce the 10-year risk of first recurrence from 35.0% 

to 19.3% and 15-year risk from 25.2% to 21.4%.13 However, 

high-dose and large-field radiotherapy can cause side effects 

such as radiation dermatitis, lymphedema, lung toxicity, 

long-term cardiac toxicity and thyroid toxicity.14,15 Although 

lower doses are utilized for clinical treatment, 19.3% of breast 

cancer patients develop invasive recurrent disease following 

radiotherapy.15 Additionally, radiation was reported to 

enhance the invasive potential of some cancer cells.16 We 

previously showed that α5β1-integrin and fibronectin (FN) 

signaling is upregulated and drives the invasive potential of 

a subset of breast cancer cells following IR.17

Integrins are heterodimeric cell surface receptors that 

mediate the adhesion of cells to the extracellular matrix.18 The 

arginine (R)–glycine (G)–aspartic acid (D) (RGD) sequence 

is included in FN and associates with several types of inte-

grins, such as α5β1-, αvβ3- and αvβ5-integrins.18 There 

are 24 integrin heterodimers, and several types are highly 

expressed in various tumor types including breast cancer.19 

Signaling mediated by integrins is essential for cancer inva-

sion, metastasis and radioresistance of breast cancer cells.20,21 

Integrins bound to the RGD sequence of FN internalize 

into cells together with FN by endocytosis. Endocytosis 

and recycling of integrins play essential roles in cancer cell 

migration and invasion.22–25

In this study, we conjugated (RGD)
4
 peptides on poly-

ethylene glycolylated (PEGylated) AuNPs (P-AuNPs) to 

enable binding to integrins and internalization into cancer 

cells via endocytosis. We evaluated whether targeting integ-

rins with RGD-conjugated P-AuNPs (RGD/P-AuNPs) could 

enhance radiation effects in cancer cells. We found that 

RGD/P-AuNPs internalized and colocalized with integrins, 

as well as accumulated in late endosomes and lysosomes in 

breast cancer cells. To investigate the therapeutic potential 

of RGD/P-AuNPs, we measured cancer cell survival and 

invasive activity after combined treatment with AuNPs and 

IR. Our data suggest that RGD/P-AuNPs improve radiation 

effects by suppressing the invasive activity of breast cancer 

after radiation treatment.

Materials and methods
auNPs
i-colloid™ Au 15 nm (optical density 1 [OD1]) and 20 nm 

(OD1) from IMRA America, Inc., were used to take advan-

tage of its novel surface properties allowing sequential 

surface modification.26–28 Methoxy-PEG-thiol, MW 5k 

(methoxy-PEG-thiol, MW 5,345, substitution purity: .90%, 

abbreviated as “mPEG-SH5k”), was purchased from Creative 

PEGWorks (Chapel Hill, NC, USA). Fluorescein isothiocya-

nate-PEG-thiol, MW 5k (FITC-PEG-SH, substitution purity: 

.80%, “FITC-PEG-SH5k”), was purchased from Nanocs, Inc 

(New York, NY, USA). Cysteine-modified (RGD)
4
 peptide 

(MW: 1,845.98, purity: .95%, abbreviated as “RGD pep-

tide”) with amino acid sequence RGDRGDRGDRGDPGC 

was purchased from RS synthesis, LLC (Louisville, KY, 

USA). Methoxy-PEG-SH5k, FITC-PEG-SH5k and RGD 

peptide were in powder form and dissolved in deionized (DI) 

water having an electric conductivity of ,0.1 μS/cm without 

further purification. All solutions were freshly made as needed 

and used within 12 h. Dynamic light scattering (DLS) mea-

surement with Zetasizer Nano ZS90 (Malvern Instruments, 

Malvern, Worcestershire, UK) was employed to measure an 

increase in hydrodynamic diameter of AuNPs with surface 

modification. UV-2700 UV-Vis Spectrophotometer (Shimadzu 

Corporation, Kyoto, Japan) was used for optical density (OD) 

or absorbance measurement of the colloidal suspension.

synthesis of Pegylated auNPs and rgD 
peptide/mPeg-sh5k-auNPs
i-colloid Au 15 nm or 20 nm was mixed with a solution of 

mPEG-SH5k or FITC-PEG-SH5k having a concentration 

to achieve a defined ratio of PEG to AuNPs and was kept 

undisturbed for longer than 12 h. After the reaction, two 

runs of centrifugal purification (12,000× g, 15 min for Au 

15 nm; 5,000× g, 20 min for Au 20 nm) were carried out. 

Final OD was adjusted to ~30 by adding DI water to the pellet 

after removing the supernatant. Partially PEGylated AuNPs 

(P-AuNPs) were further conjugated with RGD peptides 

(RGD/P-AuNPs). P-AuNPs (OD30) and 0.2 M borate buffer 

(pH 8.2) were mixed with RGD peptide solution to achieve 

a ratio of RGD to AuNPs of 1,200 in 4 mM borate buffer 

(pH 8.2). The solution was kept undisturbed for longer than 

24 h. After the reaction, two runs of centrifugal purification 

(12,000× g, 15 min for Au 15 nm, 5,000× g; 20 min for Au 

20 nm) were carried out in 4 mM borate buffer (pH 8.2). 

