
Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​
creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​mmons.​org/​publi​
cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

RESEARCH

Wu et al. Cancer Nanotechnology           (2023) 14:47  
https://doi.org/10.1186/s12645-023-00202-w

Cancer Nanotechnology

Biological modeling of gadolinium‑based 
nanoparticles radio‑enhancement 
for kilovoltage photons: a Monte Carlo study
Jianan Wu1*, Xiaohan Xu1, Ying Liang1, Tujia Chen2, Enzhuo Quan1 and Luhua Wang1,3 

Abstract 

Background:  Gadolinium-based nanoparticles (GdNPs) are clinically used agents to 
increase the radiosensitivity of tumor cells. However, studies on the mechanisms and 
biological modeling of GdNP radio-enhancement are still preliminary. This study aims 
to investigate the mechanism of radio-enhancement of GdNPs for kilovoltage photons 
using Monte Carlo (MC) simulations, and to establish local effect model (LEM)-based 
biological model of GdNP radiosensitization.

Methods:  The spectrum and yield of secondary electrons and dose enhancement 
around a single GdNP and clustered GdNPs were calculated in a water cube phantom 
by MC track-structure simulations using TOPAS code. We constructed a partial shell-like 
cell geometry model of pancreatic cancer cell based on transmission electron micro-
scope (TEM) observations. LEM-based biological modeling of GdNP radiosensitization 
was established based on the MC-calculated nano-scale dose distributions in the cell 
model to predict the cell surviving fractions after irradiation.

Results:  The yield of secondary electrons for GdNP was 0.16% of the yield for gold 
nanoparticle (GNP), whereas the average electron energy was 12% higher. The majority 
of the dose enhancement came from the contribution of Auger electrons. GdNP clus-
ters had a larger range and extent of dose enhancement than single GdNPs, although 
GdNP clustering reduced radial dose per interacting photon significantly. For the dose 
range between 0 and 8 Gy, the surviving fraction predicted using LEM-based biological 
model laid within one standard deviation of the published experimental results, and 
the deviations between them were all within 25%.

Conclusions:  The mechanism of radio-enhancement of GdNPs for kilovoltage pho-
tons was investigated using MC simulations. The prediction results of the established 
LEM-based biological model for GdNP radiosensitization showed good agreement 
with published experimental results, although the deviation of simulation parameters 
can lead to large disparity in the results. To our knowledge, this was the first LEM-based 
biological model for GdNP radiosensitization.
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Background
Cancer has been an increasingly serious threat to human health worldwide (Sung et al. 
2021). About half of patients are estimated to receive radiotherapy at some point after 
a diagnosis of cancer (Chandra et  al. 2021). Metallic nanoparticle radiosensitization 
(MNPR) is a potential clinical approach to potentiate the effects of radiotherapy, where 
metallic nanoparticles introduced into the tumor site serve as radiosensitizers. It has 
drawn significant attention from the research community and now several products are 
under clinical trials (Kempson 2021; Lux et al. 2019; Verry et al. 2019). In addition to 
physical mechanisms by dose enhancement, physico-chemical, chemical and biological 
mechanisms of radiosensitizations have been revealed by many recent studies (Chatzi-
papas et al. 2020; Kempson 2021; Rudek et al. 2019).

The Monte Carlo (MC) method has been widely used in radiotherapy and is consid-
ered the “gold standard” for dose calculation. Unlike the generally used MC condensed 
history codes in radiotherapy dosimetry at the macro scale, MC track structure codes 
simulate all elastic and inelastic collisions one by one at the nanometer level down to 
very low energies, thus offering a theoretical tool for investigating the mechanism of 
radiation-induced damage, calculating energy deposition at nano-scale and biological 
modeling (Chatzipapas et al. 2020; Wu et al. 2020).

Gold, being biocompatible and one of the heaviest stable elements, was a natural can-
didate for radiosensitizer; thus, most MC studies on the mechanism and biological mod-
eling of radiosensitization used gold nanoparticles (GNPs) (Xu et al. 2022). Rudek et al. 
discovered that the dose enhancement was highest for GNP irradiated with keV X-rays, 
and much lower with MV X-rays, protons or carbon-ions; thus, for keV X-rays, the dose 
enhancement at the physical stage is the dominant mechanism of GNP radiosensitiza-
tion (Rudek et al. 2019). Engels et al. established a radiobiological model for GNP radio-
sensitization under keV X-rays using MC dose calculations at nano-scale in a subcellular 
model based on the local effect model (LEM), and the prediction fitted well with cell 
experiments (Engels et al. 2020). However, the clinical translation of GNPs was stagnant.

