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Abstract 

Radiation therapy aims to kill or inhibit proliferation of cancer cells while sparing normal 

cells. To enhance radiosensitization, we developed 40 nm-sized gold nanoparticles targeting 

the nucleus. We exploited a strategy that combined RGD and NLS peptides respectively 

targeting cancer cell and the nucleus to initiate cell-death activated by X-ray irradiation.  We 

observed that the modified gold nanoparticles were either translocated in the nuclei or 

accumulated in the vicinity of the nuclei.  We demonstrated that X-ray irradiation at 225 kVp 

energy reduced cell proliferation by 3.8-fold when the nuclear targeted gold nanoparticles 

were used. We determined that the radiation dose to have a 10% survival fraction was 

reduced from 11.0 Gy to 7.1 Gy when 10.0 g/mL of the NLS/RGD/PEG-AuNP was 

incubated with A549 cancer cells.  We conclude that the peptide-modified gold nanoparticles 

targeting the nucleus significantly enhance radiosensitization. 

Keywords: Gold nanoparticles, nuclear targeting, NLS peptide modification, radiosensitization 

 

1. Introduction 

Radiation therapy is one of the methods used in cancer 

treatment. The aim of radiation therapy is to selectively kill or 

reduce the proliferation of cells in tumors while minimizing 

damages to healthy tissue.  Its success remains limited due to 

tumor heterogeneity and adverse effects on surrounding 

healthy tissues [1, 2]. The pioneering in-vivo study by 

Hainfeld et al. demonstrated the ability of gold nanoparticles 

as a potent radiosensitizers [3]. Since then, many pre-clinical 

investigations examined physical, chemical, and biological 

effects induced by gold nanoparticles [4, 5]. To make a 

meaningful comparison among studies is problematical 

because particle and radiation parameters as well as cell types 

are very diverse. However, there are two particular studies 

worth mentioning because they are related to our work 

presented here. Wang et al. used 20 nM of 13 nm glucose-

coated gold nanoparticles and irradiated A549 cells at 6 

megavoltage.  They concluded that a dose enhancement of 

1.49 increased apoptosis and caused cell cycle arrest at G2/M 

phase [6]. Another study, published as a conference abstract, 

used the Panc-1 human pancreatic adenocarcinoma cancer 

cells and irradiated them with different radiation sources 

including 250 keV X-ray [7]. They reported higher 

radiosensitization and higher DNA damage for nuclear 

targeted AuNP compared to pegylated AuNP and, but no 

further details were provided in the abstract. 

 

The effectiveness of radiation in killing cancer cells has been 

shown to increase in the presence of gold nanoparticles due to 

physical increase in local dose deposition. Enhancement in 

radiotherapeutic efficiency means that lower radiation doses 

would be used, and therefore adverse effects of radiation 

therapy may be reduced provided that the nanoparticles 

Page 1 of 9 AUTHOR SUBMITTED MANUSCRIPT - NANO-125697.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Nanotechnology 25 (2020) XXXXXX S Ozcelik et al  

 2  
 

remain confined to tumor cells. In other words, more cancer 

cells would be killed by a typical radiation dose (2 Gy per 

fraction) used for cancer treatment [8]. But, effective 

radiosensitization induced by gold nanoparticles was 

inadequate so far for clinical translation. 

 

Killing cancer cells effectively by gold nanoparticles may 

require targeting cancer cells and sub-organelles such as 

nuclei. This strategy may increase success of radiation therapy 

and minimize adverse effects on healthy cells. But, the effect 

of nuclear targeted gold nanoparticles combined with 

irradiation surprisingly has not been evaluated.  The reason for 

targeting nucleus lies in the fact that nucleus is thought to be 

the primary target of radiation therapy, therefore the 

nanoparticles must be located near DNA to maximize the 

physical dose enhancement. Indeed, microdosimetry 

simulations have shown that the dose enhancement around 

gold nanoparticles decays rapidly away from the nanoparticle 

[10]. 

There are three main reasons for this rapid decay. First, due to 

purely geometric factors, the dose-enhancing effect of 

electrons emitted from gold nanoparticles falls off as inverse 

of the distance squared. A second effect is that irradiated gold 

nanoparticles release Auger electrons, which in turn may 

stimulate chemical and biological mechanisms to damage 

DNA for effective cell killing [9 – 14]. These electrons are 

emitted with energy ranging from 50 eV to 2000 eV. They 

have shorter range and are more densely ionizing (and thus 

lethal) than the typical secondary electrons produced during 

conventional irradiation [15]. Third, low-energy electrons 

with energy below 10 eV are tertiary particles that are non-

ionizing but can nevertheless induce single and double DNA 

strand breaks 

[https://science.sciencemag.org/content/287/5458/1658]. 

