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Abstract Core–inner-valence ionization of high-Z

nanoparticle atomic clusters can de-excite electrons

through various interatomic de-excitation processes,

thereby leading to the ionization of both directly exposed

atoms and adjacent neutral atoms within the nanoparticles,

and to an enhancement in photon–electron emission, which

is termed the nanoradiator effect. To investigate the

nanoradiator-mediated dose enhancement in the radio-

sensitizing of high-Z nanoparticles, the production of

reactive oxygen species (ROS) was measured in a

gadolinium oxide nanoparticle (Gd-oxide NP) solution

under core–inner-valence excitation of Gd with either

50 keV monochromatic synchrotron X-rays or 45 MeV

protons. This measurement was compared with either a

radiation-only control or a gadolinium-chelate magnetic

resonance imaging contrast agent solution containing equal

amounts of gadolinium as the separate atomic species in

which Gd–Gd interatomic de-excitations are absent.

Ionization excitations followed by ROS measurements

were performed on nanoparticle-loaded cells or aqueous

solutions. Both photoexcitation and proton impact pro-

duced a dose-dependent enhancement in the production of

ROS by a range of factors from 1.6 to 1.94 compared with

the radiation-only control. Enhanced production of ROS,

by a factor of 1.83, was observed from Gd-oxide NP

atomic clusters compared with the Gd-chelate molecule,

with a Gd concentration of 48 lg/mL in the core-level

photon excitation, or by a factor of 1.82 under a Gd con-

centration of 12 lg/mL for the proton impact at 10 Gy

(p\ 0.02). The enhanced production of ROS in the irra-

diated nanoparticles suggests the potential for additional

therapeutic dose enhancements in radiation treatment via

the potent Gd–Gd interatomic de-excitation-driven

nanoradiator effect.

Keywords Interatomic de-excitation � Reactive oxygen

species � Nanoparticle atomic clusters � Inner-shell

ionization � Nanoradiator effect � Low-energy electrons �
Radiosensitization

Introduction

High-Z metal nanoparticles (NPs), including gold (Carter

et al. 2007; Hainfeld et al. 2008; Misawa and Takahashi

2011; Polf et al. 2011; Kim et al. 2012), platinum (Porcel

et al. 2010), gadolinium (Luchette et al. 2014; Porcel et al.

2014; Miladi et al. 2014; Le Duc et al. 2011) and iron (Kim

et al. 2010; Choi et al. 2012), have been actively investi-

gated as novel radiosensitizing agents using either pho-

toexcitation or particle impact. In vivo radiation therapy
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experiments exploring the enhancement effect of gold or

iron nanoparticles have demonstrated that nanoparticle-

loaded mice tumors could be completely eradicated after

irradiation with either 250 kVp X-rays (Hainfeld et al.

2004) or protons (Kim et al. 2012; Kim et al. 2010),

thereby demonstrating the potential utility of metal

nanoparticles for cancer therapy. However, the mecha-

nisms leading to these impressive results have not yet been

elucidated. In these studies, it was hypothesized that a

larger portion of the energy of the primary ionizing photons

was transferred to the tumor due to the increased absorp-

tion of X-rays by tumoral gold NPs relative to tissue

(Carter et al. 2007; Pradhan et al. 2009), leading to a local

increase in the absorbed dose. High-energy protons or

carbon ions may transfer energy to high-Z nanoparticles

via Coulomb collision with large cross sections relative to

tissue atoms (Stolterfoht 1988; Belkić 2010). This energy

transfer may enable a highly conformal energy deposition

around the NPs, which is caused by a localized spray of

escaping photoelectric electrons and X-ray photons or by

particle-induced electrons and photons. Extensive theoret-

ical calculations of gold NP doses have been performed

using Monte Carlo simulations to explain the observed

therapeutic enhancement effect from in vitro and in vivo

experiments, despite the absence of a direct quantitative

comparison between theoretical and experimental

enhancements (Lechtman et al. 2011;Leung et al. 2011;

Pradhan et al. 2009; Carter et al. 2007; Cho 2005). How-

ever, the theoretical simulations may not fully represent the

chemical environments and associated parameters during

gold nanoparticle radiosensitization, such as the interaction

between the ionized atoms and the neutral atoms inside the

irradiated nanoparticles, due to the lack of an appropriate

physical model, the intracellular nanoparticle distribution

with relative distances to nuclear DNA, the real intracel-

lular or tissue concentration of nanoparticles, the effective

radiation energy.