Finally, OD was adjusted to ~30 by adding 4 mM borate buf-

fer (pH 8.2) to the pellet after discarding the supernatant.

characterization of auNPs
The size distribution of unconjugated AuNPs was analyzed 

by the method of differential centrifugal sedimentation 

using CPS Disc Centrifuge instrument (model DC24000 

UHR; CPS Instruments Inc., Prairieville, LA, USA). Hydro-

dynamic diameter and zeta potential of AuNPs during the 
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fabrication of RGD/P-AuNPs were obtained from DLS 

measurements using a Zetasizer Nano ZS90 (Malvern Instru-

ments). Transmission electron microscope (TEM) analysis 

was performed by using JEOL JEM-2100F transmission 

electron microscope (JEOL Ltd., Tokyo, Japan).

cell culture and auNP treatment
Human breast cancer cell lines, MDA-MB-231, Hs578T and 

SK-BR-3, were obtained from the American Type Culture 

Collection (ATCC, Manassas, VA, USA) and cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-

Aldrich, St Louis, MO, USA) supplemented with 10% fetal 

bovine serum (FBS; HyClone, GE Healthcare Life Sciences, 

Logan, UT, USA). Prior to AuNP treatment, cells were 

seeded into 35 mm dish and incubated for 24 h and then 

replaced with medium containing 0.3 nM (1:90 dilution) or 

1 nM (1:30 dilution) of 20 nm AuNPs.

Irradiation
Cells were irradiated with 130 kV X-rays using Faxitron 

CellRad X-ray generator (Faxitron, Tucson, AZ, USA) after 

incubation of AuNPs for 48 h.

lysis and Western blotting
Cells were lysed in 1% radioimmunoprecipitation assay 

(RIPA) buffer (1% NP-40, 150 mM NaCl, 50 mM Tris–HCl 

[pH 7.4], 5 mM ethylenediaminetetraacetic acid [EDTA], 1% 

sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 

1 mM Na
3
VO

4
, 1 mM NaF and protease inhibitor cocktail; 

Merck Millipore, Darmstadt, Germany). Proteins were 

transferred onto polyvinylidene fluoride (PVDF) membrane 

(Merck Millipore). The membranes were blocked with 

Odyssey® blocking buffer (LI-CORE Biosciences, Lincoln, 

NE, USA) and were probed with primary antibodies. After 

washing with Tris-buffered saline Tween-20 (TBST; 25 mM 

[pH 7.4], 120 mM NaCl, 3 mM KCl and 0.1% Tween-20), 

membranes were incubated with secondary antibody for 

1 h at room temperature and then washed with TBST. 

The signals were detected with Odyssey CLx Imager (LI- 

CORE Biosciences).

antibodies
The following primary antibodies were used for immunob-

lotting: anti-α5-integrin (Merck Millipore), anti-αv-integrin 

(Abcam, Cambridge, UK), anti-β1-integrin (BD Transduc-

tion Laboratories, San Jose, CA, USA), anti-β3-integrin 

(Merck Millipore), anti-β5-integrin (Abcam), anti-pERK 

(Cell Signaling Technology, Danvers, MA, USA), anti-ERK 

(Cell Signaling Technology), anti-LAMP1 (Cell Signaling 

Technology) and anti-β-actin (Sigma-Aldrich). The follow-

ing primary antibodies were used for immunofluorescence 

staining: anti-α5-integrin (Cell Signaling Technology), 

anti-αv-integrin (Cell Signaling Technology), anti-LAMP1 

(Cell Signaling Technology), anti-EEA1 (Cell Signaling 

Technology), anti-Rab5 (Cell Signaling Technology), anti-

Rab7 (Cell Signaling Technology), anti-Rab9 (Cell Signaling 

Technology) and anti-γ-H2AX (Merck Millipore).

cell viability assay
Cell viability and cytotoxicity were examined by the Cell 

Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) 

and cell counting. Cells were cultured in 96-well plates and 

treated with P-AuNPs or RGD/P-AuNPs for 12–48 h and then 

incubated with CCK-8 solution. For radiosensitivity, cells 

treated with P-AuNPs or RGD/P-AuNPs received IR 48 h 

later and then measured the cell viability with cell counting 

or CCK-8 solution. The optical density at 450 nm was deter-

mined using Multiskan™ GO Microplate Spectrophotometer 

(Thermo Fisher Scientific, Waltham, MA, USA) to measure 

cell viability.

Immunostaining and image acquisition
Cells were fixed in 4% paraformaldehyde and permeabilized 

with 0.2% Triton X-100/phosphate-buffered saline (PBS), 

and then incubated with primary antibodies and coupled with 

Alexa Fluor secondary antibody. Images were acquired by a 

Leica True Confocal Scanning (TCS) SP8 microscope system 

(Leica Microsystems, Wetzlar, Germany) or Fluorescence 

Microscope BZ-9000 (Keyence, Osaka, Japan). Colocaliza-

tion analysis with endosome markers was performed with 

Coloc 2, Fiji’s plugin of ImageJ.29 For DNA damage assess-

ment, cells incubated with AuNPs were fixed and stained 

with anti-γ-H2AX 12 h after IR. The number of γ-H2AX 

foci per nucleus was counted in ImageJ. At least 50 nuclei 

were analyzed in each independent experiment.

Matrigel invasion assay
The invasion assay was performed using Biocoat™ Matrigel® 

Invasion Chambers (Corning, NY, USA) as described 

previously.30,31 In brief, 105 of MDA-MB-231 or 104 of Hs578T 

cells were seeded on to the upper wells of chambers in the 

absence of serum, and lower wells were filled with culture 

medium. After 8 h for MDA-MB-231 cells and 5 h for Hs578T 

cells, the cells that migrated out on to the lower surface of the 

membranes were fixed with 4% paraformaldehyde. The number 

of cells was scored by staining with 1% crystal violet.
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Microarray analysis
Total cellular RNA was isolated by NucleoSpin® RNA 

(MACHEREY-NAGEL, Düren, Germany). For the microar-

ray analysis, high sensitive 3D-Gene® Human oligo chip 

25k ver 2.10 (Toray Industries) was used. The data were 

normalized and analyzed by Toray Industries.