Unlike GNPs, gadolinium-based nanoparticles (GdNPs) have been evaluated by com-
pleted phase I and II trials, thus more promising for clinical use. AGuIX, sub-5  nm 
GdNPs made of a polysiloxane matrix and gadolinium chelates, have been devel-
oped as an intravenously administered radiosensitizer. The radiosensitization effect 
of AGuIX in cancer has been evaluated in multiple cell models and mouse xenograft 
models (Lux et al. 2019; Du et al. 2020). Recently, AGuIX nanoparticles have been used 
along with radiotherapy in a phase III clinical trial for the treatment of brain metas-
tasis (Verry et  al. 2019) (Phase Ib NANO-RAD: NCT02820454 and Phase 2 NANO-
RAD2: NCT03818386) and cervical cancer (Lux et  al. 2019) (Phase Ib NANO-COL: 
NCT03308604).

While the clinical translation of GdNPs has been going well, research on the biologi-
cal modeling of GdNPs was not as sufficient as that of GNPs. McMahon et al. have dis-
covered upon MC simulations that the nano-scale dose enhancement following X-ray 
irradiation was not exactly positively correlated to the atomic number (with the photo-
electric effect scaling as Z3) of the radiosensitizer and that gadolinium might be a bet-
ter choice of radiosensitizer than gold due to the dose contribution by secondary Auger 
electrons (McMahon et al. 2016). Taupin et al. established the prediction model of the 
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cell surviving fractions for cells incubated with GdNPs following irradiation with mono-
chromatic keV and MV X-rays and the prediction fitted well with the experiment results 
using glioma cells (Taupin et  al. 2015). However, this model only considered the dose 
enhancement at the centimeter scale. The impact of nano-scale dose enhancement with 
a high gradient in the sensitive volume was ignored, which could be well dealt with using 
LEM.

In this work, we investigated the mechanism of radio-enhancement of GdNPs for 
kilovoltage photons. The secondary electron spectrum, dose distributions and dose 
enhancement ratio (DER, i.e., the ratio of the absorbed dose with and without the GdNP) 
distributions at nano-scale were calculated by MC simulations for various irradiation 
configurations, including single GdNP, clustered GdNPs and a sub-cellular model con-
taining GdNPs established according to cell irradiation experiment. Based on the MC 
calculations in the sub-cellular model, LEM-based biological modeling of GdNP radio-
enhancement was established, and the prediction of cell surviving fractions was com-
pared with experimental results.

Materials and methods
Monte Carlo code and simulation configuration

The TOPAS MC code (Perl et  al. 2012) is an advanced and user-friendly extension to 
Geant4 (Agostinelli et al. 2003; Allison et al. 2006, 2016). TOPAS version 3.7 with Geant4 
version 10.06.p03 was used in this work, as well as TOPAS-nBio (Schuemann et al. 2019) 
version 1.0, an extension layered on Geant4-DNA (Incerti et al. 2018) that focused on 
radiation biology at sub-cellular scales. For simulations containing mixed materials, 
TOPAS-nBio is capable of defining regions of interest, where MC track-structure simu-
lations are activated while using the standard condensed-history MC physics modules 
in other regions. In this work, the MC track-structure physics module “g4em-dna_opt4” 
was used in water (G4_WATER) unless otherwise specified, and “g4em-penelope” was 
used in all the other regions. Auger effect and particle induced X-ray emission were acti-
vated in all processes of the simulations unless otherwise specified.

