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Simple Summary: This study provides the proof-of-concept of metal-based nanoparticles, injected
into tumor, as a prompt gamma (PG) enhancer, assisting beam range verification, which presents
a major challenge in protontherapy treatment. We showed that metallic nanoparticles can increase
the yield of PG after interaction with an incident proton beam via specific nuclear reactions. We
investigated the applicability of this technology in different clinical scenarios and identified that the
PG camera design and nanoparticles biodistribution in the patient body are the two main limiting
factors to allow for a successful clinical translation.

Abstract: In clinical practice, dose delivery in proton therapy treatment is affected by uncertainties
related to the range of the beam in the patient, which requires medical physicists to introduce safety
margins on the penetration depth of the beam. Although this ensures an irradiation of the entire
clinical target volume with the prescribed dose, these safety margins also lead to the exposure of
nearby healthy tissues and a subsequent risk of side effects. Therefore, non-invasive techniques that
allow for margin reduction through online monitoring of prompt gammas emitted along the proton
tracks in the patient are currently under development. This study provides the proof-of-concept
of metal-based nanoparticles, injected into the tumor, as a prompt gamma enhancer, helping in the
beam range verification. It identifies the limitations of this application, suggesting a low feasibility in
a realistic clinical scenario but opens some avenues for improvement.

Keywords: prompt gamma; nanoparticles; proton therapy; radioenhancer; radiosensitizer

1. Introduction

Therapies based on charged particles such as proton and carbon-ion therapy are
attracting interest due to the favorable ballistic properties of ion-matter interaction. The
characteristic Bragg peak allows for the shaping of the deposited dose distribution, thereby
maximizing tumor targeting while sparing the surrounded healthy tissue [1]. This presents
a clear advantage over classical X-ray radiotherapy, especially for a tumor located in front
of organs that are at risk, since the dose-depth profile reduces rapidly to zero after the
Bragg peak resulting in a dose deposition in deeper tissues. However, this ballistic benefit
also makes hadrontherapy more prone to errors. Since the stopping power of a proton
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depends on the exact composition of tissues encountered by the beam, hadrontherapy
is quite sensitive to any potential source of deviation such as organ motion, patient mis-
positioning or anatomic changes between dose fractions [2]. Moreover, uncertainties arise
from the treatment planning since the patient-specific proton stopping power values are
deduced from computed tomography images via a conversion of the X-ray attenuation
coefficient to the stopping power [3,4]. By taking into account imaging modalities, patient
setup, beam delivery and dose calculation, Paganetti et al. estimated a total proton range
uncertainty of 2.7% + 1.2 mm [5]. In clinical practice, this leads to the introduction of safety
margins in the treatment planning in order to ensure an irradiation of the entire clinical
target volume with the prescribed dose. However, these safety margins lead to nearby
healthy tissues becoming exposed, and a subsequent risk of side effects. Therefore, the
interest for a non-invasive technique that allows for margin reduction through the on-line
monitoring of the beam range is growing [6].

Different approaches are currently under development to monitor the ion range in
patients. Most of them are based on the analysis of secondary products issued from
ion—matter interaction during irradiation, including neutrons [7,8], ultrasounds [9,10],
positrons [11,12], electron-bremsstrahlung [13] or gamma photons. Among them, the detec-
tion of prompt-gamma (PG) radiations for beam range monitoring has several advantages.
Due to their high energy (mostly from 1 to 8 MeV), gamma photons have a high probability
to exit the patient body without any interaction on their way out, ensuring undisturbed
information. As the PG emission immediately follows the interaction between the incident
particle and the tissue nuclei, its use can manage the time structure and intensities of treat-
ment beams in the therapy facility. Finally, a strong correlation is expected between the PG
spectra and the proton range, so as to accurately pinpoint the Bragg peak position [14,15].

Since Stichelbaut and Jongen first proposed the use of PG detection to monitor beam
range in 2003 [16], this idea has been tested in clinical setups [17,18]. This development
was achieved as a result of Monte Carlo (MC) simulation codes that have the potential
to fully describe the nuclear processes that lead to secondary radiation emission [19-21].
Initial studies focusing on PG emission reproduction were performed with Geant4 [22,23].