Quantitative reverse transcription 
polymerase chain reaction (rT-Pcr)
Complementary DNA (cDNA) was synthesized from total 

RNA by SuperScript™ First-Strand Synthesis System 

(Thermo Fisher Scientific) using random primers. Quan-

titative real-time PCR was performed with the Light-

Cycler® nano system (Hoffman-La Roche Ltd., Basel, 

Switzerland) using FastStart Essential DNA Green Master 

kit (Hoffman-La Roche Ltd.). The following primers were 

used to amplify FN and 18S rRNA: total FN, 5′-CCAAGCT 

CAAGTGGTCCTGT-3′ (forward) and 5′-CACTTCTTGG 

TGGCCGTACT-3′ (reverse); 18S rRNA, 5′-TCGGAAC 

TGAGGCCATGATT-3′ (forward) and 5′-CCTCCG 

ACTTTCGTTCTTGATT-3′ (reverse).

statistical analysis
Graphs are expressed as mean ± standard error (SE). Data 

were analyzed by Student’s t-test. Significant differences 

are indicated by *P,0.05, **P,0.01, ***P,0.001 and ns 

for not significant.

Results
Fabrication and characterization of 
P-auNPs and rgD/P-auNPs
Integrins, such as α5β1-, αvβ3- and αvβ5-integrins, can 

associate with FN through the RGD sequence.32 To target 

integrins with AuNPs and increase cellular uptake of AuNPs 

through the endocytosis of integrins, we conjugated RGD 

peptide to P-AuNPs (15 nm or 20 nm diameter). i-colloid 

Au was partially PEGylated (abbreviated as “P-AuNPs”) 

and subsequently conjugated with cysteine-modified (RGD)
4
 

peptides (abbreviated as “RGD/P-AuNPs”) (Figure 1A).26,27 

A layer of PEG on the surface of AuNPs enhances stability 

under physiological conditions by providing a steric bar-

rier as described previously.26 Dark-field TEM images of 

synthesized AuNPs are shown in Figure 1B. TEM images 

of P-AuNPs and RGD/P-AuNPs are shown in Figure S1. 

The size distribution of AuNPs was analyzed by differential 

centrifugal sedimentation (Figure 1C). The peak size was 

19.3 nm in the weight size distribution graph (weight of 

nanoparticles plotted against diameter), and polydispersity 

index (PDI) was 1.17 defined as the ratio between weight 

average diameter (Dw) and number average diameter (Dn). 

To prepare a perfectly uniform sample consisting of exactly 

one size, Dw and Dn should be the same value and PDI 

should be 1.0.

The hydrodynamic diameter (Figure 1D, left) and zeta 

potential (Figure 1D, right) of AuNPs were obtained by DLS 

measurements during the fabrication of RGD/P-AuNPs. 

The results showed that the diameter of AuNPs increased 

and the absolute zeta potential of AuNPs decreased along 

with the sequential conjugation of PEG molecules and 

RGD peptides, confirming the result of AuNPs binding 

with PEG molecules and RGD peptides on to the surface. 

Figure 1E shows the hydrodynamic diameters of the 

P-AuNPs (input molar ratio of PEG to AuNP, PEG/AuNP, 

used was 400:1) conjugated with different amounts of 

RGD peptides. The increase in hydrodynamic size was 

plotted against the increased amounts of RGD peptides 

added to the P-AuNPs. The results showed that the diam-

eter of the AuNPs first increased with an increasing molar 

ratio of RGD peptides to P-AuNPs (RGD/P-AuNPs) from 

0 to 1,000 and then plateaued for RGD peptides .1,000, 

representing saturation of RGD peptides on the surface of 

P-AuNPs. Based on this result, ~1,000 RGD peptides were 

conjugated to each P-AuNP with an initial input molar ratio 

of RGD peptides to one P-AuNP of 1,200 in the fabrication 

of RGD/P-AuNPs.

Internalization and colocalization of 
rgD/P-auNPs with integrins in breast 
cancer cells
Integrins exhibit diverse expression patterns in several types 

of cancer cells.19 We previously showed that α5β1-integrin 

is upregulated in highly invasive breast cancer cells in three-

dimensional laminin-rich extracellular matrix cultures.33 To 

determine which breast cancer cell lines can be targeted by 

RGD/P-AuNPs, we compared the protein expression level 

of the RGD receptors, α5β1-, αvβ5- and αvβ3-integrins, in 

several breast cancer cell lines. We found that the expres-

sion of α5- and αv-integrin heterodimers was significantly 

increased in the highly invasive breast cancer cell lines MDA-

MB-231 and Hs578T compared to in the minimally invasive 

breast cancer cell line SK-BR-3 (Figure 2A). We confirmed 

that RGD/P-AuNPs were internalized into breast cancer 

cells and accumulated significantly compared to P-AuNPs 

in MDA-MB-231 and Hs578T cells (Figure 2B). In contrast, 

SK-BR-3 cells did not take up RGD/P-AuNPs as efficiently 

as invasive cell lines (Figure 2B). These results indicate that 
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Figure 1 Fabrication and characterization of rgD/P-auNPs.
Notes: (A) schematic diagram of rgD/P-auNPs. i-colloid™ au was partially conjugated with Peg (P-auNPs) and further conjugated with rgD peptides (rgD/P-auNPs). 
(B) Dark-field TEM image of synthesized AuNPs. (C) size distribution of auNPs and PDI of auNPs measured by differential centrifugal sedimentation. (D) hydrodynamic 
diameter and zeta potential of auNPs during the fabrication of rgD/P-auNPs obtained from Dls measurements. (E) hydrodynamic diameters of P-auNPs conjugated with 
different amounts of rgD peptides.
Abbreviations: rgD/P-auNP, polyethylene-glycolylated gold nanoparticle (P-auNP) conjugated with arg–gly–asp (rgD) peptides; Peg, polyethylene glycol; TeM, 
transmission electron microscopy; PDI, polydispersity index; Dls, dynamic light scattering.
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the RGD/P-AuNPs can specifically target invasive breast 