Modeling single gadolinium‑based nanoparticle irradiation

AGuIX nanoparticles appear as single particles or clusters in tumor cells (Detappe et al. 
2015). The geometry described in Fig. 1 was utilized to study the radial dose distribution 
for AGuIX cluster or single particle irradiation. GdNPs with diameters of 50  nm and 
5 nm represented a AGuIX cluster and a single AGuIX particle, respectively (Detappe 
et  al. 2015). The elemental fractions of the GdNPs were set according to the aver-
age chemical formula of AGuIX (Verry et al. 2020), and the density was set to 0.254 g/
cm3 derived from the diameter and mass of AGuIX (Detappe et  al. 2015). The GdNP 
(diameter 50 nm or 5 nm) was placed at the center of a water cube with a side length of 
1 μm. A 220 kVp X-ray beam perpendicular to the cube surface was employed to irradi-
ate the cube. The X-ray spectra were generated using SpekPy (Poludniowski et al. 2021), 
which is shown in Fig. 2. The 1 μm cube was place at the center of a water cube with 
a side length of 300  μm to provide electron equilibrium. The 1  μm cube used “g4em-
dna_opt4”, while the 300 μm cube used “g4em-penelope”. The size of the beam was large 
enough to reach electron equilibrium with respect to the Auger electrons released by the 
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nanoparticles, but not for the Compton interactions by the X-ray photons with the water 
medium. The radial dose distribution was scored for a distance ranging from the surface 
of the GdNP to 200 nm away. The scoring bin size was 1 nm for the distance from the 
surface to 10 nm, 5 nm for the distance from 10 to 50 nm, and 10 nm for the distance 
from 50 to 200 nm. The radial DER was also calculated.

Cell geometric model containing gadolinium‑based nanoparticles

The cell geometric model and irradiation setup established in this research were based 
on a published paper (Detappe et  al. 2015), as shown in Fig.  3; thus, the simulation 
results would be comparable to their experimental results. A partial shell-like geometric 

Fig. 1  Schematic view of the simulation setup for single AGuIX nanoparticle irradiation (sizes not to scale)

Fig. 2  220 kVp X-ray spectra (generated using SpekPy, Poludniowski et al. 2021)
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cell configuration was adopted in this study (Fig. 4), which was inspired by previously 
published works (Engels et al. 2020; Liu et al. 2019). In this configuration, the gadolin-
ium and water mixture are distributed evenly in the cytoplasm with the top and bottom 
of the nucleus uncovered, forming a partial shell. The gadolinium content in the cyto-
plasm was set according to the experimental measurement (1.25 pg of AGuIX per cell). 
Transmission electron microscope (TEM) imaging reveals that after 1 h of incubation, 
the nanoparticles are predominantly localized in vacuoles in the cytoplasm, with the top 
and bottom of the nucleus uncovered, as shown in Fig. 3a, b. Therefore, our geometry 
mimics the average GdNP distribution surrounding the nucleus in TEM images in a 
simplistic way. According to TEM images, the diameters of the cell and the nucleus were 
set to 50 μm and 25 μm, respectively. The height of the partial shell was set to 6 μm fol-
lowing Engels et al. (Engels et al. 2020). A 220 kVp X-ray beam perpendicular to the par-
tial–shell was employed to irradiate the cell model for a dose range of 2–10 Gy to mimic 
Detappe’s experiment. Using the simulation configuration illustrated in Fig. 4, the dose 
distribution in the nucleus for the irradiated cellular model was obtained by MC calcula-
tion and expressed as D(r,θ) in the spherical coordinate system shown in Fig. 4.

Fig. 3  Tumor cell uptake for AGuIX. Cited from a previous study (Detappe et al. 2015). a TEM image (3000×) 
depict the active endocytosis uptake of AGuIX into the Panc1 tumor cells. Bar 5 μm. b Magnified TEM image 
(25,000×) shows AGuIX nanoparticles captured by endosomal vesicles (black arrow) and carried into the 
cytoplasm. Bar 1 μm

Fig. 4  Partial GdNP shell configuration used in the simulation. a Beam view, b Perspective view
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LEM‑based biological modeling of GdNP radio‑enhancement

LQM (McMahon 2018) relates the average dose delivered to the cell (D) to the cell 
surviving fraction (S), as shown in Eq. (1)

 where α and β can be determined by cell irradiation experiments. The LQM is well-
suited to describe the effect of uniform irradiation on cell survival, whereas the impact 
of non-uniform irradiation was not well-described by LQM. To address this issue, sev-
eral radiobiological models have been developed, including LEM, microdosimetric 
kinetic model (MKM), etc.