Damage by low-energy electrons is significantly enhanced by 

gold nanoparticles, but only when the DNA is located in close 

proximity to the nanoparticles 

[https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3829822/].  

These effects together contribute to a rapid fall-off of the dose-

enhancing effect of gold nanoparticles. Therefore, 

nanoparticles are most effective they accumulate in the 

vicinity of the nucleus and other radiation-sensitive 

organelles, such as mitochondria [16]. Hence, we 

hypothesized that higher cell killing could be achieved by 

localizing the gold nanoparticles to the nucleus. 

 

Cell membrane regulates cellular entry of nanoparticles. There 

are several internalization mechanisms including 

phagocytosis, pinocytosis, receptor mediated endocytosis, and 

passive diffusions. [17 -19]  There is a general consensus that 

small nanoparticles may pass the cell membrane passively, 

however, the passage of larger nanoparticles may vary with 

cell type, nanoparticle size, materials, and their 

physicochemical properties. Phagocytosis is limited to 

specialized cell such as macrophages while pinocytosis is 

more general and classified into clathrin mediated 

endocytosis, caveoli mediated endocytosis, clathrin and 

caveoli independent endocytosis, and micropinocytosis. [20].  

Nanoparticles utilizing caveolae-mediated endocytosis 

circumvents sorting in endosomes and move through by 

caveosomes (a lipid droplets with a neutral pH) where 

contents are delivered to non-lysosomal subcellular 

compartments such as the endoplasmic reticulum [21]. The 

endoplasmic reticulum continues with the nuclear membrane, 

assisting nanoparticles in reaching nucleus. The popularity 

and success of SV40 nuclear localization sequence (NLS) is 

partly attributed to caveolae-mediated endocytosis [22]. 

 

Nuclear membrane separates the nuclear contents from the 

cytoplasm and prevents the free passage of cytoplasmic 

contents [23]. The nuclear membrane contains nuclear pore 

complexes (NPC; approximate diameter of 30 nm) that 

actively controls the passage of larger nanoparticles. While 

small nanoparticles are able to pass through the NPC by 

passive diffusion, larger ones must possess NLS [24]. When 

gold nanoparticles (40 nm diameter) and magnetite 

nanoparticles (50 nm diameter) are conjugated with NLS, they 

are taken up through the nuclear pore complexes using a 

carrier protein called importin [26, 27].  It has also been 

reported that large nanoparticles can enter the nucleus once the 

nuclear membrane breaks down during mitosis [28]. The 

break-down of the nuclear membrane might assist larger 

nanoparticles in entering the nucleus. But this does not 

exclude that modifications in transport machinery and 

structural changes in the nuclear membrane occur in cancer 

cells and facilitate entry of large nanoparticles into the 

nucleus. 

 

In this study, we developed peptide-modified gold 

nanoparticles targeted to the nucleus by utilizing nuclear 

localization signal (NLS) peptides and by RGD peptides 

recognizing integrin receptors on cancer cell membrane. We 

then evaluated the radiation dose required to reduce cell 

proliferation and increase cell killing. We calculated a dose 

enhancement factor of 1.55 when A549 cells were incubated 

with 10 g/mL peptide-modified gold nanoparticle. The 

critical factor for this enhancement is effective nuclear 

targeting and accumulation of the peptide-modified gold 

nanoparticles. 

 

2. Materials and Methods 

2.1 Materials 

Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4.3H2O, 

99%) and trisodium citrate dehydrate were purchased from 
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Sigma Aldrich. Ultrapure water was obtained from a Millipore 

instrument for solution preparation.  RGD peptide (L-arginyl-

glycyl-L-aspartic acid) from Sigma- Aldrich, thiol modified 

methoxypolyethyelene glycol, mPEG-SH 2000 from Laysan 

Bio, and NLS peptide (Cys-Gly-Tyr-Gly-Pro-Lys-Lys-Lys-

Arg-Lys-Val-Gly-Gly), a synthetic peptide homologous to the 

SV40 T antigen from Santa Cruz were purchased. 