cancer cells with RGD-binding integrins.

We also generated RGD/P-AuNPs using different sizes of 

i-colloid Au and confirmed their internalization in invasive 

breast cancer cell lines (Figure S2A). The effect of AuNP size 

has been reported previously.34 Chithrani et al34 showed that 

AuNPs, 50 nm in diameter, were most effectively internalized 

compared to AuNPs 14 and 74 nm in diameter. In our study, 

we used 20 nm i-colloid Au with the diameter increased 

to ~40 nm after PEGylation (Figure S2B).

To determine the localization of RGD/P-AuNPs in cells 

by fluorescence microscopy, we generated fluorescent RGD/

P-AuNPs using FITC-PEG-SH5k instead of mPEG-SH5k 

(FITC/RGD/P-AuNPs). Immunofluorescent images obtained 

by confocal microscopy showed that FITC/RGD/P-AuNPs 

were colocalized with α5- or αv-integrins in endosomal 

structures in MDA-MB-231 cells (Figure 2C).

Trafficking of RGD/P-AuNPs by integrins 
to late endosomes and lysosomes in 
MDa-MB-231
To further evaluate the localization of RGD/P-AuNPs, 

protein markers of different endosomes and lysosomes 

were immunostained after uptake of FITC/RGD/P-AuNPs 

(Figure 3A). Rab5 and its effector, early endosome antigen 1 

(EEA1), are localized to early endosomes.35,36 Rab7 is a 

marker of late endosomes and associates with the RIPL effec-

tor protein to control membrane trafficking from early to late 

endosomes and lysosomes.37 Rab9 functions in the transport 

of mannose 6-phosphate receptors between late endosomes 

and the trans-Golgi network.38 We analyzed the colocaliza-

tion of FITC/RGD/P-AuNPs and the endosome markers by 

determining the Pearson product–moment correlation coef-

ficient using software Coloc 2, the Fiji’s plugin of ImageJ. 

FITC/RGD/P-AuNPs were significantly colocalized with 

Rab7 compared to other markers (Figure 3A and B). There 

were no significant differences between 1 day and 3 days of 

incubation of FITC/RGD/P-AuNPs (Figure 3B). These data 

suggest that RGD/P-AuNPs are internalized by binding to 

integrins and trafficked to late endosomes in a similar manner 

to FN. Integrin-bound RGD/P-AuNPs also localized to lyso-

somes, as FN and integrins were trafficked to lysosomes via 

late endosomes after ligand–receptor interactions.22 Confocal 

microscopy showed that FITC/RGD/P-AuNPs colocalized 

with lysosomal-associated membrane protein 1 (LAMP1), 

a glycoprotein primarily across lysosomal membranes that 

α

α

β

β

β

β

α

α

α

α

Figure 2 Internalization and colocalization of rgD/P-auNPs with integrins in breast cancer cells.
Notes: (A) Protein expression of rgD receptors (α5β1-, αvβ5- and αvβ3-integrins) in breast cancer cell lines. Total cell lysates were subjected to Western blotting using 
the indicated antibodies. (B) Phase-contrast microscopic images of MDa-MB-231, hs578T and sK-Br-3 cells cultured with or without auNPs. Bar, 20 μm. (C) confocal 
immunofluorescence images show localization of FITC-conjugated AuNPs (green) and integrins (red) in cells. MDA-MB-231 cells were cultured with FITC-conjugated AuNPs, 
and then integrins were labeled with an anti-α5-integrin or αv-integrin antibody coupled to alexa 568-labeled anti-mouse Igg antibody. White arrows: colocalized FITc/
rgD/P-auNPs or integrins. Bar, 25 μm.
Abbreviations: RGD/P-AuNP, polyethylene-glycolylated gold nanoparticle (P-AuNP) conjugated with Arg–Gly–Asp (RGD) peptides; FITC, fluorescein isothiocyanate; IgG, 
Immunoglobulin g.
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is commonly used as a marker of lysosomes (Figure 3C). 

These data suggest that RGD/P-AuNPs are internalized by 

binding to integrins and trafficked to late endosomes and 

lysosomes.

cytotoxicity and radiosensitization of 
rgD/P-auNPs in MDa-MB-231 cells
Previous studies demonstrated that AuNPs can enhance the 

efficacy of radiation to reduce cell viability.11 To compare the 

cytotoxicity and radiosensitization of P-AuNPs and RGD/P-

AuNPs, we measured cell viability with or without IR. 