LEM was originally developed to determine the radiobiological effectiveness of 
heavy ion irradiation (Scholz and Kraft 1993). It was later used in the prediction of 
cell surviving fractions from MC simulations concerning the nanoscale dose inhomo-
geneity produced by GNPs (Lechtman et  al. 2013; Ferrero et  al. 2017; Engels et  al. 
2020). LEM relates the energy depositions on the nanoscale to the cell survival (S). S 
can be expressed as a function of the number of lethal events (N) following Poisson 
statistics, as shown in Eq. (2)

 where N is calculated using Eq. (3)

The local dose (D(x,y,z)) in a sensitive volume (Vs) due to the incident irradiation 
field was utilized to compute a spatially dependent S(D(x,y,z)). The S(D(x,y,z)) was 
obtained using Eq. (1), which is evaluated at nanoscale volumes (dV) within Vs.

To relate the energy deposition distributions (D(r,θ)) on the nanoscale obtained by 
MC simulations using the cell model shown in Fig. 4 to the cell surviving fraction, we 
transformed Eq. (3) into spherical coordinate system and combined it with Eq. (1), as 
shown in Eq. (4)

where VC and RC represent the volume and radius of the cellular nucleus, respec-
tively. The cell surviving fraction of the cell model containing GdNPs (SGdNP) can then 
be calculated using Eq. (5)

.
The DER distribution in the nucleus was defined as the ratio between the two 

energy deposition distributions simulated using the cell model with and without 

(1)S = exp
[

−

(

αD + βD2
)]

,

(2)S = exp(−N ),

(3)N = −

∫

Vs

ln(S(D(x, y, z)))

Vs
dV

(4)NGdNP =
1

Vc

RC
∫

r=0

180
∫

θ=0

[

αD(r, θ)+ βD(r, θ)2
]

dV

(5)SGdNP = exp(−NGdNP).
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GdNPs. The delivered dose in the experiment (0–10 Gy) times the DER distribution 
to get the dose distribution in the radio-sensitized nucleus.

The LQM fitting of SGdNP gets the effective dose (Deff), as shown in Eq. (6)

.
The effective DER (DEReff) is defined as Deff/D0, where D0 is the experimental delivered 

dose. The average DER (DERav), on the other hand, is defined as Dav/D0, where Dav is the 
average dose in the nucleus.

Results
Single GdNP irradiation

Irradiated with a circular planar 220 kVp X-ray source with a diameter of 50  nm in 
vacuum, the secondary electron spectra emitted by 50  nm GdNP in comparison with 
the spectra of 50  nm GNP are shown in Fig.  5. The properties of the secondary elec-
trons emitted by GdNP and GNP in vacuum are shown in Table 1. Using the simulation 
setup illustrated in Fig. 2, we obtained the radial dose distributions of 50 nm and 5 nm 
GdNP under irradiation of the simulated spectrum, which were normalized to dose per 

(6)SGdNP = exp
[

−

(

αDeff + βDeff
2
)]

Table 1  Properties of the secondary electrons emitted by 50 nm GdNP and GNP when irradiated by 
220 kVp X-ray in vacuum

GdNP GNP

Number of secondary electrons per incident photon 0.000011 0.0067

Average energy of secondary electrons (keV) 3.69 3.29

Average range of secondary electrons in water (µm) 0.45 0.37

Fig. 5  Spectra of the secondary electrons emitted by 50 nm GdNP and GNP when irradiated by 220 kVp 
X-ray in vacuum
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interacting photon with the GdNP (Fig. 6). The radial DER of 50 nm and 5 nm irradiated 
GdNPs is shown in Fig. 7.

Dose deposition and DER in cellular model

The dose and DER distributions on half of the cross section of the nucleus are shown 
in Fig.  8a, b, respectively. The dose distribution was also plotted as a function of the 
radial distance from the center of the nucleus as well as the polar angle θ, as shown in 
Fig. 8c. Note that all plots in Fig. 8 were in logarithmic color scale. The dose profile along 
the 90-degree radial axis of the cross section of the nucleus [dashed line in Fig. 8a] is 
illustrated in Fig.  9. On average, the dose deposition per incident photon for the cel-
lular model containing gadolinium was 4.4722 × 10− 9 Gy, while for the cellular model 
without gadolinium it was 4.2088 × 10− 9 Gy, resulting in a DERav in the nucleus of 1.063. 