The development of nanomedicine has become one of the leading areas in the fight
against cancer, with first-generation candidates reaching clinical trials. The ability of metal-
based nanoparticles to amplify proton radiation treatment efficiency was demonstrated,
highlighting their potential use to decrease dose delivered to the patient and any subse-
quent healthy tissue side effects [24-26]. Indeed, the presence of these nano-objects in
the planning tumor volume (PTV) increases the mean tissue density, resulting in a higher
proton stopping power when the charged particle crosses the target volume. Although this
hypothesis was largely studied in terms of the radiosensitization mechanism, the opportu-
nity to use them as a PG signal enhancer remains poorly investigated. By increasing the
energy deposited in the PTV, the number of detected PG can be maximized so as to gather
valuable information on beam range. In the framework of this study, we investigated
the coupling of the well-described radiosensitizer role of metallic nanoparticles with a
potential PG yield-enhancer effect.

2. Materials and Methods
2.1. Geant4 Monte Carlo Simulations
2.1.1. Physics Lists

To reproduce the stochastic nature of interactions between charged particles and the
considered target (water, water with 1% mass fraction nanoparticles, bone, muscle), the
resulting PG emission and its transport in solids and detection, we used simulation tools
based on a Monte Carlo approach. In this study, the Geant4 10.05.p01 version was used.

The Geant4 PhysicsList used for each simulation contains builders for hadronic interac-
tions. For electromagnetic processes, this list includes the G4EmStandardPhysics_option3
physics. For hadronic physics, the QGSP_BIC_HP list is used as it was found to provide
good results for proton therapy studies [27,28]. QGSP stands for the “quark gluon string
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precompound” model, BIC for “Binary Cascade”, and HP indicates that a high precision
neutron tracking model is used for thermal energies up to 20 MeV.

The G4RadioactiveDecayPhysics and G4HadronElasticPhysicsHP modules were ac-
tive. The point source issued 150 MeV protons in the z direction. For proton step size, a
limit of 1 mm was selected to decrease the simulation duration.

2.1.2. Geant4 Simulation Geometry

The geometry, depicted on Figure 1, consists of a water box of a 20 cm length and
20 cm side. At a 5 cm depth, the water volume is filled with three boxes of a 2 cm length
and 15 cm side, made of adipose tissue, muscle and dense bone (densities are referred
in Table 1). Following the production of these layers, a 1 cm water gap and a box called
“Tumor volume” of 3 cm length and 15 cm side are added. The tumor volume is either
filled with water (best case scenario for optimum gamma ray yield compared to all other
tissues) or with water containing 1% weight of metal (Ag, Al, Au, Bi, Cd, Gd, Hf, 5i, Ti) in
the case of a tumor loaded with metal-based nanoparticles. Nanoparticles are not explicitly
modeled, as a 1% weight of small metal spheres would constitute a tremendous number
of objects. For this reason, a mixture approach was selected. This geometry represents
liver irradiation, for which some protons could pass successively through adipose tissue,
intercostal muscle and one of the last ribs of the thoracic cage. Nevertheless, the dimensions
do not correspond to a given clinical condition, as they vary depending on the patient.

1 23 4

Beam

20cm

2cm 3‘c_n'1__ '\9

20 cm

Figure 1. Heterogeneous target implemented in Geant4. The complete material list is: (1) adipose
tissue, (2) muscle, (3) dense bone and (4) “Tumor volume”. The tumor volume material is filled with
water or a mix of water with Ag, Al, Au, Bi, Cd, Gd, Hf, Si or Ti for which a mass weight of 1%

is used.

Table 1. Material density used in Geant4.

Material Density (g/cm?)
Adipose tissue 0.967
Water 1.000
Muscle 1.061
Dense bone 1.575

Each primary or secondary gamma is scored at creation vertex and, where appropriate, its position is reported in
the beam direction (depth in tissue). The cut value has been set to 1 nm for all particle types.

Densities from the International Commission on Radiation Units and measurements
(ICRU) report 37 are used for each material [29]. The density of each material is given in
the table below:
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3. Results
Prompt Gamma Enhancement with Nanoparticles
The tumor volume material (see Figure 1) can be filled with water or a mixture of water
with nanoparticles (Ag, Al, Au, Bi, Cd, Gd, Hf, Si or Ti). The nanoparticles (NPs) number is
determined based on a 1% NP mass weight condition. This concentration is comparable to
the gold concentration measured by Hainfeld et al. for in vivo tumors [30-32]. The proton
beam energy is set to 150 MeV. Figure 2 presents the energy deposited by the proton along
its path.
a) b)
1.0 —Ag
—Al
Au
08- ——Bi
—cd
@ —Gd @
S 06 ——Hf S
- = -
g —Ti :
T water| T
E osd i E
2 2

0.2

0.0

T T T 1
8 10 12 14 16 18 20 4 X 14.0 14.5 155 16.0

Depth(cm) Depth(cm)

Figure 2. (a) Normalized dose distribution after 150 MeV proton irradiation. (b) Zoom on the “Tumor volume”.