Individually, P-AuNPs and RGD/P-AuNPs did not show 

significant cytotoxicity in MDA-MB-231 cells after 12 h, 

24 h and 48 h of incubation (Figure 4A). Importantly, the 

combination of 4 Gy IR and RGD/P-AuNP treatments 

significantly reduced cell viability compared with IR alone 

in MDA-MB-231 cells (Figure 4B and C). In contrast, the 

treatment was not effective in the SK-BR-3 cell line, which 

expresses low levels of integrins and exhibits low cellular 

uptake of RGD/P-AuNPs (Figure S3). To assess DNA dam-

age, MDA-MB-231 cells after AuNP and/or IR treatment 

were fixed and stained with γ-H2AX, a marker of DNA 

α

α

Figure 3 colocalization of rgD/P-auNPs with protein markers of early/late endosomes and lysosomes in MDa-MB-231.
Notes: (A) Confocal immunofluorescence images show localization of FITC-conjugated RGD/P-AuNPs (FITC/RGD/P-AuNPs) (green) and protein markers of endosome/
lysosome (red) in cells. MDa-MB-231 cells were cultured with FITc/rgD/P-auNPs, and then markers of early endosomes (eea1/rab5) and late endosomes (rab7/rab9) 
were labeled with antibodies. Bar, 25 μm. (B) Colocalization analysis of FITC/RGD/P-AuNPs and proteins of endosome were quantified by Pearson’s correlation coefficient 
using ImageJ software. rgD/P-auNPs were incubated with MDa-MB-231 cells for 1 day or 3 days. columns, mean (n.10), bars, sD, **P,0.01. (C) Immunofluorescence 
images of FITc/rgD/P-auNPs (green), integrins (blue) and laMP1 (red). Integrins were labeled with an anti-α5-integrin or αv-integrin antibody coupled to an alexa 647-
labeled anti-mouse Igg antibody. laMP1 was labeled with anti-laMP1 rabbit monoclonal antibody coupled to an alexa 567-labeled anti-rabbit Igg antibody, which served 
as a marker of lysosomes. Bar, 25 μm.
Abbreviations: RGD/P-AuNP, polyethylene-glycolylated gold nanoparticle (P-AuNP) conjugated with Arg–Gly–Asp (RGD) peptides; FITC, fluorescein isothiocyanate; 
eea1, early endosome antigen 1; sD, standard deviation; laMP1, lysosomal-associated membrane protein 1; Igg, Immunoglobulin g.
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damage and repair (Figure 5A). The number of residual 

γ-H2AX foci 12 h after IR was significantly high following 

combination treatment with RGD/P-AuNPs and 4 Gy IR 

compared to treatment with IR alone (Figure 5B). These 

data suggest that RGD/P-AuNPs can increase the effects of 

radiation on cancer cells by enhancing DNA damage.

Inhibition of radiation-induced invasion 
by rgD/P-auNPs in breast cancer cell 
lines
Invasive recurrent disease after radiotherapy is a leading 

cause of mortality in breast cancer patients. We and others 

previously reported that cancer cell invasiveness may 

be increased by IR in a surviving population after IR 

treatment.16,17,39 Thus, we investigated the effect of RGD/ 

P-AuNPs on breast cancer invasion after radiation treatment. 

To evaluate the effect of RGD/P-AuNPs and radiation on 

the invasive activity of breast cancer cells, we performed 

a Matrigel chemoinvasion assay. We found that invasion 

was increased in MDA-MB-231 or Hs578T cells 24 h after 

4 Gy radiation treatment. Strikingly, cells treated with 

RGD/P-AuNPs and IR showed significantly decreased cell 

invasive activity compared to IR alone in MDA-MB-231 cells 

(Figure 6A) or Hs578T cells (Figure 6B) (n=3, **P,0.01). 

Treatment with RGD/P-AuNPs and IR did not affect cell 

morphology (Figure S4). These results suggest that RGD/

AuNPs suppress the radiation-induced invasive activity of 

breast cancer cells.

reduction of FN and extracellular signal-
regulated kinase (erK) signaling by 
combination treatment with rgD/ 
P-auNPs and Ir
To understand the suppressive effects of RGD/P-AuNPs 

after IR on invasive activity, differential gene expression 

between the control group and RGD/P-AuNP-treated group 

was assessed by cDNA microarray. We found that FN 

expression was increased in the cells after 4 Gy IR, but this 

Figure 4 cytotoxicity and radiosensitivity of rgD/P-auNPs in cells.
Notes: (A) cytotoxicity of auNPs in MDa-MB-231 cells was determined by ccK-8. absorbance at 450 nm was measured using a microplate reader. columns, mean (n=3), 
bars, se. (B) Cell viability of MDA-MB-231 cells treated with or without AuNPs and IR measured 24 h later after IR. The result of viability was quantified by counting the 
number of MDa-MB-231 cells. columns, mean (n=3), bars, se, *P,0.05. (C) Viability of MDa-MB-231 cells treated with or without auNPs and Ir measured at 6 days after 
Ir. Viability was determined using ccK-8. columns, mean (n=3), bars, se, *P,0.05.
Abbreviations: rgD/P-auNP, polyethylene-glycolylated gold nanoparticle (P-auNP) conjugated with arg–gly–asp (rgD) peptides; ccK-8, cell counting Kit-8; 
SE, standard error; IR, ionizing radiation; ns, not significant.
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γ γ

Figure 5 DNa damage after Ir increased following treatment with rgD/P-auNPs.
Notes: (A) Representative confocal immunofluorescence images of γ-h2aX (red) in MDa-MB-231 cells after treatment with auNPs and radiation (0 gy or 4 gy). 
Bar, 20 μm. (B) Number of γ-H2AX foci per nucleus in MDA-MB-231 cells was counted. Cells pre-cultured with AuNPs were fixed and stained with γ-h2aX antibody 12 h 
after Ir (0 gy or 4 gy). at least 50 nuclei were counted in each independent experiment. columns, mean (n=3), bars, se, *P,0.05.
Abbreviations: Ir, ionizing radiation; rgD/P-auNP, polyethylene-glycolylated gold nanoparticle (P-auNP) conjugated with arg–gly–asp (rgD) peptides; se, standard error.

