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Scintillating nanoparticles (NPs) in combination with X- or γ-radiation have a great potential for deep-tissue cancer therapy

because they can be used to generate singlet oxygen in tumours by means of the photodynamic effect. To understand the

complex spatial distribution of energy deposition in a macroscopic volume of water loaded with nanoscintillators, we have

developed a GEANT4-based Monte Carlo program. We thus obtain estimates of the maximum expected efficiency of singlet

oxygen production for various materials, X-ray energies, NP concentrations and NP sizes. A new parameter, ηnano, is introduced

to quantify the fraction of energy that is deposited in the NPs themselves, which is crucial for the efficiency of singlet oxygen

production but has not been taken into account adequately so far. We furthermore point out the substantial contribution of primary

interactions taking place in water, particularly under irradiation with high energy photons. The interplay of all these contributions

to the photodynamic effect has to be taken into account in order to optimize nanoscintillators for therapeutic applications.

1 Introduction

Scintillators are known to emit visible or UV photons under

ionizing radiation. These materials are used as convertors for

X-, γ-ray and more generally for ionizing radiations detec-

tion.1 When prepared at nanosizes and properly functional-

ized they open areas for therapies where light emission trig-

gered by X- or γ-ray excitation within deep tissues is desired.

Combining the nanoparticle scintillating property and photo-

sensitizers (PS) grafted on their surfaces, radiotherapy and

photodynamic therapy (PDT) can be used together to improve

the elimination of deep tumours2,3.

PDT is a non invasive technique based on the photoactivation

of an organic molecule called a photosensitizer (PS). Once ex-

cited, the PS produces reactive oxygen species including sin-

glet oxygen (1O2)4–6. Since the PS becomes cytotoxic only

when excited by light emitted at a suitable wavelength, PDT is

a highly selective treatment. Nevertheless, the commonly used

activation wavelengths in the visible range have a low penetra-

tion depth in human tissues (about 6 mm) and the use of PDT

is therefore restricted to superficial tumours5. The combina-

tion of radiotherapy, which requires penetrating X-rays, and

PDT consists in using nanoscintillators to locally convert X-
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rays into light, which then excites the PS and thus generates
1O2. This concept was introduced by Chen et al in 20062

and recent studies have demonstrated an experimental proof

of concept of this effect7–11. A first numerical estimation of

its efficiency was put forth by Morgan et al12. However, the

proposed approach is restrictive and over-estimates the energy

deposition in nanoparticles since energy relaxation in scintil-

lators involves complex processes13,14 including primary and

secondary excitations having migration distances larger than

the nanoparticle size15–18. Such migration distances suggest

that energy is shared between the nanoparticle and its sur-

roundings. The energy deposited in the particle may lead to

scintillation and then to activation of the PS, while the en-

ergy deposited outside of the particle may locally increase the

deposited dose in surrounding tissues.19 The latter effect is

known as radiosensitization and involves loading high density

NPs into tumours to increase the dose absorption leading to

DNA and other damages of the cancer cells20. This effect is

mainly studied with injection of gold particles because of the

high atomic number of this material that highly increases cross

section of the photoelectric effect.21–25

In this contribution, we use Monte Carlo simulations to

numerically estimate the spatial energy distribution result-

ing from the interaction between the X-ray photon and the

NP which drives the PDT and radiosensitization efficiencies.

These simulations can then be used to optimize the nano-

hybrid systems for cancer therapy, which is why we have

studied selected materials which have already been consid-

ered for proof of concept demonstrations or that we consider
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to be of potential interest. We first selected three well known

scintillator compositions (when doped either with Eu3+ or

Tb3+): gadolinium oxide (Gd2O3), gadolinium oxysulfide

(Gd2O2S) and lutetium oxide (Lu2O3). These materials are

dense and their scintillation yields in bulk are among the high-

est known.26 In addition, when properly capped, the simple

oxides have already demonstrated to have an appropriate pat-

tern of biodistribution after injection27. Gd2O2S nanoparti-

cles have already been successfully synthesized and stabilized

in water28. LaF3:Tb3+ has also been used for demonstration

as well as LaF3:Ce3+ 7,9. We also performed the calculations

on two efficient light emitters: cadmium selenide (CdSe)29,30

and Indium Phosphate (InP)31,32. CdSe has already demon-

strated some scintillation properties33 and has been proposed

to obtain a PDT effect.34,35 A recent publication of Lemon et
al.36 reports an efficient transfer in a system made of CdSe

quantum dots conjugated with porphyrins. In the following

sections, the calculations are detailed for Gd2O3, and results

for all other materials are summarized in the last part.