When an atom is electronically excited, it relaxes by

emitting a photon or an electron. When embedded in a

chemical environment, however, another ultrafast non-ra-

diative decay process, called interatomic/intermolecular

Coulombic decay (ICD), can transfer its excess energy to

neighboring neutral atoms or molecules and ionize them

(Jahnke 2004; Sisourat et al. 2010; Hergenhahn 2012). This

interatomic energy transfer generates low-energy ICD

electrons very efficiently in atomic/molecular cluster sys-

tems that are associated via weak van der Waals interac-

tions or hydrogen bonding (Hergenhahn 2012; Averbukh

et al. 2004). This process enhances the production of low-

energy electrons compared to separate atomic species (Kim

et al. 2011). Because aqueous solutions of nanoparticles

produce a typical van der Waals atom–molecule cluster

system with a potent hydrogen-bonding hydration layer,

various interatomic de-excitations are potentially feasible

after the ionization of irradiated atoms, such as interatomic

Coulomb decay or interatomic Auger decay (Matthew and

Komninos 1975; Kreidi et al. 2008), as illustrated in Fig. 1.

Additionally, conventional radiative energy transfer

through X-ray fluorescence and Auger decay leads to a

cascade of photon–electron emissions in the irradiated
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Fig. 1 Schematic diagram describing the potent interatomic relax-

ation path after core–inner-shell ionization in nanoparticle atomic

clusters. Auger decay and characteristic X-ray fluorescence occur in a

competitive manner and produce Coulomb-ejected electrons or

photoelectrons at adjacent neutral atoms (a). However, radiation-less

interatomic Coulomb decay (ICD) or interatomic Auger decay (IAD)

may occur via the transfer of excess excitation energy to the electrons

in a shell of an adjacent neutral atom, generating low-energy electrons

on a very fast time scale (b). Thus, ionization from neutral atoms that

were not impacted by either ions or X-ray photons effectively

enhances the production of low-energy electrons upon the absorption

of a given amount of energy
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high-Z atom, which may impinge upon adjacent neutral

atoms within nanoparticles. Thus, we termed the potent

interatomic de-excitation-driven enhancement in photon

and electron emission from the core–inner-valence ionized

nanoparticles using either X-ray photon- or ion-impact the

nanoradiator effect.

When nanoradiator occurs in aqueous nanoparticle

solutions, the emission of X-ray photons and electrons

from the nanoparticle surface may create more radicals via

additional water radiolysis compared with a nanoparticle-

free solution or a solution of separate atomic species

(Carter et al. 2007). Because either photons or charged

particles produce core–inner-shell ionization, the present

study tests the nanoradiator hypothesis by measuring the

apparent ROS yield in gadolinium oxide nanoparticle

(Gd-oxide NP) solutions (used as an atomic cluster system,

Gd–Gd interatomic de-excitation-present) from the core–

inner-shell ionization excitation of Gd with either 50 keV

of monochromatic synchrotron X-rays or a 45 MeV proton

beam. The ROS yield was compared with a Gd-based MRI

contrast agent solution (GdCA) (used as a separate atomic

species, Gd–Gd interatomic de-excitation-absent) that

contained equal amounts of gadolinium with Gd-oxide

NPs. Importantly, enhanced production of ROS was

observed from Gd–Gd interatomic de-excitation-present

nanoparticle compared with Gd–Gd interatomic de-exci-

tation-absent separate atomic species, exhibiting the

potential therapeutic dose enhancements in radiation

treatment via the nanoradiator effect. More interestingly,

this concept of nanoradiator may suggest better efficiency

of radiation detector or solar cell when it is designed by

nanoparticle assembly.