Figure 6 rgD/P-auNPs inhibit Ir-induced invasive activities of breast cancer cells.
Notes: (A, B) cells were pre-cultured with auNPs for 48 h, followed by Ir treatment. Matrigel chemoinvasion activities were measured in (A) MDa-MB-231 cells and 
(B) hs578T cells at 24 h after Ir treatment. columns, mean (n=3), bars, se, **P,0.01.
Abbreviations: rgD/P-auNP, polyethylene-glycolylated gold nanoparticle (P-auNP) conjugated with arg–gly–asp (rgD) peptides; Ir, ionizing radiation; se, standard 
error; ns, not significant.
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Table 1 expression of invasion-related genes in MDa-MB-231 cells

Gene 
symbol

Gene name Global normalization Fold change 
of control and 
RGD/P-AuNPs 
groups (4 Gy)

Control RGD/P-AuNPs

0 Gy 4 Gy 0 Gy 4 Gy

FN1 Fibronectin precursor 81 428 88 215 0.50*
cOl6a1 collagen alpha-1(VI) chain precursor 22 20 17 15 0.75
cOl1a2 collagen alpha-2(VI) chain precursor 6 5 4 4 0.80
c9orf126 Protein scaI 10 12 10 10 0.83
cD44 cD44 antigen precursor 262 269 281 245 0.91
clDN7 claudin-7 287 296 252 272 0.92
clDN1 claudin-1 22 23 22 22 0.96
MeT hepatocyte growth factor receptor precursor (hgF receptor) 140 146 106 141 0.97
IcaM1 Intercellular adhesion molecule 1 precursor 105 89 83 87 0.98
BMP7 Bone morphogenetic protein 7 precursor 2 2 1 2 1.00
caDM1 cell adhesion molecule 1 precursor 2 2 1 2 1.00
cOl1a1 collagen alpha-1(I) chain precursor 2 2 1 2 1.00
cOl3a1 collagen alpha-1(III) chain precursor 2 2 2 2 1.00
MMP9 Matrix metalloproteinase 9 precursor 2 2 1 2 1.00
PcDh1 Protocadherin-15 precursor 2 2 2 2 1.00
cDh3 cadherin-3 precursor 9 8 7 8 1.00
OclN Occludin 32 34 32 37 1.09
VTN Vitronectin precursor 31 27 29 31 1.15

Notes: *, .1.5-fold increasing (up) or ,0.67-fold decreasing (down) expression from 4 gy rgD/P-auNPs group to control group. Fibronection precursor (bold) is the only 
one which showed ,0.67-fold decreasing expression after rgD/P-auNP and radiation treatment within invasion-related genes.
Abbreviation: rgD/P-auNP, polyethylene-glycolylated gold nanoparticle (P-auNP) conjugated with arg–gly–asp (rgD) peptides.

β

Figure 7 expression of FN and phosphorylated erK was downregulated after Ir in combination with rgD/P-auNPs in MDa-MB-231 cells.
Notes: (A) Quantification of mRNA levels of FN in MDA-MB-231 cells assessed by quantitative real-time PCR. The levels of FN are relative to 18S rRNA (n=5, *P,0.05). 
(B) Total cell lysates after auNP and Ir treatments were subjected to Western blot analysis using the indicated antibodies (n=3).
Abbreviations: FN, fibronectin; ERK, extracellular signal-regulated kinase; IR, ionizing radiation; RGD/P-AuNP, polyethylene-glycolylated gold nanoparticle (P-AuNP) 
conjugated with arg–gly–asp (rgD) peptides; mrNa, messenger rNa.

increase was negated by RGD/P-AuNP treatment (Table 1). 

We confirmed that the messenger RNA (mRNA) level of total 

FN was downregulated by RGD/P-AuNP and IR treatments 

based on using quantitative real-time PCR (Figure 7A). As a 

possible molecular mechanism that functions downstream of 

FN and integrins, we evaluated the potential role of ERK, a 

downstream protein of integrins implicated in cell invasion.16 

We hypothesized that downregulation of FN and ERK 

signaling may be involved in suppressing invasive activity 

after treatment with RGD/P-AuNPs and IR. Indeed, ERK 

phosphorylation was downregulated after IR treatment in 

the presence of RGD/P-AuNPs (Figure 7B). Taken together, 

these data suggest that the reduction of ERK signaling down-

stream of FN by RGD/P-AuNPs is involved in suppressing 

invasiveness post-IR, which may be a promising strategy for 

improving the efficacy of radiotherapy.

Discussion
In this study, we targeted integrins by conjugating RGD pep-

tides on AuNPs to enhance radiation effect. RGD/P-AuNPs 
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were efficiently internalized through α5- and αv-integrins 

in invasive and integrin overexpressing breast cancer cells. 

Our results suggest that RGD/P-AuNPs, after internalization 

via endocytosis with integrins, accumulate at late endosomes 

and lysosomes by vesicle trafficking.