2 Methods

To estimate the spacial distribution energy deposition in a

nanostructured volume, we used Monte Carlo simulations

based on the GEANT4 toolkit (version 4.9.6 patch 02) with

the Livermore low energy package which is the most suit-

able package for low energy deposition in inorganic materials.

The system to be analyzed is a sphere of water representing

the tumour and having a volume Vtum, which is loaded with

nanoscintillators at a concentration of C. The absorption of

the considered volume being weak, the program is divided in

two parts in order to improve the number of events leading to

interactions. The first one calculates the energy distribution of

secondary electrons and photons generated by interaction of

γ-rays with matter. The second step calculates the energy de-

posited in nanoparticles by the electrons and X-rays randomly

generated in the source NP.

For the first program, the geometry consists of a rod-like

structure of scintillating material with an area of 1 nm2 and

1 mm length. This rod is placed at the center of the world
represented as an empty box, with size dimensions of 15 cm -

chosen much bigger than ones of the rod. A sensitive detector

was placed around the rod allowing to histogram all the sec-

ondary particles created by the interaction of γ-rays with the

matter. Incident radiation consists of a monoenergetic beam

irradiating the center of the 1 nm2 surface of the rod.

To achieve a volume ratio in the range of C ≈ 10−3 by dis-

tributing 10 nm diameter NPs within a macroscopic volume

Vtum ≈ few mm3, we need to place about 1015 NPs, which is

far above the computational memory capacity. For the sec-

ond program, the geometry is therefore composed of a source

NP, surrounded by a sphere having a diameter of 1 μm loaded

with randomly distributed NPs. This sphere is surrounded by

several shells regularly spaced with distance h and a thickness

equal to the NP diameter. We optimized the geometry to limit

the fluctuations in the deposited energy and reached the final

geometry: the shells are regularly spaced by a distance h, the

first one has an inner radius of 1 μm + h/2 and the center

of the whole set of shells is shifted from the distance h/2 in

one given direction. More details and justifications about this

choice are given in the supplementary informations (SI1). The

distance h and the number of shells were calculated by keep-

ing the same C ratio. The selection of the C values is discussed

later in this contribution.

3 Results and Discussion

3.1 Local dose excess for high-Z materials

The primary interaction of γ-rays of energy E with matter

leads to ionization of atoms by the photoelectric effect or by

inelastic Compton scattering. The probability of each process

depends on the atomic number (Z) of the considered element.

For instance, the photoelectric cross section varies approx-

imately as (Z/E)3 except for energies about the absorption

edges. Pair production may also occur for energies above

1.022 MeV but our calculations will use energies below this

limit.

In order to estimate the local excess of transferred energy in

high-Z material regarding tissues, the mass energy absorption

coefficient
μen
ρ is used. μen is the absorption coefficient while

ρ is the mass density of the material. Figure 1a) represents the

evolution of this coefficient -
μen
ρ - as a function of the γ-ray

energy for Gd2O3, Lu2O3, LaF3, CdSe as well as for water. By

dividing the values of
μen
ρ for each high-Z material by the

μen
ρ

values of water (Fig. 1b), we directly obtain the ratio of the

enhancement of the local transferred energy for the selected

materials. According to this data, the maximum energy trans-

fer enhancement occurs for energies around 40 - 60 keV. This

demonstrates the well known interest of loading high-Z mate-

rial into tumours and the paper published by Morgan et al12

nicely describes this effect for several scintillators. However,

an ensemble of nanoparticles in liquid is similar to a compos-

ite medium and this mass energy absorption coefficient cannot

be applied directly to the energy deposited in the nanoparti-

cles. Indeed, secondary particles, such as δ electrons, Auger

electrons and X-ray fluorescence photons exhibit migration

distances that are, in most cases, larger than the nanoparticle

size16. As a consequence, a fraction of the transferred energy

given by the previous attenuation calculation will actually es-

cape from the nanoparticle and the deposited energy is thus

shared between the water and the nanoparticles. We therefore

aim to determine the spatial distribution of deposited energy
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Fig. 1 a) Mass energy coefficient
μen
ρ as a function of the X-ray or

γ-ray energy for three scintillating materials (Gd2O3, Lu2O3, LaF3),

for CdSe as well as for water. b) Ratio of the considered material

compared to water for the same material thickness. These values

have been obtained using the NIST database. 37

in the volume surrounding the nanoparticle where the primary

interaction occurs in order to extract limitations of the energy

deposition efficiencies. We performed Monte Carlo GEANT4

calculations, using the Livermore physics list optimized for

low energies and a multistep analysis described in the follow-

ing sections.