 

2.2 Instrumentation 

Nanoparticles were characterized by optical and structural 

measurements. UV-Visible absorption spectra were recorded 

with a Varian Cary 50 UV-Vis spectrophotometer.  Particle 

size distribution and zeta potential measurements were 

performed by the dynamic light scattering method using a 

Malvern ZETASIZER-ZS. Scanning electron microscopy for 

structural characterizations was performed by a field emission 

scanning electron microscope, FEI QUANTA 250 FEG 

operating at 15.0 kV.  The molar concentrations of 

nanoparticles were determined by UV-Vis. spectroscopy and 

confirmed by inductively coupled plasma-mass spectrometry 

using an Agilent 7500ce. Cell images were taken by a spinning 

disc confocal microscope (Andor Revolution) equipped with 

differential interference contrast and dark-field attachments. 

 

2.3 Synthesis of gold nanoparticles 

A modified Turkevich method was used to synthesize gold 

nanoparticles with size of 40 nm.  Typically, 50 mL of 0.25 

mM HAuCl4 solution was heated to 120 oC under reflux. A 

0.25 mL of 1% solution (by mass) of trisodium citrate was 

rapidly added to this boiling solution and stirred until the color 

of the solution turned to red, typically it took 15 minutes. The 

synthesized nanoparticles were purified by centrifugation, 

operating at 6.000 rpm for 15 minutes and purification 

repeated twice. 

 

2.4 Preparation of peptide-modified gold nanoparticles 

Polyethylene glycol (PEG) conjugation prevents aggregation 

of gold nanoparticles and reduce cytotoxicity.  The purified 

gold nanoparticles were re-dispersed in distilled water.  A 0.2 

mM stock solution of mPEG-SH 2000 was prepared in 

distilled water.  A dispersion of 7.5 mL of 0.24 nM of gold 

nanoparticles was incubated with 10 mL of 0.2 mM of mPEG-

SH 2000 for 24 hours at room temperature.  Excess PEG was 

removed by centrifugation (6.000 rpm, 15 minutes) to obtain 

purified PEG-AuNP. 

 

The PEG-AuNPs were conjugated with RGD peptides. 2.6 L 

of 5 mM RGD in distilled water was added to 7.5 mL of 0.24 

nM of PEG-AuNPs dispersion and allowed to mix for 48 hours 

at room temperature.  The excess RGD peptides were removed 

by centrifugation (6.000 rpm, 15 minutes). The modified gold 

nanoparticles (RGD/PEG-AuNPs) would be dispersed in 

distilled water or in cell culture media. 

 

To get NLS conjugated AuNPs, a solution of 1.00 mL of 0.5 

mM NLS in distilled water was added to 7.5 mL of 0.24 nM 

of PEG-AuNPs dispersion.  Centrifugation was used to purify 

the nanoparticles and remove unbound NLS peptides, for 15 

min. at 6.000 rpm, to obtain NLS/PEG-AuNPs. We used 

concentrated dispersion of gold nanoparticles in the 

experiments. 

 

NLS/RGD/PEG-AuNP were prepared by mixing a solution of 

1.0 mL of 0.5 mM NLS in distilled water with a 7.5 mL of 

0.24 nM of RGD/PEG-AuNPs dispersion for 48 hours at room 

temperature.  The modified nanoparticles were purified by 

centrifugation (15 min. at 6.000 rpm, twice). 

 

2.5 Cell culture 

A549 cells (a human lung carcinoma epithelial cell line) were 

purchased from American Type Culture Collection and 

maintained in DMEM/F-12. Basal media were supplemented 

with %10 FBS (fetal bovine serum), %1 penicillin and %1 L-

glutamine. Cell cultures were kept at 37 0C in a 5 % CO2 

humidified incubator.  Cells were seeded in 6-well plates for 

irradiation. 

 

2.6 Irradiation of cells 

The prepared cells were irradiated with a Kimtron IC250 

irradiator operating at 225 kV and 13 mA, providing a dose 

rate of 1.03 Gy/min after filtration with 0.5 mm Cu at a source-

to-surface distance of 50 cm. Regular output calibration is 

performed twice per year by medical physics staff using a 

PTW Farmer ionization chamber that is cross-calibrated to a 

NIST-traceable ionization chamber. Dose uncertainty is 

estimated as ± 10%. A radiation dose of 0 - 8 Gy was used in 

the experiments.  The distance between the source and the 6-

well plate was set to 50 cm.  The irradiator was configured to 

automatically stop when the preset dose was achieved. 