Materials and methods

Nanoparticles

Gd-oxide NPs were prepared following a previously

reported method (Le Duc et al. 2011). Briefly, gadolinium

nitrite salt (4 g, GdNO3�6H2O) was placed in 44 mL of

diethylene glycol and completely dissolved at 60 �C under

vigorous stirring. When the solution turned clear, a solution

of sodium hydroxide (440 mg in 1 mL of water) was added

dropwise at 100 �C under vigorous stirring. Then, the

solution was heated and stirred at 140 �C for 1 h, following

by additional heating and stirring at 172 �C for 4 h. A

transparent colloid of Gd-oxide NPs was obtained, which

could be stored at room temperature for weeks without

changes. A diethylene glycol solution (54 mL) was mixed

with 6 mL of a gadolinium nanoparticle solution, heated to

40 �C and stirred for 1 h after adding 0.936 mL of tetra-

ethyl orthosilicate, Si(OC2H5)4. A reaction was initiated at

40 �C upon adding the solution to 1.584 mL of a triethy-

lamine solution (0.11 mL of triethylamine in 1.8 mL of

distilled water) for 1 h. Gd2O3@SiO2 was obtained by

precipitating with acetone and centrifuging. The average

particle size and the size distribution of the nanoparticles

were determined using a 902 transmission electron

microscope (Carl Zeiss Pty Ltd, Oberkochen, Germany).

Intracellular nanoparticle concentration and weight

percent of gadolinium compound

The cellular uptake of Gd-oxide nanoparticles was mea-

sured as a function of the incubating concentration (0, 0.2,

1.0, and 2.0 mg/mL) using an inductively coupled plasma

(ICP-MS) mass spectrometer (Thermo Jarrell Ash ARISAP,

USA). A total of 5 9 106 CT26 cells were plated in separate

Petri dishes containing different concentrations of the

nanoparticle solution. The measured data are presented as

the average uptake density per 106 cells in each incubating

dose after harvesting the cells for the ICP-MS measure-

ments. The data are represented as lg/1 9 106 cells.

The weight percent of gadolinium was measured in

solutions of either Gd-oxide NPs or a gadolinium-based

MRI contrast agent (Gadovist, Schering AG, Germany;

GdCA). From a given stock solution of either Gd-oxide NPs

(100 mg/mL) or GdCA (104 mg/mL), a 300-lL aliquot of

each was taken to measure the Gd content using ICP-MS.

Measurements of ROS due to the nanoradiator

effect

Aqueous solutions of either a gadolinium MRI contrast

agent or Gd-oxide NPs containing 9.6, 48, and 96 lg of

gadolinium were prepared in 1-mL plastic containers to

measure the ROS produced from the X-ray photon-excited

nanoradiator effect. One hundred micromolar dihydrorho-

damine (DHR) was added to each gadolinium solution. The

measurements of the intracellular ROS were performed as

previously described (Baluchamy et al. 2010; Mohan et al.

2007) to demonstrate the ROS-mediated dose enhance-

ments in a cellular environment. Briefly, equal amounts of

mouse CT26 cells (104 cells/well) were seeded in 96-well

plates and grown for 24 h. The cells were incubated with 0,

0.2, 1.0, or 2.0 mg/mL Gd-oxide NP solution overnight,

washed with phosphate-buffered saline to remove the Gd-

oxide NPs that were not taken up by the cells, incubated

again with 100 lM DHR for 3 h, and washed again to

remove DHR that was not taken up by the cells. Finally, the

cells were exposed to different doses of 50 keV syn-

chrotron X-rays at the AR beam line of the Photon Factory

(Tsukuba, Japan) (PF) or the Shanghai Synchrotron Radi-

ation Facility (Shanghai, China) (SSRF). The fluorescence

resulting from the oxidation of DHR to rhodamine by the
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ROS was measured at excitation and emission wavelengths

of 485 and 525 nm, respectively, using a fluorescence plate

reader (Mithras� LB 940 Multimode reader, Berthold

Technologies, Germany). Therefore, the net fluorescence

intensity of the oxidized DHR with the irradiated

nanoparticles compared with the radiation alone may rep-

resent the apparent amount of ROS generated from the

nanoradiator-driven secondary radiation, including low-

energy electrons. The fluorescence intensities of each

sample were measured 3–6 h after irradiation, depending

on the distance between the synchrotron/proton accelerator

facilities and the measuring sites. Dry ice was used to

freeze the samples immediately after irradiation and during

transport. The containers of samples were sealed with para

film during irradiation, and kept sealed until the measure-

ment of fluorescence.

Core–shell excitation of nanoparticle atoms

by monochromatic X-ray irradiation

Core-level excitation was performed for the gadolinium

compounds using 50 keV monochromatic synchrotron

X-rays at either the PF or the SSRF. The outgoing beam

from the monochromator–collimator crystal (Si 111) pro-

duced monochromatic and almost plane-parallel X-rays,

whose beam size was approximately 35 mm

(width) 9 4 mm (length) at the PF or 10 mm

(width) 9 2.5 mm (length) at the SSRF at 50 keV, and the

beam was incident to the sample for photoexcitation.