3.2 Absorption of high energy γ: spectra of primary par-
ticles

The spatial distribution of deposited energy depends on the

energy of the particles generated by the γ interaction with

matter. Histogramming the energies of primary particles -

electrons and photons - generated by the interaction of the

γ photon in the matter is therefore the first step. Such a

spectrum depends on the energy of the interacting γ-ray and

on the material composition. The absorption efficiency is

higher for dense material than for water but with commonly

used concentrations, NPs occupy a small fraction of the total

volume22,38. This means that the interaction between the γ
photon and the matter can occur either in the NPs or in water.

We have then considered primary particles generated after an

interaction in Gd2O3 and in water. The fraction of interactions

that occur in Gd2O3 and in water is discussed later.

Figure 2a represents the number of generated electrons at

a given energy E due to the interaction between a 500 keV

γ photon and Gd2O3. The histogram was normalized to

the number of interacting γ photons (106 events) to obtain

the distribution function. Such a typical spectrum can be

described as follows: The high energy lines are due to a

photoelectric interaction with an atom that remains excited

and whose relaxation can induce Auger electrons (low energy

lines) as well as X-ray fluorescence photons (escaped X-rays).

These lines depend on the energetic characteristics of the

material constituents (K, L, M... thresholds). The continuum

arises from the Compton effect, where only a part of the initial

energy is transferred to an electron from an outer atomic shell.

We write the general form of such an electron spectrum which

depends on the energy of incident γ-ray and of the material in

which the interaction occurs (here Gd2O3) as Se
Gd(Eγ ,E).
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Fig. 2 Histograms correspond to the normalized number (per

interaction γ-photon) of primary particles generated after interaction

with a 500 keV γ photon in Gd2O3, (a) electrons and (b) photons,

and in water, (c) electrons and (d) photons. Note that the sum over

all events is larger than 1 because some interactions produce

multiple electrons. Nevertheless we checked that the normalization

condition is respected: Eγ = ∑i Se(Eγ ,Ei) ·Ei +∑ j Sp(Eγ ,E j) ·E j

Figure 2b represents the distribution function of primary

photons, Sp
Gd(Eγ ,E), generated after the interaction with a

500 keV γ photon with Gd2O3. The low energy photon lines

correspond to the X-ray fluorescence involved in atomic re-

laxation of deep holes. The energy continuum corresponds to

Compton scattered γ-rays.

The histograms presented in Figs. 2c and 2d are the same

distribution functions, Se
wat(Eγ ,E) and Sp

wat(Eγ ,E), but con-

sidering an interaction in water instead of Gd2O3. Because
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water is composed of light elements, Compton scattering is

the main interaction and the photoelectric effect becomes neg-

ligible. As a consequence neither discrete high energetic elec-

trons nor low energy Auger electrons and X-ray fluorescence

resulting from atomic relaxation appear.