 

2.7 Clonogenic assay and analysis 

The A549 cells were grown in T-25 flask. The day before 

irradiation, 1000 cells per well in a six-well plate were seeded 

for 0 – 4 Gray radiation doses, and 2000 cells per well in a six-

well plate were seeded for 8 Gray radiation doses.  Two hours 

following the seeding, attachment of individual cells to the 

bottom of the wells was confirmed by an optical microscope.  

Then, the cells were incubated for 24 hours with various 
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amounts (up to 10 g/mL) of peptide modified gold 

nanoparticles (RGD/PEG, NLS/PEG and RGD/NLS/PEG).  

Before irradiation, the cell medium was replaced with fresh 

medium, eliminating residual gold nanoparticles that were not 

internalized.  After 7 days, each well was fixed and stained 

with a 2.5 mL mixture of 4% glutaraldehyde and % 0.5 crystal 

violet in water.  Stained cell colonies were counted by ImageJ 

using a colony counting plug-in developed by Guzman et al 

[29]. The t-test was applied for statistical analysis of the assay 

results. 

 

 

Figure 1: The physicochemical properties of gold nanoparticles. A) 

UV-Vis absorption spectra of bare (citrate coated), PEG-coated and 

peptide-modified gold nanoparticles. B) DLS size (diameter) 

distribution of the AuNPs without and with surface modifications. C) 

Zeta potentials, as mean ± standard deviation, p < 0.001 for 

NLS/PEG and NLS/RGD/PEG modifications compared to bare 

nanoparticles. Scanning electron microscopic images of gold 

nanoparticles, bare (D), NLS/PEG modified (E) and NLS/RGD/PEG 

modified (F). 

 

3. Results 

3.1 Properties of gold nanoparticles 

Figure 1 represents spectroscopic and structural properties of 

gold nanoparticles modified with NLS and RGD peptides.  

UV-Visible spectroscopy shows characteristic plasmonic 

band of the gold nanoparticles with and without peptides, 

having spectra centered at 530 nm (Fig. 1. A).  Peptide 

modification did not change the plasmonic spectral shape and 

positions of gold nanoparticles.  The nanoparticles are mono-

dispersed and their size distributions is centered at 40 nm. 

Scanning electron microscopic images (Fig. 1. D - F) showed 

the shape and size distribution of the nanoparticles were not 

affected by the peptide modification, confirming DLS 

measurements.  Although the size and shape of the gold 

nanoparticles were not changed, the zeta potential increased 

from -33 mV to 6 mV by the peptides, verifying the peptide 

modification. 

 

3.2 Cellular uptake and distribution of the peptide 

modified gold nanoparticles 

We first assessed the number of gold nanoparticles using ICP-

MS and UV-Vis. measurements. We calculated that there were 

8 x 1010 nanoparticles per mL (34 g/mL). Then we examined 

uptake of the peptide modified AuNPs. Using ICP-MS and 

UV-Vis absorbance, we determined the fractional uptake of 

peptide modified AuNPs after incubation with 105 cells/well 

for 24 hours (percent uptake shown in Figure 2). The amount 

of modified gold nanoparticle reached 0.24 ng per cell when 

70% of the peptide modified AuNP was internalized.  No 

cytotoxicity is observed up to 25 g/mL of AuNP 

concentration per well. 

 

 

Figure 2: Cellular uptake of AuNPs. Each image is labelled with the 

type of gold nanoparticles incubated with the cells (20x objective, a 

field of view is 500 x 500 m).  The amount of AuNPs internalized 

are presented as mean ± standard deviation, n=3, p < 0.001 for 

peptide modified AuNPs compared to bare. 

 

Optical microscopy was employed to monitor the distribution 

of the gold nanoparticles taken up by cells. Figure 2 shows 

brightfield images of A549 cells incubated with the gold 

nanoparticles modified with peptides as well as control cells.  

The control image (Fig.2) shows A549 cells in a healthy 

condition.  The uptake of AuNPs as a percentage is given as a 

bar graph in Fig. 2.  Dark spots in these images represent the 

location of AuNPs. 

 

When AuNPs were modified with RGD/NLS/PEG and 

NLS/PEG, more nanoparticles were internalized in the cells. 