An ionization chamber (T6576, National Institute of

Metrology, P. R. China) was used to measure the dose rate.

The resulting dose rates were 0.0726 Gy/s at the PF and

0.0383 Gy/s at the SSRF. The irradiation period was con-

trolled for 41 or 138 s at the PF and for 79 or 261 s at the

SSRF such that the incident X-ray doses were 3.0 and

10 Gy, respectively. The energy adsorbed by 1 mL of

water in a test tube was calculated from the dose rate

measured using the ionization chamber.

Photoelectric absorption (PEA) measurement

The radiation dose absorbed via PEA was measured for

water solution phantoms of either Gd-oxide nanoparticles or

Gadovist containing 10.56 or 21.12 mg of Gd that were

irradiated with two different doses (10 and 20 Gy) of

50 keV synchrotron X-rays at the Pohang Accelerator

Laboratory. Five different batches of each compound were

irradiated, and the absorption measurements were averaged.

The 50 keV X-rays were extracted using a double-crystal

monochromator with a calibrated radiation dose rate of

0.068 Gy/s. A Gafchromic�HD-810 radiochromic film was

attached to either side of the phantom, where the incident

and transmitted doses were measured to calculate the dose

absorbed by the phantom. A relatively large amount of the

gadolinium compound was used to demonstrate the clear

difference in the PEA of the two compounds.

The measurement of ROS due to the proton impact

nanoradiator effect

Proton impact was performed on a series of water-filled

phantoms (inner diameter 9 length; 6.3 mm 9 5 mm)

containing gadolinium compounds (either Gd-oxide

nanoparticles or gadolinium MRI contrast agent,

12 lg Gd/mL) and 100 lM of DHR using a 45-MeV

proton beam at the Korea Cancer Center Hospital (Seoul,

Korea). The phantoms were exposed to different doses

(0–15 Gy) of traversing protons at the sample position

without depositing Bragg peak energy inside the sample,

followed by measuring the fluorescence of rhodamine. To

maximize the energy transfer portion via nanoradiator with

respect to the direct absorption via proton impact inside the

solution phantom, the Bragg peak energy was placed out-

side the phantom. The position of the BP energy was

determined by measuring the depth-dose distribution using

a water phantom and a waterproofed Markus ion chamber

detector that recorded accumulated charges in 1 mm

intervals. Dosimetry at the actual sample position and the

BP energy outside the sample were determined by mea-

suring the radiation dose with a pair of range shifters and a

Gafchromic�HD-810 radiochromic film or a Markus ion

chamber (TM34045, PTW, Germany).

Statistical analysis

The nanoradiator effect was evaluated by measuring the

ROS produced by each X-ray photon, proton impact

nanoparticle solution, or nanoparticle-loaded cell, and was

compared with the ROS yield from the X-ray or particle

irradiation alone. The difference among the groups was

assessed using one-way ANOVA followed by Student’s

t test. A value of p\ 0.05 was considered to be the level of

significance for all tests. All data were analyzed using a

contemporary statistical software package (GraphPad

PrismTM; GraphPad Software, Inc., San Diego, CA, USA).

Results

Nanoparticles and weight percent of gadolinium

compound

TEM experiments confirmed that the diameter of the Gd-

oxide NPs embedded in a polysiloxane shell did not exceed

45 nm. The arrows in Fig. 2 indicate isolated particles

where the dense Gd2O3 core appears darker than the lighter
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surrounding polysiloxane shell despite the difficulty in

clearly visualizing the core–shell structure. The average

core diameter of the Gd-oxide NPs was 42 ± 3 nm, and

the thickness of the polysiloxane shell was less than 5 nm.

The weight percent of gadolinium was approximately

24.3 % in Gadovist, which contains gadolinium and butrol

(macrocyclic dihydroxy-hydroxymethylpropyl-tetraazacy-

clododecane-triacetic acid), and it was 13.2 % in the

gadolinium nanoparticles.

Photoelectric absorption measurement

The absorption of X-rays by the phantom at 50 keV

increased with the concentration of gadolinium and the

X-ray radiation dose. The results are summarized in Fig. 3.

The photoelectric absorption % in the GdCA was enhanced

15 % compared to that in the Gd-oxide nanoparticles.