Fig. 6  Radial dose distribution around the irradiated GdNP with a diameter of 50 nm and 5 nm, respectively

Fig. 7  Radial DER around the irradiated GdNP with a diameter of 50 nm and 5 nm, respectively
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Fig. 8  Dose (a) and DER (b) distribution on half of the cross section in the nucleus for the irradiated cellular 
model, as shown in Fig. 4, and relationship between the dose distribution and radial distance from the center 
of the nucleus as well as the polar angle θ (c)

Fig. 9  Dose and DER profile along the 90-degree radial axis of the cross section of the nucleus
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Simulations using the cellular model illustrated in Fig. 4 while changing the shell height 
to 15 μm were also conducted, and the results are shown in Additional file 1: Figs. S1 and 
S2.

Cell surviving fraction calculation

The predicted cell surviving fractions as a function of radiation dose using LEM is shown 
in Fig.  10. The experimental data for Panc1 tumor cells irradiated with and without 
GdNPs was also indicated for comparison (extracted from Detappe et al. 2015), as well 
as their LQM fittings. The fitting parameters (α and β) were 0.120 Gy− 1 and 0.019 Gy− 2 
for cells incubated with AGuIX, and 0.070 Gy− 1 and 0.019 Gy− 2 without AGuIX. The α 
and β for cells incubated without AGuIX were used in LEM calculations.

For the dose range between 0 and 8  Gy, the deviations between the surviving frac-
tion predictions and mean experimental results were all within 25%, and the surviving 
fraction predictions laid within one standard deviation of the experimental results. The 
experimental result for 10 Gy irradiation was an outlier and thus not taken into discus-
sion. The predicted surviving fraction curve was fitted using the LQM shown in Eq. 6, 
and the derived DEReff was 1.16. When the height of the partial shell was set to 15 μm in 
the simulation, the surviving fraction predictions were not comparable with the experi-
mental results.

Discussion
In this study, the mechanism of radio-enhancement of GdNPs for kilovoltage photons 
was investigated using water cube phantom and cellular model. For single GdNP and 
clustered GdNPs irradiation in the water cube phantom, the secondary electron spec-
trum, dose distributions and DER distributions at nano-scale were calculated using 
MC simulations. For the cellular model containing GdNPs, the dose and DER dis-
tributions in the nucleus were simulated. LEM-based biological modeling of GdNP 

Fig. 10  Predicted cell surviving fractions using LEM. The experimental data with and without GdNPs was also 
indicated for comparison (extracted from Detappe et al. 2015), as well as their LQM fittings
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radio-enhancement was established based on the nano-scale dose distributions in the 
nucleus, and the prediction of cell surviving fractions showed good agreement with 
experiment results.

Figure 5 and Table 1 show that the yield of electrons for GdNP was only 0.16% of the 
yield for GNP, whereas the average electron energy was 12% higher. The small propor-
tion of gadolinium in GdNP and lower density of GdNP than GNP were the main causes 
for the low yield of electrons. The difference between the secondary electron spectra of 
GdNP and GNP was due to the different cross-sectional data and excitation energy of 
these two materials. Despite the large difference in the numbers of secondary electrons, 
the cellular uptake of AGuIX was orders of magnitude higher than that of GNPs (Yan 
et al. 2021), making the cellular contents of gadolinium and gold comparable. Compared 
to the dose distributions when GdNP was removed from water, GdNP enhanced dose 
around the particle evidently, as shown in Figs. 6 and 7. The dose per interacting photon 
at the surface of 5 nm GdNP was 28 times that of 50 nm GdNP, which was due to the 
self-shielding effect of nanoparticle clustering. In larger or clusters of GdNP, less elec-
trons could escape from the GdNP as they would have to travel larger distances to escape 
compared to smaller GdNP. Similar dosimetric consequences of nanoparticle clustering 
have been elaborated for GNPs (Kirkby et al. 2017). In spite of the self-shielding effect, 
larger size of the GdNP leads to higher probability of interaction; thus, the DER of 50 nm 
GdNP was higher than 5 nm GdNP, as shown in Fig. 7. The dose enhancement by GdNP 
peaked at the particle surface (4.18 and 1.23 times for 50 nm and 5 nm GdNP, respec-
tively) and declined rapidly with the increased distance from the surface. The majority 
of the dose enhancement was due to the contribution of Auger electrons, as shown in 
Fig. 6. The size of a single GdNP or clustering of GdNPs impacts the dose distribution 
pattern (the range and extent of dose enhancement) around the particle or cluster, as 
shown in Fig. 7. The DER at the surface of 50 nm GdNP was 3.42 times that for 5 nm 
GdNP. For the 5 nm GdNP, the radial DER maintained 1.1 or higher within a distance 
of 2 nm from the surface, whereas for the 50 nm GdNP this distance was increased to 
27 nm. These properties of GdNPs were similar to those of GNPs (Engels et al. 2020).