3.3 Energy deposited in the ”source” nanoparticle

Once we obtain the histograms of electron and photon dis-

tribution functions, we aim to evaluate the fraction of energy

deposited within the NP where the γ photon interacted - called

the ”source NP”. For this second step, we developed another

program to follow step by step each primary particle and to

plot the spatial distribution of the deposited energy in and out-

side the NP. In this program, a Gd2O3 NP is simulated as a

sphere, placed at the center of a bigger water sphere. The pri-

mary particles (electrons or photons) are randomly (in initial

position and direction) generated within the Gd2O3 NP. The

fraction (in %) of energy deposited in the source nanoparti-

cle by primary and secondary electrons (resp. photons) as a

function of their initial energy is ηe(E) (resp. ηp(E)). Exam-

ples of such curves are given in Fig. 3 for three different NP

diameters: 10, 40 and 100 nm. Even for the biggest NP, the

deposited energy decreases very quickly when the electron en-

ergy increases. Two illustrations of spatial distribution of en-

ergy deposition are presented in the case of an electron initial

energy of 2 keV (Fig.3.1) and 10 keV (Fig. 3.2) generated in a

100 nm diameter Gd2O3 NP. On these visualizations, the NP

is represented by a blue sphere, the electron trajectories by red

lines and the hits by yellow dots. For each case, the energy

depositions per unit radial distance are plotted as a function of

the normalized distance to the NP center. Even for these low

energy electrons, a large amount of energy leaves the NP and

is deposited in the surrounding medium. To calculate the en-

ergy deposited in the NP by the primary electrons and photons

generated after interaction of a γ photon in the source NP, we

sum over all bins i(electrons) and j(photons) corresponding

the energies Ei/ j (Fig. 2):

Esource = ∑
i

Se
Gd(Eγ ,Ei) ·ηe(Ei) ·Ei

+∑
j

Sp
Gd(Eγ ,E j) ·ηp(E j) ·E j (1)

The results obtained for a Gd2O3 NP of 100 nm diameter are

presented in Table 1, which summarizes the amounts of en-

ergy deposited by electrons and photons within the source NP

after interaction of a γ photon with an energy Eγ (from 100 to

500 keV).

Fig. 3 Top: deposited energy per unit of normalized radial distance

from the center of the NP (diameter of 100nm of Gd2O3) for -1-

2 keV electrons and -2- 10 keV electrons. Visualisation of the

spatial distribution of the deposited energy are shown as insets.

Bottom: Percentage of deposited energy per electron generated in a

Gd2O3 nanoparticle for three different diameters, as a function of

the primary electron energy.

3.4 Influence of the concentration

The previous calculation points out that the fraction of de-

posited energy in a source NP Gd2O3 interacting with a γ
photon is rather small. In addition, the spatial distribution of

the deposited energy (see Fig. 3) clearly shows that energy
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Table 1 Energy deposited (in keV) in a NP with a diameter of

100 nm by electrons (Ee
source) and photons (Ep

source) for five initial

energies of the interacting γ-ray.

Eγ (keV) 100 200 300 400 500

Ee
source(keV) 1.07 0.88 0.67 0.49 0.37

Ep
source(eV) 2.4 2.0 1.5 1.1 1.1

deposition distances might reach several micrometers, which

suggests that depending on the NP concentration, secondary

particles may be involved in the energy deposition process. As

a consequence we have to take surroundings NPs into account

in our simulations.

3.4.1 Multi-NP tumour model. The system we are now

studying is a macroscopic volume called Vtum, that represents

a tumour. Vtum is supposed to be a sphere filled with water

and loaded with Gd2O3 NPs. We consider a radius of 2.8 mm

because this corresponds to the smallest volume able to con-

tain all the secondary particles induced by primary electrons

resulting from an interaction with γ-rays of energies up to 500

keV. Furthermore, such a size is within a reasonable order of

magnitude in agreement with volumes used to describe tumour

models in the literature.39 We consider a first interaction oc-

curring at the center of this volume. The NPs concentrations

were chosen using data from Hainfeld21 and McMahon38

who performed experimental measurements of radiosensitiza-

tion enhancement effect in presence of gold NPs. From the

values given in these contributions, we estimated some real-

istic particle volumic concentrations quantified by the ratio

C = Voccupied/Vtum. We considered thus two different C val-

ues equal to 7 · 10−3 and 2 · 10−3 that corresponds to around

52 mg.mL−1 and 15 mg.mL−1 of Gd2O3, respectively. The

concentrations of in vitro experiments may be lower but in

this range of concentrations we expect a linear evolution of the

deposited energy with the concentration. We performed the

calculations for two different diameters, 10 and 100 nm, that

correspond to diameters of NPs delivered via intravenous in-

jection and via intratumoural injection respectively.40 As de-

scribed in the method section, we therefore divide the tumour

volume into two zones with respect to the NP that absorbs

the γ-photon: on one hand, there is the near zone, for which

we fully take into account the interaction with a random dis-

tribution of secondary NPs. NPs far away from the primary

absorber, on the other hand, are introduced in the model as

spherically symmetric shells of Gd2O3 with appropriate thick-

nesses and spacing.