Comparison of ROS production for the Gd-oxide

NPs and the Gd-chelate molecules

ROS production was measured using X-ray photon-irradi-

ated gadolinium solutions of either a gadolinium MRI

contrast agent (Gadovist) or gadolinium nanoparticles. The

results are presented in Fig. 4. The fluorescence intensity,

which represents the apparent ROS yield, increased with

the amount of gadolinium and with the X-ray dose com-

pared with the X-rays alone. Observed fluorescence at

0 Gy represents the fluorescence of oxidized DHR from

residual oxygen in aqueous solution as observed also in

another study of oxidant-based ROS detection (Misawa and

Takahashi 2011, Nanomedicine). The ROS enhancement

factors of [ROSGdNP/ROSGdCA] or X-ray irradiation were

1.16 ± 0.16 and 1.84 ± 0.43 with a gadolinium concen-

tration of 48 lg/mL with radiation doses of 3 and 10 Gy,

respectively. The fluorescence intensity upon proton irra-

diation also increased with the proton dose for both Gd-

oxide nanoparticle and GdCA solutions compared with

proton irradiation alone. The ROS enhancement factor of

[ROSGdNP/ROSGdCA] for proton irradiation was

1.82 ± 0.17 at 10 Gy with a gadolinium concentration of

12 lg/mL, as shown in Fig. 5. This result suggests that the

production of ROS was enhanced in the nanoparticles

compared to the separate atomic species with the same

amount of gadolinium (p\ 0.02). With a given radiation

dose (10 Gy) and gadolinium concentration, the proton

irradiation produced a greater amount of ROS compared

with X-ray irradiation because the ROS enhancement fac-

tor due to X-ray irradiation (1.84) was achieved with a

larger Gd concentration (48 lg/mL) compared with proton

irradiation.

Intracellular ROS production due

to the nanoradiator effect

The intracellular concentration of Gd-oxide nanoparticles

increased as the gadolinium concentration in the incubating

100nm 200nm

Fig. 2 TEM images of Gd-

oxide NPs at two different

magnifications (9106

and 9 5 9 105). The arrows

show that a gray halo is visible

around the Gd2O3 cores due to

the presence of the polysiloxane

shell
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Fig. 3 Absorbed radiation dose of the Gd-oxide NP (GdONp) and

Gadovist (GdCA) solutions at the Gd K-line X-ray (50 keV) as a

function of two different radiation doses and gadolinium concentra-

tions. Radiation absorption in the GdCA was larger than in the Gd-

oxide NPs, typically by 15 %. This PEA-related absorption may lead

to direct ionization of gadolinium atoms, the production of photo-

electrons, and the subsequent nanoradiator effects during the de-

excitation process
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solution increased, which is plotted on the x-axis in Fig. 6.

The graph in Fig. 6 qualitatively presents the intracellular

ROS yields of the ROS-mediated DHR oxidation fluores-

cence as a function of the intracellular Gd-oxide nanopar-

ticle concentration and compares the yields with the

radiation-only control cells at two radiation doses: 3 and

10 Gy. The intracellular ROS increased as the intracellular

nanoparticle concentration increased, as shown in Fig. 6.

X-ray irradiation of the nanoparticle-loaded cells resulted

in more ROS production as a function of dose compared

with the X-ray-only control cells. For example, the

enhancement factor of the apparent intracellular ROS over

the X-ray-only control was either 1.8 ± 0.4 at 3 Gy or

2.6 ± 0.3 at 10 Gy with an intracellular concentration of

Gd-oxide NPs of 90 lg/106 cells.

Discussion

The IRP-mediated de-excitation after ionization of high-Z

atoms in nanoclusters may occur via both Auger electron

impact or X-ray fluorescence-mediated radiative energy

transfer and non-radiative ICD or IAD, leading to IRP-

driven photon–electron emission from the adjacent neutral

atoms that were not directly exposed to the X-ray photons

or to the ion impact, which effectively changes the irradi-

ation cross section. This concept differs from the conven-

tional PIXE process or photoelectric absorption-mediated

Auger decay in which photon–electron emission occurs

only at the ionized atom by direct atomic absorption of the

radiation. All theoretical works that have calculated the

doses in irradiated high-Z nanoparticles had been per-

formed without consideration of interatomic relaxation

path in the nanoparticles, resulting in an underestimation of

nanoparticle-mediated secondary radiation. We estimate

that the relative cross section for the absorption of the

X-ray beam by gadolinium atoms between the nanoparticle

and separate atomic species solutions would be propor-

tional to the ratio of the molecular size of GdCA to the

diameter of Gd-oxide NP and thus be less than 1. With a

given amount of Gd, the cross section of Coulomb collision

or photoelectric absorption in the nanoparticle solution will

be smaller compared with the solution of separate atomic
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species due to a screening effect of atomic clustering in