As the “dense bone” density (1.575 g/cm?) is higher than water (1.000 g/cm?), a higher
energy deposition is observed between a 9 and 11 cm depth. As expected, depending on
the “tumor volume” composition, the energy deposited is affected and, consequently, the
proton range. The lowest range is obtained in the case of an Au of 1% weight whereas the
maximum range corresponds to the case of a water target (see Table 2). Figure 3 shows the
PG rays longitudinal distributions after 150 MeV proton irradiation.

Table 2. Proton beam range at 80% BP and corresponding PG range (>1 MeV) after 150 MeV
proton irradiation.

Longitudinal Beam Range

Longitudinal PG Range

Element (mm -+ 0.1 mm) (mm + 0.1 mm) Delta (mm + 0.1mm)
Ag 145.5 143.4 2.1
Al 147.3 145.1 22
Au 143.7 141.8 1.9
Bi 145.7 143.5 22
Cd 146.0 143.8 22
Gd 146.2 144.0 2.2
Hf 145.0 142.9 2.1
Si 147.5 145.2 2.3
Ti 146.9 144.7 2.2

Water 148.3 145.9 24




Radiation 2021, 1

309

3.2x102
3.0x10%
2.8x10%
26x10%
1.6x107
1.4x10°7
1.2x10% 4
1.0x10
8.0x10°% o

6.0x10° o

Number of gamma /proton/cm

4.0x107 o

2.0x107 o

00

b)
——Ag ——Ag
— Al 32107 — Al
Au 380 \ Au
—Bi 2.6x10% ——Bi
T £ T ——cd
5 1.6x107 —Gd
B —Hf
4 1.4x107 4 —Si
@ N
£ 1.2x102 —T
E —— Water|
@ 1.0x107
5 =
5 8.0x10° f
o
E 6.0x10° 4
z
4.0x10° o
2.0x107 o
T T T T T T 1 0.0 T T T 1
0 8 10 12 14 16 18 20 12 13 14 15 16
Depth (cm) Depth (cm)

Figure 3. (a) Longitudinal distribution of all gamma rays emitted with energies higher than 1 MeV after 150 MeV proton

irradiation. (b) Zoom on the “Tumor volume” (depth range: 12-16 cm).

The amount of PG emitted from Gd loaded tumor is the most significant. However,
the majority of this signal is constituted by secondary PG resulting from (n,y) reactions.
Indeed, two gadolinium isotopes have a large capture cross section for thermal neutrons:
60,900 b for 1%°Gd (isotopic abundance 14.80%) and 254,000 b for 175Gd (isotopic abun-
dance 15.65%) [33]. Since the proton range information is linked to the primary gamma
rays and not the secondary gamma, the amount of secondary gamma is not relevant for
range estimation.

As is similar to the energy deposition profile, a decrease in the PG yield is observed
in the adipose tissue region between a 5 and 7 cm depth and an important increase can
be noted between a 9 and 11 cm depth in the dense bone area. This is partly due to the
stopping power value differences between both materials and additional (p,y) reactions
that are produced in the bone area, e.g., ¥'P(p,p"y)!P, producing 1266 keV gamma or
40Cel(p,p’y)‘mCa with deexcitation at 3736 keV [34,35]. In addition, the PG ray profile is
dependent on the composition of the “tumor volume”.

In order to evaluate the correlation between the PG signal intensity and the BP shifts,
we calculated the particle beam range and the PG range for each material. The particle
range corresponds to the position of the 80% BP distal fall off. Similarly, the PG range is
the position corresponding to the 80% PG emission yield fall-off. The obtained results are
presented in Table 2. A significant Pearson’s correlation coefficient of 0.9993 (p value < 0.01)
was calculated between the two ranges. A normalized dose and associated total PG
emission are presented for water and tumor loaded with SiNP in supplemental Figure S1.

For each material, PG rays provide a high accuracy in order to estimate the proton
beam range. The small 2 mm mismatch between the PG range and actual beam range is
a known offset and results from the low proton energy at this depth, which is too low to
drive nuclear reactions. Notably, the BP position slightly shifts to lower values when the
metal atomic number increases, as expected from Bethe-Bloch formula.