The peptide modified AuNPs (NLS/RGD/PEG and 

NLS/PEG) as shown in Figure 2 were mostly located in and 

around nuclei, proving that targeting nucleus with NLS 

peptide was effective. Darker spots were observed when 

NLS/RGD/PEG-AuNPs were used, meaning that more 

particles per dark spot.  When bare AuNPs were incubated 

with cells, AuNPs were randomly distributed in the 

cytoplasm. 
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We furthermore used confocal microscopy to validate nuclear 

translocation of peptide modified AuNPs. Figure 3 shows 

differential interference contrast (DIC) images of cells 

incubated with bare, NLS/PEG and NLS/RGD/PEG modified 

AuNPs.  The dark spots seen in the nuclei revealed the gold 

 

 

Figure 3: DIC contrast confocal microscopic images (100x objective, 

a field of view is 50 x 50 m) of A549 cells treated with bare, 

NLS/PEG and NLS/RGD/PEG AuNPs.  The dark spots inside the 

nuclei represent the gold nanoparticles.  Bright and dark spots in the 

cytoplasm are gold nanoparticles and vacuoles having higher 

refractive index. Note that vacuoles do not appear in the nucleus for 

cell incubated with bare AuNPs. 

 

nanoparticles coated with NLS peptide are translocated in 

nucleus.  The modified nanoparticles also accumulated in 

proximity to the nuclear membrane.  The dark spot sizes are 

larger than 3x3 pixels (optical resolution of the microscope), 

so there should be many gold nanoparticles per spot, however, 

the exact number is hard to estimate.  We note that bright and 

dark spots appearing in the cytoplasm are due to AuNPs as 

well as vacuoles.  No vacuoles are seen in the nucleus.  A549 

cells contains many vacuoles and they are easily observable 

by DIC contrast because of higher refractive index compared 

to water-based cytoplasmic medium as seen in Fig.3. 

 

3.3 Clonogenic Assay 

Clonogenic assay experiments were performed to assess cell 

survival fractions after X-ray irradiation treatment of cells.  

The cells were incubated with the modified gold nanoparticles 

with various peptide combinations: RGD/PEG, NLS/PEG and 

NLS/RGD/PEG.  Figure 4 illustrates how peptide 

modification alters the cell survival fractions. The survival 

fractions (SF) were examined by varying the irradiation doses. 

At 4 Gy, the RGD modification slightly reduced the survival 

fraction. The survival fraction decreased by 20% and 25% for 

NLS and NLS/RGD modifications, respectively, compared to 

irradiated control without nanoparticle. A 3.8-fold reduction 

in the survival fraction at 8 Gy was observed for the 

NLS/RGD modification compared to irradiated controls. The 

NLS-only modification was also effective, reducing survival 

more than 3-fold. As a result, the nuclear targeting by 

modifying the gold nanoparticles with NLS and RGD peptides 

is effective to increase cell killing upon X-ray irradiation. 

 

Figure 4: The survival fractions as a function of peptide 

modifications. PEG is omitted in the labelling for simplification.  The 

radiation doses are provided. Data are shown as mean ± standard 

deviation; n = 3, * p > 0.05, ** p < 0.05, *** p < 0.001, and all others 

p > 0.05. 

 

Figure 5 demonstrates a dose-dependent effect of 

RGD/NLS/PEG modified AuNPs on the survival fraction.  We 

varied the amount of AuNPs from 1.0 to 10.0 g/mL.  We 

determined that the radiation dose to have a 10% survival 

fraction was significantly reduced from 11.0 Gy to 7.1 Gy 

when 10.0 g/mL of the NLS/RGD/PEG modified gold 

nanoparticles was used.  The radiation enhancement factor is 

accordingly 1.55 for the 225 kVp irradiation energy. This 

enhancement may be gained because the gold nanoparticles 

modified with NLS/RGD/PEG are closer to nuclei. 

 

The survival data were also analysed according to the linear-

quadratic model in which the survival fraction (SF) was 

estimated using the equation: SF= exp (-D – D2), where D 

is the irradiation dose.  We used non-linear regression to 

obtain  and  values. Table 1 summarizes the radiation 

enhancement factors depending on the amount of the modified 

gold nanoparticles, and ,  and R2 values as the fitting 

parameters. The analysis revealed that the fitting parameters 

 and  increased about 2-fold with increasing nanoparticle 

concentration. To assess whether this increase was consistent 

with a pure dose enhancement effect, we computed  /DEF 

and  /DEF2 (Table 1). The parameter  increased faster than 

the DEF, suggesting an increase in the rate of single-hit cell 

killing. In comparison  remained proportional to DEF2. 