nanoparticles (not directly exposed to radiation due to

surrounding atoms), resulting in relatively lower photo-

electric absorption as shown in Fig. 3. Therefore, the

photon–electron emission from the ionized atoms by the

direct absorption of radiation resulted in enhanced ROS

production in the irradiated nanoparticle solution over the

radiation-only control. Additionally, enhanced ROS pro-

duction was observed in the nanoparticle solution com-

pared with the separate atomic species despite the lower

ROS production due to the direct photoelectric absorption

effect.

Interatomic/intermolecular Coulombic decay was

observed not only at atomic or molecular dimer where they

were in van der Waals contact or hydrogen bonding

(Jahnke 2015; Hergenhahn 2011) but also between

intramolecular atoms like Xe-F in Xenon difluoride

(Dunford et al. 2012). Therefore, it is possible to have Gd-

N ICD by K-shell ionization in GdCA where Gd atom

ligands with four nitrogen atoms. However, the additional

electron emission from Gd by Gd–Gd ICD in Gd

nanoparticles would exceed the yield from N by Gd-N ICD

in molecular gadolinium. The Gd–Gd ICD-mediated elec-

tron emission is absent or relatively rare in GdCA com-

pared with Gd-oxide nanoparticles, which is due to the

weak non-radiative dipolar coupling between the ionized

and the neutral atoms in the separate atomic species that

were spread into a considerably larger volume for a given

atomic mass. Thus, the present results suggest that the

effect of the direct atomic absorption of radiation on the

production of ROS was surpassed by the Gd–Gd inter-

atomic de-excitation-mediated production of ROS in the

irradiated aqueous nanoparticle solution. This result pro-

duces a net ROS enhancement in the Gd-oxide NP solution

over the GdCA solution with a given amount of Gd.

The atomic compositions were different for the Gd-ox-

ide nanoparticles and GdCA. Gd-oxide nanoparticles were

coated with a molecular layer of Si, O, and H. The light

elements other than Gd in both Gd-oxide NP and GdCA are

energetically transparent to 50 keV X-rays and may have a

smaller collisional cross section with proton beams com-

pared to high-Z Gd, exerting a minimal effect on electron

production and the ROS yields. Therefore, the ROS

enhancement factor due to the interatomic de-excitation-

based difference between the two compounds could be

observed via Gd despite the inhomogeneous composition.

In the case of the 50 keV photon excitation of Gd,

photon absorption can occur via two main processes: the

Compton effect and the photoelectric effect. Compton

scattering is only weakly dependent on photon energy and

atomic number and consequently becomes the dominant

process in low-Z materials, such as soft tissue. During

Compton scattering, an incident photon is scattered by a

weakly bound outer-shell electron of Gd. The photon loses

energy, which is transferred to the electron from the atom

that is ejected without an Auger cascade. In contrast,

incident 50 keV photons due to the photoelectric effect are

completely absorbed by inner-shell electrons that are then

ejected from the Gd atom, generating a burst of photon-

electron emission via Auger cascades. Thus, photoelectric

absorption is the major path for photon interactions with

gadolinium nanoparticles to produce nanoradiator and ROS

enhancement compared with the Compton effect. The

ejected Compton electrons and the formation of electron–

hole pairs in the Gd-oxide NP suspension can cause a loss

of excess energy, and the Compton electrons can become

thermalized with the localization in a trap state within the

nanoparticle. Eventually, the two carriers can either

recombine near the nanoparticle surface or cross into the

aqueous solution, leading to enhanced radiolytic yields

(Schatz et al. 1999).