A previous study showed that AuNPs are mainly localized 

in the cytoplasm rather than in the nucleus of cells.34 To utilize 

AuNPs in cancer therapy, we and others have functionalized 

AuNPs with peptides; the functionalized AuNPs can localize 

in specific cell organelles. Mackey et al8,40 conjugated AuNPs 

with a nuclear localization sequence peptide to induce inter-

nalization of AuNPs into the nucleus. Chang et al41 reported 

that AuNPs localize in the endoplasmic reticulum (ER) and 

Golgi apparatus in murine melanoma cells. They hypoth-

esized that continuous ER stress induced by accumulation 

of AuNPs results in apoptotic cell death. In contrast, other 

studies have revealed that AuNPs accumulated in endosomes 

or lysosomes.4,42–45

Ma et al42 showed that AuNPs accumulate in the lyso-

somes in a size-dependent manner and impair the degrada-

tion capacity of lysosomes related to autophagy. Our results 

indicate that surface modification of P-AuNPs with RGD 

peptide plays an important role in efficient cellular internal-

ization by the endocytotic pathway through integrins and 

accumulation in late endosomes and lysosomes. Further 

studies are needed to understand the effects of radiation and 

accumulation of RGD/P-AuNPs on the function of endo-

somes or lysosomes.

In a previous study, large AuNPs of 15 nm in diameter 

did not show cytotoxicity in several cell lines.46 AuNPs 

show nearly no or very low cytotoxicity in cells and better 

biocompatibility compared to other high atomic number (Z) 

materials.47,48 Similarly, our data indicate that AuNPs alone 

are not cytotoxic to cells. However, DNA damage increased 

and cell viability decreased following radiation treatment in 

the presence of RGD/P-AuNPs in MDA-MB-231 cells.

To further examine the mechanism of increasing 

radiosensitivity using AuNPs, several methods have been 

considered, including measuring DNA damage by γ-H2AX 

foci detection, apoptosis detection or ROS measurement. 

Radiation induces cancer cell damage by ionizing water to 

form free radicals and causes double-strand DNA breaks. 

Zheng et al49 treated plasmid DNA with 60 keV electrons 

alone or in the presence of AuNPs. The AuNPs increased 

the number of DNA double-strand breaks by ~2.5-fold in 

their study. To evaluate DNA damage, we and others used 

immunofluorescence study of γ-H2AX. Mirjolet et al50 used 

titanate nanotubes (TiONts) to treat the SNB-19 and U87MG 

cell lines with 2 Gy IR. The percentage of cells with high 

γ-H2AX foci (.8 per nucleus) increased in the TiONts and 

IR group compared to IR alone in SNB-19 human glioma cell 

line. Joh et al51 used PEGylated AuNPs to treat the human 

U251 glioblastoma cell line with 4 Gy IR. A custom macro 

in ImageJ software was used to quantify γ-H2AX density. 

AuNPs with IR led to a 1.7-fold increase in γ-H2AX density 

in U251 cells compared with the IR-alone group. Although 

previous studies have reported that nano materials enhance 

DNA damage by radiation treatment, Gilles et al12 showed 

that AuNPs functionalization can affect hydroxyl radical 

production, which is correlated to DNA damage. Their results 

showed that functionalized AuNPs decreases hydroxyl radi-

cal productions and lower DNA damage compared to non-

functionalized AuNPs. Taking the results, they suggested 

that functionalization of AuNPs should be designed to keep 

the most efficient for radiotherapy application. Our results 

show that the RGD peptide-conjugated AuNPs increase 

DNA damage after radiation, which means that RGD/ 

P-AuNPs do not reduce hydroxyl radical production and may 

not decrease the DNA damage after IR. In fact, compared 

to the IR-alone group, the average number of γ-H2AX foci 

per nucleus measured 12 h later increased in the combination 

group of RGD/P-AuNP and 4 Gy IR treatments. Importantly, 

the mechanism that increased the radiosensitivity of AuNPs 

may be attributed not only to DNA damage but also to the 

relationship between apoptosis induction, ROS production 

and mitochondrial alternation.10,41,52

Several different methods can be used to evaluate radio-

sensitivity in the presence of AuNPs. Some studies used 

clonogenic assays and multiple doses to construct a survival 

curve,41,53–56 while others conducted viable cell counting, 

metabolic assays (enzymatic reduction of tetrazolium dye 

including MTT, MTS or WST-1) and resazurin sodium salt 

reduction (Alamar blue test) at a single radiation dose.57–59 

Thus, it is difficult to compare our results for radiosensitivity 

with those of other studies because different cell lines, 

AuNPs, radiation energy, radiation dosage, evaluation 

methods and measurement time of cell viability after IR 

were used. In our study, the viability of MDA-MB-231 cells 

treated with RGD/P-AuNPs and 4 Gy IR decreased by ~17% 

according to cell counting assay results and decreased 

by ~16% based on CCK-8 metabolic assays compared to 

IR alone. Compared to other single-dose studies, Roa et al53 

used glucose-capped AuNPs to treat the prostate cancer cell 

line DU-145 with 2 Gy IR. The cell viability of DU-145 

cells decreased, with a 26.8% inhibition rate measured by 

MTT assay. Coulter et al used 1.9 nm AuNPs to treat dif-

ferent cancer cell lines with 3 Gy IR. A significant cytotoxic 

effect of AuNPs was observed in MDA-MB-231 cells in a 
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clonogenic assay, showing a 21% reduction in the surviving 

fraction; however, no reduction was observed in DU145 or 

L132 cells.60 Xiao et al evaluated the viability of HeLa cells 

after exposure to multifunctional core/satellite nanotheranos-

tics followed by 6 Gy IR. Cell viability decreased by ~21% 

following treatment with nanotheranostics compared to IR 

alone.61 According to these in vitro studies, cell viability 

after combination of AuNP and IR treatments was decreased 

by ~20%. Our data of cell viability are similar with previous 

recent studies, although it is difficult to compare our results 

with other studies because of different experimental condi-

tions and evaluation methods.