Therefore, the effect of the nanoparticles includes an increase 

in the local energy deposition, which is modelled by the DEF, 

and an additional increase in the rate of single-hit damage. 

This latter effect is likely due to the higher linear energy 

transfer (LET) of Auger electrons that are emitted by the gold 

nanoparticles.  
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Figure 5: Cell survival fractions of A549 cell incubated with 
increased amount of NLS/RGD/PEG modified AuNPs. The solid 
curves are the fit to the linear-quadratic equation.  Data are shown 
as mean ± standard deviation. n = 3, p < 0.001 for the amounts of 

3.0 and 10.0 g/mL with respect to 0.0 g/mL at 8 Gy, all others p 
> 0.05. Table 1 summarizes the fitting parameters. 
 

 
Table 1: Dose required to achieve 10% survival fraction (D10), dose 

enhancement factor (DEF) calculated at 10% survival, , and fitting 

parameters  and  values for different amount of NLS/RGD/PEG-

AuNP.  

 

 

 

4. Discussion 

Radiation therapy affects both cancerous and healthy cells. To 

enhance the efficacy of radiation therapy and reduce adverse 

effects, gold nanoparticles were introduced as a potential 

radiosensitizer [3]. In this approach, cells are treated with gold 

nanoparticles that enhance the local deposition of ionizing 

energy by irradiation, thereby destroying targeted cancer cells 

but sparing normal cells.  Considerable evidence shows that 

the nucleus is the primary target for radiation therapy because 

it controls cell survival, growth, proliferation, and death. Since 

the local dose enhancement effect due to Auger and low-

energy electrons is highest near the surface of the 

nanoparticles [9-12], delivery and accumulation of gold 

nanoparticles to the nucleus become critical to initiate DNA 

damage. 

 

The physical enhancement of X-ray radiation depends on size 

and number of gold nanoparticles, their cellular location, as 

well as the photon energies used for irradiation. We kept the 

size of AuNP unchanged but varied their concentration (1.0 to 

10.0 g/mL) in the culture medium. The photon energy was 

constant at 225 kVp and the dose was varied from 2- 8 Gy. In 

this study, the modified gold nanoparticles were targeted to 

nucleus using NLS and RGD peptides. Integrin receptors are 

over-expressed in many cancer cells while their expression 

levels are very low in many epithelial cells [29]. Thus, RGD 

modified gold nanoparticles should be selectively uptaken by 

cancer cells.  The NLS modification further targets AuNPs to 

nucleus [30-33]. This dual functionality increases the 

likelihood of delivery and accumulation of the RGD/NLS 

modified AuNPs to the nucleus.  The accumulation of AuNPs 

leads to clustering that happens naturally in vitro because 

AuNPs are coated with RGD peptides which interact with the 

integrin receptors located on the cellular membrane.  NLS 
peptide (positively charged) coated AuNPs may also be 

internalized by electrostatic interaction based adsorptive 

endocytosis.  These two mechanisms may lead to clustering of 

peptide modified AuNPs in the cytoplasm, particularly around 

the nucleus.  The effects of clustering and its relation to energy 

deposition and nanoparticles size were recently simulated by 

Monte-Carlo study. It was shown that clustering increased the 

energy deposited locally [34]. Since we have shown that 

accumulation of AuNPs in the vicinity of nuclei, the radiation 

enhancement observed here may be related to the clustering of 

NLS coated AuNPs that increases the local energy deposited 

closer to nuclei. 

 

We exploited the strategy combining RGD and NLS peptides 

targeting cancer cells and nuclei respectively.  We showed that 

the NLS/RGD/PEG modified AuNPs accumulated inside and 

nearby nucleus (Fig. 2 and 3).  It is generally considered that 

nuclear membrane of cancer cells is defective and accordingly 

allows passage of larger nanoparticles [31-34]. In this work, 

the nuclear membrane of A549 cancer cells allowed passage 

of 40 nm sized gold nanoparticles. Combining increased 

amount of nuclear-targeted gold nanoparticles and intensified 

irradiation doses led to reduced cell proliferation and 

increased cell killing.  The radiation enhancement factor was 

tuned from 1.20 to 1.55 by increased amount of the modified 

AuNPs. The LQ parameters,  and , increased in a manner 

consistent with a dose-modifying effect, suggesting that 

radiosensitization is mediated primarily by a local increase in 

dose deposition. Additionally, the increase in alpha suggested 

a modest LET effect. This outcome suggests that the NLS / 

RGD modification strategy is valid to make AuNP as a potent 

radiosensitizer targeting the nucleus, enhancing radiation-

induced cell death. This is a successful demonstration that 

effective cancer cell death was induced by nuclear targeting of 

AuNPs and X-ray irradiation. 