In order to determine the optimal nanoparticle composition to enhance PG emission,
for each nanoparticle material, the ratio between the primary gamma yield at 80% PG fall
off and the secondary gamma yield at 80% PG is calculated and compared to that obtained
for water alone. The results are presented in Table 3.

Among the tested metals, the maximum absolute yield for primary PG rays emission
was obtained for AgNP. However, the presence of Ag, Au, Cd, Gd, Hf, and Ti nanoparticles
lead to a decrease in the primary to secondary PG ratio when compared to water. The
proton range information is linked to the primary gamma rays and the secondary gamma
rays could lead to significant interference on the BP tracking. Therefore, the best choice
corresponds to the one that maximizes the primary PG emission yield compared to the



Radiation 2021, 1

310

secondary PG emission yield. From Table 3, it can be observed that AINP, BiNP and SiNP
are the best suited. The ratio between primary and secondary PG yield is increased by 6%,
3% and 3% for SiNP, AINP and BiND, respectively, compared to water. Among these, the
maximum absolute yield for primary PG ray emission is obtained for BiNP. The presence of
Ag, Au, Cd, Gd, Hf, and Ti nanoparticles leads to a decrease in the primary to secondary PG
ratio when comparing to water. If we assume a 2 Gy dose deposition (typical value of dose
per fraction in daily radiotherapy sessions) delivered as pristine peaks, this corresponds to
1.68 x 10! protons passing through the tumor volume in our configuration. This means
that the presence of 1% Si NP in the tumor volume leads to 8 x 10° additional primary PG
compared to the water control.

Table 3. Comparison between primary gamma and secondary gamma enhancement at 80% PG
fall off.

Number of Primary Number of Secondary

Element PG per Incident PG per Incident Ratio (Primary/ Fold Change with

Proton Proton Secondary PG) Respect to Water
Ag 6.72 x 1074 1.73 x 1074 3.88 0.86
Al 6.17 x 1074 1.32 x 1074 4.66 1.03
Au 6.33 x 1074 1.76 x 104 3.60 0.80
Bi 6.66 x 1074 1.43 x 10~* 4.66 1.03
cd 6.03 x 1074 2.35 x 1074 2.56 0.57
Gd 6.07 x 107* 4.05 x 1074 1.50 0.33
Hf 6.20 x 1074 1.80 x 1074 3.45 0.76
Si 6.24 x 1074 1.30 x 1074 4.79 1.06
Ti 5.84 x 1074 1.42 x 1074 4.10 0.91
Water 5.75 x 10™* 1.28 x 1074 451 1.00

Some particular spectroscopic features were found in the energy spectra. Figure 4
shows the total gamma energy spectra and the primary PG energy spectra after 150 MeV
proton irradiation between 1 and 8 MeV. Figure S2 can be referred to as a reference for the
gamma rays emitted in the 0-1 MeV range. Most of the peaks originate from spallation
reactions, neutron capture or inelastic proton interactions. It should be noted that, as the
tumor volume is a mixture of water +1% weight of metallic nanoparticles, all characteristic
peaks for water were also present with the same intensities. Common PG peaks for water
and peaks of interest for silicon are presented in Table 4. Most reactions are listed in [34,36].

For proton-induced reactions, a comparison between Figure 4a,b and c,d highlights
that the most prominent PG emission peaks originates from secondary processes such
(n,y) nuclear reactions. The interactions of the proton beam within the patient inevitably
lead to neutron production, that in turn generate secondary nuclear reactions, resulting
in an unintended dose. For instance, the 2.23 MeV peak results from neutron capture
by hydrogen nuclei, namely 'H(n,y)?H. 1'3Cd has a very high cross section for thermal
neutron capture (~20,600 b), giving rise to numerous peaks below 1 MeV (cfr. Figure 52)
and two intense higher energy peaks at 4.44 and 4.79 MeV [37]. 1%”Gd also produced an
intense peak at 7.937 MeV [33]. Other prominent rays can be identified at 6.512, 6.81, 7.28,
and 7.63 MeV after the bombardment of 17 Au, 177 Ag, 1 Ag and 77Hf, respectively. The
relative importance of secondary processes when investigating the proton range through
NP use can also be observed by analyzing Table 3. Ratios that are much smaller than the
water equivalent value represent pollution in the PG signal and to additional doses in the
patient, discarding Gd and Cd NP, and, to a lesser degree, Hf NP.
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Figure 4. (a) Energy spectra of all gamma generated after 150 MeV proton irradiation and (b) corresponding fold change with
respect to water. (c) Energy spectra of primary gamma generated after 150 MeV proton irradiation and (d) corresponding
fold change with respect to water.