In this study, we determined not only sensitizing effect 

but also the suppressive effect on the invasive activity by 

RGD/P-AuNPs in cancer cells after radiation. Invasiveness 

is the most important factor used to distinguish benign from 

malignant lesions and is also an important pathological 

feature related to prognosis.62 Lymphovascular invasion is 

an independent predictor of poor prognosis in breast cancer 

patients.63,64 Highly invasive cancer can escape local treat-

ment and cause recurrence. A previous study suggested a 

mechanism for tumor recurrence post-IR, in which radiation 

attracts circulating cancer cells to the site of treatment.65 

Despite advances in cancer therapy, recurrence is nearly 

inevitable in the presence of an aggressively spreading 

cancer.66 Our findings indicate that AuNPs can be used as 

a novel therapy to suppress the invasive activity of cancer 

cells after radiotherapy.

The invasion of cancer cells is related to the regulation 

of several molecular factors, including cell adhesion mol-

ecules such as integrins, cadherins, desmosomes, selectins, 

CD44 and epithelial–mesenchymal transition (EMT)-related 

factors such as matrix metalloproteinases (MMPs), bone 

morphogenetic protein (BMP7) and epithelial protein lost in 

neoplasm (EPLIN).67 Binding of integrins to their ligands, 

such as FN, activates focal adhesion kinase (FAK), which 

further activates multiple signaling proteins. The phospho-

rylated FAK binds to growth factor receptor-bound protein 2 

(GRB2) and activates the small GTPase Ras. Activated Ras 

recruits Raf, leading to mitogen-activated protein kinase 

(MEK) and ERK activation.68 Several studies suggested that 

targets downstream of ERK play key roles in angiogenesis, 

cell migration, invasion and metastasis.69,70

In our study, the expression of FN mRNA was suppressed 

by combination treatment with RGD/P-AuNPs and IR, which 

may lead to a decrease in FN. Liu et al71 used AuNPs to treat 

lung cancer cells and investigated the cytotoxicity and the 

effect on the invasive activity of cells. Their study showed 

that invasive activity increased after AuNP treatment, and the 

mechanism may be associated with the increase of MMP9 

and intercellular adhesion molecule 1 (ICAM1) expression. 

Based on our microarray analysis results, however, the 

expression of MMP9, ICAM1 and other invasion-related 

molecules did not clearly change. Further studies are needed 

to determine the detailed molecular mechanisms.

Conclusion
We targeted integrins by conjugating RGD peptides on to 

AuNPs to achieve enhanced radiation effects. RGD/P-AuNPs 

were internalized efficiently through α5- and αv-integrins 

in invasive and integrin-overexpressing breast cancer cells. 

RGD/P-AuNPs colocalized with integrins and accumulated 

in late endosomes and lysosomes. Furthermore, RGD/P-

AuNPs suppressed the invasive activity of breast cancer 

cells associated with IR treatment. The expression of FN and 

activation of ERK, key modulators of cancer cell invasion, 

were suppressed by RGD/P-AuNPs in combination with IR. 

Taken together, our results suggest that RGD/P-AuNPs are a 

useful therapeutic agent for suppressing invasiveness after IR 

by targeting FN-integrin signaling, which may be a promising 

strategy for improving the efficacy of radiotherapy.
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Supplementary materials

Figure S1 TeM images of synthesized P-auNPs and rgD/P-auNPs.
Abbreviations: TeM, transmission electron microscope; rgD/P-auNP, polyethylene-glycolylated gold nanoparticle (P-auNP) conjugated with arg–gly–asp (rgD) 
peptides.

Figure S2 characterization and internalization of auNPs with diameters of 15 nm and 20 nm.
Notes: (A) Phase-contrast microscopic images of different-sized auNPs in MDa-MB-231 and hs578T cells. red arrow: localization of rgD/P-auNPs. Bar, 20 μm. (B) The 
hydrodynamic diameter of auNPs was measured by Dls. Black arrow: saturation of rgD peptides on the surface of 15 nm sized P-auNPs; red arrow: saturation of rgD 
peptides on the surface of 20 nm sized P-auNPs.
Abbreviations: auNP, gold nanoparticle; rgD/P-auNP, polyethylene-glycolylated gold nanoparticle (P-auNP) conjugated with arg–gly–asp (rgD) peptides; Dls, dynamic 
light scattering; Peg, polyethylene glycolylated.
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Figure S3 radiosensitivity of sK-Br-3 cells treated with rgD/P-auNPs.
Notes: Cell viability was quantified by counting of SK-BR-3 cells pre-cultured with AuNPs before radiation treatment. Columns, mean (n=3), bars, se.
Abbreviations: RGD/P-AuNP, polyethylene-glycolylated gold nanoparticle (P-AuNP) conjugated with Arg–Gly–Asp (RGD) peptides; SE, standard error; ns, not significant.

Figure S4 assessment of morphological changes.
Notes: (A) represent phase-contrast microscopic images of MDa-MB-231 cells treated with or without auNPs and Ir. Bar, 20 μm. (B) column graph with scatter plot of 
area/length ratio. More than 150 cells were counted in each sample. columns, mean, bars, sD.
Abbreviations: rgD/P-auNP, polyethylene-glycolylated gold nanoparticle (P-auNP) conjugated with arg–gly–asp (rgD) peptides; sD, standard deviation; ns, not 
significant; IR, ionizing radiation.
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