Using this model, the fraction of deposited energy, now writ-

ten as a function of the initial primary electron energy E, can

be deduced ηe
c (E) (ηp

c (E) for primary photons). The sub-

script c indicates that this attenuation depends on the concen-

tration C. Fig. 4 illustrates how the energy is shared among

the various considered part of the geometry. Note first that

the minimum observed around 8 keV is due to edge affect of

the selected geometry and has no physical sense (See SI1).

We can clearly see that the fraction of deposited energy in the

source NP is negligible for electron energy over a few keV.

Note also that the deposited energy is a mean value over a

huge number of events and that from event to event we have

natural fluctuation of energy deposition. In the inset, we il-

lustrate the calculated distribution of energy deposition event

for a primary electron having an energy of 250 keV. Here, the

mean deposited energy is 5 keV and the full width half maxi-

mum corresponding to the spread in energy deposition is about

3 keV.

3.4.2 Discussion of the first interaction. As mentioned,

the primary interaction with the γ-ray can occur in water or

in a Gd2O3 NP. According to the Beer-Lambert equation, the

fraction (α) of γ-rays that interact with a system containing

Gd2O3 NPs can be obtained considering the attenuation coef-

ficient μatt and the equivalent thicknesses for either Gd2O3 or

water (from the NIST table37). Despite the attenuation coef-

ficient of Gd2O3 being larger than the attenuation coefficient

of water, most of the interactions occur in water because of

the small volume fraction occupied by the nanoparticles. βwat

and βGd that are presented in Table 2, quantify the positioning

of γ photon interaction probabilities among the two materials.

They point out the crucial role of absorption in water that also

needs to be considered for the calculation of energy deposition

in the scintillator.

Table 2 α is the fraction of γ photons interacting in the tumour

(expressed in %). The columns Gd2O3 and water indicate how the

interaction probabilities are distributed between the two materials

(βwat and βGd).

C = 2 ·10−3 C = 7 ·10−3

Eγ (keV) βGd βwat α(% ) βGd βwat α(% )

100 keV 0.20 0.80 7.6 0.45 0.55 11.2

200 keV 0.05 0.95 5.4 0.16 0.84 6.0

300 keV 0.03 0.97 4.5 0.09 0.91 4.8

400 keV 0.02 0.98 4.1 0.06 0.94 4.2

500 keV 0.02 0.98 3.7 0.05 0.95 3.8

3.4.3 Calculation of the energy deposited in each ma-
terial. To estimate the total energy deposition, we need to

consider all generated primary electrons and photons, whether

the first interaction occurs in water or in Gd2O3. Because the

energy spectrum of the primary particles generated is different

when the interaction occurs in Gd2O3 and in water, the cal-

culation of deposited energy in the scintillator per interacting
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Table 3 Total energy deposited (in keV) in Gd2O3 and in water after

the interaction of one γ photon in the tumour. NPs of 10 and 100 nm

diameter are considered with occupation ratios equal to 2 ·10−3 and

7 ·10−3, respectively. For comparison, the deposited energy in water

in the case of particle free tumour (C=0) are respectively (in keV)

15.87, 44.74, 82.74, 126.22 and 173.44 for interacting photons

having the specified energy values given in the table from 100 keV

to 500 keV

C = 2 ·10−3 10 nm 100 nm

Eγ (keV) Gd2O3 Water Gd2O3 Water

100 keV 0.23 25.50 0.91 24.93

200 keV 0.30 49.67 0.79 49.20

300 keV 0.51 85.37 0.92 84.97

400 keV 0.79 127.45 1.13 127.10

500 keV 1.10 173.85 1.41 173.52

C = 7 ·10−3 10 nm 100 nm

100 keV 0.95 38.49 2.12 37.36

200 keV 1.21 59.62 1.94 59.07

300 keV 1.84 90.99 2.47 90.55

400 keV 2.70 130.26 3.29 129.81

500 keV 3.71 174.93 4.28 174.29

γ-ray takes the following form:

Etotal = ∑
k=wat,Gd

βk ·
(

∑
i

Se
k(Eγ ,Ei) ·ηe

c (Ei) ·Ei

+∑
j

Sp
k(Eγ ,E j) ·ηp

c (E j) ·E j

)
(2)

Similarly, we can also estimate the energy deposition in the

water. Table 3 presents the final results obtained for 10 and

100 nm diameter NPs of Gd2O3 placed in water with two dif-

ferent occupation ratios (2 · 10−3 and 7 · 10−3). As indicated

above, the obtained results represent a statistical average of

the deposited energy amount. The respective contributions

of primary interactions in water and in the NP can be eval-

uated. As an illustration for C = 7 ·10−3 and 10 nm diameter

NP, 3.41 keV of the 3.71 keV which are statistically deposited

in the NP is due to primary interactions occurring in water

(92%), pointing out the crucial role of this effect.