Table 4. Common prompt gamma rays from oxygen-16 and silicon-28, observed for the simulated

tumor volume.

Peaks (MeV)

Prompt Gamma Reactions

Water
1.022 160 (p,x) 19B*
1.635 160 (p,x) 4N*
2313 160 (p,x) 14N*
2.742 160 (p,p) 1°0*
3.684 160 (p,x) 13C*
3.853 160 (p,x) 13C*
4.438 160 (p,x) 12C*
5.240 160 (p,x) 150*
5.269 160 (p,x) N*
5.298 160 (p,x) 15N*
6.129 160 (p,p) 1°0*
6.175 160 (p,x) 150*
6.916 160 (p,p’) 100O*
7.115 160 (P.p) 160

Silicon
1.014 28g4 (X 27 A1*
1.779 83i (p,p’) 28si*

p = incoming proton, p’ = scattered proton, x = ejected fragment, * = excited state of the nucleus.
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A closer look at Figure 4c,d highlights an interesting emission peak found for SiNP
at 1.779 MeV. Figure 5 presents the fold change with respect to water of primary PG from
the tumor volume loaded with 1%wt SiNP or 1% wt AINP. The 1.779 MeV PG emission
peak on Figure 5a originates from the proton interaction through the 28Si(p,n)?P* process.
However, another competing reaction, 28Si(n,p)?8 Al*, produces radioactive aluminum
nuclides that relax at an identical energy. For cross sections of approximately the same
order of magnitude, it may be difficult to precisely estimate the contribution of the (p,ny)
reaction that relates to the proton beam position [34,38,39]. A low energy PG emission
peak at 1.014 MeV was observed for both SiNP and AINP with similar intensities, resulting
from 28Si(p,x)*’ Al* and %’ Al(p,p’)*” Al* reactions (Figure 5a,b). In the case of AINP, the
27 Al(p,x)*®Mg* reaction gave rise to the 1.809 MeV peak, contributing to the PG signal,
although to a lesser extent. No identifiable peak was observed in the case of BiNPs.
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Figure 5. Energy spectra of primary gamma generated after 150 MeV proton irradiation on target (a) Si or (b) Al 1%wt.
(c) Corresponding energy histogram (bin size = 500 keV). Results are expressed compared to prompt gamma yield in water.
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4. Discussion

To verify the range of a proton beam inside the patient, different properties of prompt
gamma radiation can be used, leading to several clinical scenarios. In the more common
scenario, known as PG imaging (PGI), the correlation of nuclear reaction positions with
the energy deposition is used to image the spatial distribution of the deposited dose in the
patient. PG timing (PGT), on the other hand, is based on the relationship between proton
range and the travel time of particles before stopping [40]. Finally, the capacity to detect
the emission of discrete energy y-rays originating from the de-excitation of specific nuclei
leads to PG spectroscopy (PGS) [36].

The aim of this study was to evaluate the potential benefits of metal-based nanoparti-
cles in range-verification applications. The results obtained in this study reveals that the
presence of NP with a mass fraction of 1% wt leads to a higher primary gamma yield at
80% PG fall off. Among the tested materials, only AINP, BiNP and SiNP produced a ratio
between the primary and secondary PG yield of higher than the one observed for water,
despite the fact that they displayed only a moderate increase of only 3%, 3% and 6% at 80%
PG fall off, respectively.

Although the reported increase in y-ray emission might improve PGI, it must be
observed in an energy range between 3 and 6 MeV, corresponding to the signal-to-noise
ratio that provides the highest correlation to the end of proton track [41]. The simulations
did not suggest a higher PG yield for any of the three metals compared to water in the useful
energy range (cfr. Figure 5¢), limiting the advantages of nanoparticles in PGL. However,
a modest increase in y-rays production is expected below 3 MeV for SiNP and AINP. No
increase was reported for BiNP. Since the addition of a temporal discrimination in the signal
allows for a reduction in energy threshold to a range between 1 and 2 MeV, a potential
benefit of NP for range verification, especially AINP, might be observed in PGT clinical
scenarios [41]. For SiNP, the higher production of low-energy y-rays is mainly due to the
2SSi(p,p’)ZSSi* and ZSSi(p,x)27Al* nuclear reactions that emit 1.779 and 1.014 MeV vy-rays,
respectively. Since the cross section of these reactions varies with the energy proton beam,
the focus on these specific peaks makes the use of SiNP for PGS viable [34]. However, the
resulting signal will be difficult to distinguish from (n,y) processes and secondaries that
take place at close energies.