AuNP (µg/mL) D10 (Gy) DEF a (Gy-1) b (Gy-2) R2 a / DEF b / DEF2

0.0 11.00 1.00 0.088 0.011 0.998 0.088 0.011

1.0 9.20 1.20 0.108 0.015 0.983 0.090 0.010

3.0 8.00 1.38 0.125 0.021 0.994 0.091 0.011

10.0 7.10 1.55 0.146 0.024 0.995 0.094 0.010
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There are many reports that radiation enhancement was varied 

with parameters such as energy, amount and size of gold 

nanoparticles, and cell types.  The amount of AuNPs in these 

studies varied greatly from µM to mM.  In addition, beam 

energy was varied from kilovoltage to megavoltage.  Particle 

size was varied from 1.9 nm to 74 nm.  Several studies utilized 

a commercial AuNP with size of 1.9 nm and coated with a 

proprietary thiol group, but the resulted radiation effect was 

small [36-44]. One particular study reported by Chithrani et 

al. showed that radiosensitization was dependent on the 

number of gold nanoparticles internalized, the size of 

nanoparticle and the energy used [32].  Gold nanoparticles 

with diameter of 50 nm were the most effective radiosensitizer 

but a modest effect on DNA damage was observed.  This 

modest damage may be a result of endosomal entrapment of 

gold nanoparticles.  It is very difficult to make a meaningful 

comparison because experimental conditions were not 

comparable with each other.  In contrast, there are several 

reports demonstrating effective cell death achieved by 

photothermal therapy using nuclear targeted AuNPs [45-47]. 

Auger-emitting radiopharmaceuticals targeted to the nucleus 

have also shown efficacy in vitro [48]. 

 

Typical irradiation dose at 2 Gy per session is not making a 

significant effect on the cell survival. This level of irradiation 

is not sufficient when sub-nanogram or nanogram level of 

gold nanoparticle is deposited to initiate cell killing.  

However, successive irradiations at 2 Gy per session would 

initiate cell killing because we observed that at 4 or 8 Gy per 

session the cell survival was significantly lowered, suggesting 

that multisession irradiation (successive irradiation at 2 Gy per 

session) and nanogram level of gold nanoparticle deposition 

could be useful. If one succeeds to deposit gold nanoparticles 

about 10 nanograms at cancer tissues, 2 Gy per session 

irradiation could be a therapeutic dose. 

 

The peptide modification and stability of the nuclear-targeted 

AuNPs are highly critical.  The positively charged amino acid 

sequence in the NLS peptide may induce instability during and 

after peptide modification.  We found that the bicarbonate 

buffer stabilized peptide modified AuNPs for several months. 

Colloidal instability can be easily observable by 

agglomeration and precipitation of gold nanoparticles during 

modification processes. Thus, the stability of peptide 

modification is a key factor for success of nuclear targeted 

AuNPs. 

 

5. Conclusion 

We exploited RGD and NLS peptides targeting cancer cells 

and nuclei to initiate radiation-induced cell death. 

Effectiveness of the nuclear-targeted gold nanoparticles as 

radiosensitizer was evaluated using A549 cell lines. Increased 

amount of the nuclear-targeted gold nanoparticles caused 

radiation enhancement, so lowered irradiation doses would be 

used for the radiation therapy.  This study successfully 

demonstrates that the nuclear-targeted gold nanoparticles 

inhibit cellular proliferation and induce cell death. This 

finding suggests that the NLS / RGD peptide modification is 

a working strategy to enable AuNP as a potent radiosensitizer 

for the radiation therapy. We conclude that the 

NLS/RGD/PEG-AuNP is a good radiotherapeutic candidate 

and that detailed in vitro experiments with other cell types and 

in vivo studies should be conducted to better understand 

sensitization mechanisms. 
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