We restricted the calculation to 500 keV because of com-

puting time. For energies larger than 200-300 keV, a linear

behaviour can be seen from table 3. These energies are far

above the highest energy absorption edge (The K-edge of Gd

is around 50.2 keV). Therefore, we consider the behaviour as

linear at higher energies. Nevertheless, some sublinearities are

expected over 500 keV if the tumour size is kept at 2.8 mm,

since such a size has been selected to contain the secondary

electrons. For energies slightly larger than 2·511 keV, a few

events leading to pair creation might occur, but the probability

remains weak. We consider that the energy deposition effi-

ciency order of magnitude can then be extrapolated from the

results calculated at 500 keV.

Fig. 4 Energy deposition in the various parts of the multi-NP

tumour model as a function of the primary electron energy. The

calculations are performed for 10 nm diameter NPs of Gd2O3

placed in water with the occupation ratio C = 7·10−3. Dashed

orange: source NP; Solid orange: Source NP + first sphere of 1μm

of diameter containing NPs; Solid purple: the whole system. The

inset presents an histogram of energy fluctuations around the mean

value for a primary electron of energy 250 keV.

3.4.4 PDT activation. X-ray induced PDT requires that

the scintillator, here Gd2O3, be in its excited state, which can

then either emit light or excite the photosensitizer through ra-

diative or non radiative transfer (FRET)8. Once activated, the

photosensitizer generates a reactive oxygen species such as

singlet oxygen, the main cytotoxic agent involved in the PDT

process. Based on the previous discussion, we adapted the for-

mula proposed by Morgan et al. to estimate the efficiency of

the PDT activated by x-rays.12 N1O2
, the number of generated

1O2 per interacting X photon can be obtained as follows:

N1O2
= ηnano ·Φscinti ·Eγ ·Φtransfer ·ΦΔ,

where Φscinti corresponds to the scintillation yield of the con-

sidered scintillator when ungrafted (expressed in number of

photons per keV), Eγ is the energy of the interacting photon

(keV), Φtransfer is the transfer efficiency from the nanoscintil-

lator to the photosensitizer and ΦΔ is the singlet oxygen pro-

duction efficiency once the photosensitizer is activated. We

demonstrated above that the spacial distribution of energy re-

laxation in the mixed media means that only a fraction of the

initial energy is deposited in the scintillating nanoparticles and

we therefore introduce ηnano as this fraction. Note that our cal-

culations show a significant deposited energy in the scintillator
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despite the primary interaction occurring in water. ηnano takes

into account this contribution to the total energy deposited in

the scintillating material and is calculated for a given occu-

pation ratio of the tumour. As an illustration, in the case of

10 nm nanoparticles distributed in the tumour with an occu-

pation ratio of 7 · 10−3, a 100 keV γ-ray that interacts in the

tumour finally deposits in average 950 eV leading to an esti-

mated ηnano = 0.95%. When the occupation ratio decreases to

2 · 10−3, the value of ηnano goes down to 0.23% pointing out

that this parameter is almost proportional to the NP concentra-

tion (in this low concentration range). The values of ηnano are

presented in the supplementary Information (SI3) for Gd2O3

NPs of 10 and 100 nm diameter, distributed in the tumour with

the occupation ratios of 2 ·10−3 and 7 ·10−3.

ΦΔ has already been measured and the highest values are

about 0.812. To estimate the physical limits due to energy de-

position, we consider the most favorable case where Φtransfer is

equal to 1. The value of Φscinti is strongly material dependent.

The best values obtained in modern scintillators for ionizing

radiation detection are in the order of 105 photons per MeV

(about 97000 photons/MeV for BaBrI:Eu2+). 41 Nevertheless,

such a high value is given for bulk single crystal and biocom-

patibility of this compound is unknown. For more common

materials already existing as NPs such as Gd2O3 we consider

as more reasonable a scintillation yield for bulk materials of

about 15000 photons per MeV26.