In the scope of this work, we based our calculations on a 1% NP weight content
in the tumor, a relevant concentration in light of in vivo NP mass fraction, which was
reached after intravenous injection in mammals [30,31]. Moreover, this is several orders
of magnitude higher than the maximal 10~#% wt of silicon and aluminum content that is
naturally present in tissues [42]. However, it is important to note that a major limitation
of this study is that we considered a uniform distribution of 1% by mass throughout the
tumor volume, rather than in discrete nanoscale volumes, impacting the probability of an
energetic particle interacting with a metal element.

Although we were able to identify specific y-rays on which the signal enhancement
can be based, the reported fold change in PG yield remains too small to present it as a viable
method for NP in range verification. However, the PG yield is directly proportional to NP
concentration. Therefore, strategies to increase the metal loading in tumor such as the use
of tumor targeted antibody-conjugated NP [43,44] or intra-tumoral injection [45] constitute
a working hypothesis to enhance PG signal. This assumes that (i) the NP distribution is
homogeneous in the tumor and that (ii) the NP loading in tumor, compared to the loading
in surrounding tissues, is very high. These features are critical to ensure an accurate beam
range verification, since we reported that NP induces a Bragg-peak shift that increases
with the metal concentration in the tumor and the atomic number of NP. For SiNP, this
shift represents 1% and 3% of the beam range for 1% and 10% wt Si loading in the tumor,
respectively (cfr. Figure 53). Note that the magnitude of this shift increases with the atomic
number of nanomaterials. Therefore, if the uncertainty over NP distributions in the PTV
is unknown, it contributes to range uncertainties, resulting in a PG detection profile that
is challenging to interpret. This highlights the importance of accurately characterizing
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NP distribution so as to adapt treatment plans and ensure the correct irradiation of tumor
distal edge. Moreover, it highlights the need for range verification when proton therapy
treatments are used in combination with radiosensitizers made of elements with a high
atomic number.

5. Conclusions

The use of metal-based nano-objects to improve proton range verification has faced
challenges inherent to the targeted application of the systemic injection of any molecule
in clinical applications [24,46]. First, the PG camera design favors the counting rate over
energy resolution. In this configuration, our results showed the ratio between the total
number of primary PG and secondary PG to be only slightly improved below 3 MeV
compared to water (1% wt NP in tumor). Second, the development of new nano-objects
for better targeting, and a homogeneous NP distribution in the PTV, has to be undertaken
to accurately identify the Bragg peak position. Since in vivo experiments evidenced non-
homogeneous NP distribution in tumor, and the uncertainty is not quantifiable at this stage,
additional range uncertainties are associated with the use of NP.

The simulations performed in this study show a weak proof-of-concept that does not
seem to be translatable for a clinical application in realistic scenarios. In this case, we can
expect a lower metal mass reached in the PTV coupled with a non-homogeneous distri-
bution, which will further limit the PG yield. The benefit of using metallic nanoparticles
in protontherapy treatments seems to mainly reside in their radioenhancement effect, in
secondary Auger and protoelectrons emission (the so-called physical effect) [47], their
radiosensitization effect, cells detoxification system impairment (biological effect induced
prior to radiation exposure) [48,49], and in the production of short-lived beta emitters,
such as 28Al in the case of SiNPs. Originating from the neutron capture of metal isotopes,
these beta emitters may locally enhance the deposited dose in the tumor, with the help
of NP active targeting. Further investigations are still needed to estimate the additional
contribution to the deposited dose in this approach.

The use of NP for range verification seems to be very limited due to the aforementioned
hurdles. However, medical devices filled with a high content of Al or Si can be used to
detect overshoot during treatments, without the requirement of a systemic injection of
the nano-objects. Endorectal balloons, used to stabilize prostate movement during its
treatment, filled with these elements may help to monitor rectal radiation exposure based
on an increased PG yield [50].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/radiation1040025/s1, Figure S1: Normalized dose distribution after 150 MeV proton irradiation
(left axis) and longitudinal distribution of all gamma rays emitted with energies higher than 1 MeV
(right axis) (zoom on the “Tumor area”), Figure S2: Energy spectra ratio to water of gamma rays
generated after 150 MeV proton irradiation, limited to the 0-1 MeV range for (a) all gammas or
(b) only primary PG, Figure S3: Bragg peak shift according to NP weight percent in tumor and NP
atomic number.
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