The most significant consequence of decreasing the

nanoparticle size is the increase in the surface/volume

ratio, thus changing structural factors. Interatomic activa-

tion is not limited to surface atoms but can be extended to

bulk atoms as a generalized form without difference

between ICD and Auger decay due to metallic bonding

status. Thus, bulk activation includes intra-NP production

of slow electrons via radiation-less cascade despite lower

probability of electrons escaping from the internal

nanoparticle, as it had been considered from theoretical

dose calculation (Carter et al. 2007). Low-energy ICD

electrons of 1–10 eV may have a mean free path of

10–100 nm and have sufficient energy to escape from the

surface barrier because the coating thickness is less than

5 nm in the Gd-oxide NPs. Low-energy electrons of

0–1 keV escaping from the nanoparticle surface lose their

energy by undergoing further ionization and excitation,

generating a trail of radical species (H�, �OH, eaq
- , O2

�-, and

Haq
? ) along their paths. These radical species subsequently

diffuse and react, forming molecular species, including H2

and H2O2, in less than approximately 1 ls; they can

alternatively be interconverted by known reactions, e.g.,

H2O2 ? eaq
- ? OH- ? �OH and H� ? H2O2 ? H2O ? �-

OH. The oxidation of DHR to rhodamine is triggered by

several oxidants with different reaction speeds (�OH, O2
�-,

and H2O2; a faster reaction in the presence of peroxidase,
�NO2, ONOO-, ferrous ion, and others) (Kalyanaraman

et al. 2012; Qin et al. 2008). Thus, the oxidation of DHR to

rhodamine is nonspecific but is conveniently detected by a

broad range of oxidizing reactions that may be increased

during the nanoradiator process or during intracellular

oxidative stress (Kalyanaraman et al. 2012).

The observation of similar ROS enhancement factors

between the photon excitation and the proton impact with

different amounts of Gd and the same radiation dose
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suggests that there is more nanoradiator induction via

inner–outer shell ionization by proton impact compared

with photon excitation. The 45 MeV proton beam may

excite multiple inner valence levels or multiple electrons in

an inner shell via Coulombic attraction compared with the

single-level ionization by the 50 keV monochromatic

synchrotron X-rays, leading to an enhanced production of

photon-electrons under a given irradiation condition.

The enhancement of radiation cytotoxicity was reported

under either X-ray or ion beam irradiation in a number of

previous studies with high-Z nanoparticle-loaded cells.

This may be attributed to nanoparticle-mediated dose

enhancement or biological interaction with nanoparticles.

The claim for biological response needs to address eluci-

dation of the importance of nanoparticle-induced radical

production, hypoxia, and cell signaling pathways. Similar-

scaled enhancement of ROS production in a water-filled

phantom and in intracellular space upon X-ray irradiation

suggests a significant contribution of the nanoradiator-

mediated dose enhancement effect to radiosensitization, as

demonstrated in our preceding report on nanoparticle-loa-

ded tumor cells under proton irradiation (Kim et al. 2012).

Production of additional electron emission from the

irradiated high-Z nanoparticles by both radiative and

interatomic radiation-less energy transfer may bring up

new ideas not only in the dosimetry and theoretical dose

simulation of radiation oncology but also in the design of

light- or charged particle-receiving nano-devices. These

may include a site-specific therapeutic nano-beacon when

inert prodrug high-Z nanoparticle is transformed into

electron-emitting drug, and a metal-oxide nanoparticle-

based radiation detector or a photovoltaic cell with high-

yield efficiency.

Conclusions

The production of ROS was enhanced in a nanoparticle

solution compared with radiation alone or in a solution of

separate atomic species, suggesting a contribution in ROS

production from the dose enhancement due to the Gd–Gd

interatomic de-excitation-mediated nanoradiator effect.

The enhanced production of ROS in either nanoparticle

solutions or the nanoparticle-loaded cells suggests a

dependence of dose enhancement on the radiosensitization

effect of nanoparticles under X-ray photons or proton

irradiation. This result may add to the knowledge in the

field of nano-device development for radiation detectors or

light-harvesting collectors as well as therapeutic nano-

beacon.
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Kim H-K, Titze J, Schöffler M, Trinter F, Waitz M, Voigtsberger J,

Sann H, Meckel M, Stuck C, Lenz U, Odenweller M, Neumann
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Enhanced production of low energy electrons by alpha particle

impact. PNAS 108:11821–11824

Kim J-K, Seo S-J, Kim H-T, Kim K-H, Chung M-H, Kim K-R, Ye S-J

(2012) Enhanced proton treatment in mouse tumors through

proton irradiated nanoradiator effects on metallic nanoparticles.

Phys Med Biol 57:8309–8323

Kreidi K, Jahnke T, Weber Th, Havermeier T, Liu X, Morisita Y,
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