From these assumptions we deduce that around 12000 1O2

molecules may be produced per MeV of energy deposited in

the nanoscintillator. As an illustration, in the case of a tumour

containing 10 nm NPs distributed with an occupation ratio of

7 ·10−3 irradiated by 500 keV γ photons, the average value of

energy deposited in the Gd2O3 NPs is 3.71 keV (Table 3). It

gives an average number of 1O2 molecules activated per inter-

acting photon equal to 44. This number of 1O2 molecules ac-

tivated per interacting photon might appear to be small, that is

why this therapy has to be considered as combined with radio-

therapy, for which the fluences are intense. In addition, energy

deposition in the tumour (the water in our model) induces the

well known radiosensitization effect19,24,25, that corresponds

to a local excess of the dose deposited inside the tumour vol-

ume compared to in healthy tissues due to the presence of NPs.

The potential of this treatment is then based on the combined

effect of radiotherapy, radiosensitization and PDT.

3.5 Calculation for other compounds

Because efficiency of the PDT induced by X-ray radiation de-

pends on many factors such as biodistribution after injection,

toxicity, scintillation yield, efficiency of transfer toward pho-

tosensitizers, several material types might compete each oth-

ers. We stress here the energy deposition of several potential

nanoscintillators for 100 and 500 keV irradiation, for a par-

Table 4 Energy deposited in matter (keV) for one γ photon

interaction in a tumour of volume Vtum loaded with 10 nm diameter

NPs, with an occupation ratio of 7·10−3. The absorption of the

photons is also calculated for the two considered energies.

Eγ = 100 keV Abs.(%) Ematter ηnano (%)

Gold 29.0 2.59 2.59

Lu2O3 14.5 1.22 1.22

Gd2O3 11.2 0.95 0.95

Lu2SiO5 12.0 0.92 0.92

Gd2O2S 11.0 0.94 0.94

Lu3Al5O12 10.5 0.81 0.81

LaF3 8.69 0.66 0.66

CdSe 7.85 0.55 0.55

InP 7.74 0.46 0.46

Water 6.15

Eγ = 500 keV Abs.(%) Ematter ηnano (%)

Gold 4.41 7.92 1.58

Lu2O3 3.95 4.46 0.89

Gd2O3 3.84 3.71 0.74

Lu2SiO5 3.87 3.87 0.77

Gd2O2S 3.85 3.74 0.75

Lu3Al5O12 3.84 3.87 0.77

LaF3 3.79 3.40 0.68

CdSe 3.77 3.05 0.61

InP 3.76 2.72 0.54

Water 3.66

ticular configuration: 10 nm diameter NPs distributed in the

tumour with an occupation ratio of 7 · 10−3 (Table 4). De-

spite corresponding to particular conditions, the obtained re-

sults can be extrapolated to other cases in order to extract order

of magnitudes. Indeed, we saw previously, that the deposited

energy is not that much dependent to particle size when keep-

ing the same occupation ratio. We also expect a linear de-

pendance on concentration in this range. For larger tumour

volumes, taking into account the small absorption coefficient,

the absorption varies almost linearly with the considered vol-

ume. Regarding energy deposition, the Vtum selected was cho-

sen to contain all the secondary electrons, increasing the vol-

ume will only affect the deposited energy due to secondary

X-rays, which linearly depends on the volume. The respective

fraction of energy deposition due to secondary electrons and

X-rays are presented in the supplementary Information (SI2).

The dependance with energy of incident γ-rays is less direct

and would require specific calculations. We nevertheless see

that from 100 keV to 500 keV, the deposited energy in the

nanoparticles is multiplied by about 3.6 in the case of Lu2O3

and by 5.9 for InP.
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4 Conclusion

In conclusion, we have shown that the spatial energy distri-

bution between the nanoscintillors and the surrounding media

occurring during the energy relaxation cascade of an interact-

ing X- or γ-ray leads to a significant loss regarding the light

emission efficiency and thus the photodynamic effect. On the

other hand, we point out that a significant fraction of energy

is deposited within the NPs despite the primary interaction oc-

curring in the surrounding media. Taking into account of these

effects, a new loss parameter ηnano has been introduced and

numerically estimated using Monte Carlo simulations for var-

ious nanoscintillator types in terms of composition, size and

concentration. This knowledge can be used to quantify the ex-

pected number of 1O2 generated in the frame of therapy com-

bining radiotherapy and photodynamic effect.
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