The beam size of 1 μm utilized in the single GdNP irradiation study was large enough 
to reach electron equilibrium with respect to the Auger electrons released by the nano-
particles. To provide electron equilibrium with respect to the Compton interactions by 
the X-ray photons with the surrounding water medium, the beam size should be at least 
288 μm, which would significantly increase the simulation workload. As the Auger elec-
trons were dominant in the dose contribution, we considered that using the beam size of 
1 μm would obtain simulation results with reasonable deviations. To verify this, radial 
dose for 50 nm GdNP was simulated using beam sizes of 1 and 2 μm, respectively, and a 
deviation within 5% was observed between the results.

Comparison between the secondary electron spectrum of GdNP and GNP irradiation 
suggested a larger range of dose enhancement near gadolinium than gold, which was 
consistent with McMahon’s study. However, better secondary electron spectrum doesn’t 
mean overall superiority. The radiosensitization effect in vitro or in vivo evolves many 
determinant factors, such as the physical and chemical properties of the nanoparticles, 
the uptake and distribution of the nanoparticles in the sub-cellular organelles, etc. This 
was beyond the research scope of this work and, therefore, not explored.
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It is clearly shown that the dose deposition in the nucleus was concentrated in a 
ring close to the partial shell containing GdNPs. This is predictable as the dose 
enhancement by GdNP declines rapidly with the distance, as shown in Figs. 6 and 7. 
Furthermore, a large amount of aggregated GdNPs in the cellular model rendered a 
larger range of dose enhancement to the millimeter scale. This was also discovered in 
previous research on dose enhancement by GNPs (Engels et al. 2020). Besides, in this 
ring-shaped volume, the dose deposition has a broadening trend along the beam inci-
dent direction. This was mainly due to the uneven angular distribution of secondary 
electrons from the Compton scattering by GdNPs. The DER distribution has the same 
pattern as the dose distribution. The highest DER was about 26 at the nucleus surface, 
as shown in Fig. 9.

Although the largest deviation between the surviving fraction predictions and mean 
experimental results was 25%, all the surviving fraction predictions laid within one 
standard deviation of the experimental results. Therefore, it was considered a good 
agreement.

The difference between DEReff (1.16) and DERav (1.063) suggested that the uneven 
dose distribution in the sensitive volume significantly affects the biological effect of 
GdNP radiosensitization, and that the average dose in the sensitive volume cannot be 
used to evaluate the biological effect in this situation. This is consistent with previous 
findings for GNPs (Engels et al. 2020).

The distribution of nanoparticles in the cell should be considered carefully as it 
impacts the dose distribution calculation in the nucleus and thus the LEM-based sur-
viving fraction prediction. Previous studies often used single nanoparticle (Ferrero 
et al. 2017) or homogeneously distributed nanoparticles (Brown and Currel 2017) in 
MC simulations for LEM calculation. Engels et al. used a partial shell-like configura-
tion to mimic the unevenly distributed GNPs in the cytoplasm, and the LEM calcu-
lations matched the cell experiments well (Engels et  al. 2020). The cell model used 
in this work was inspired by these previous studies and a good agreement with the 
experiments has been achieved. However, the geometry and sizes in this model may 
be quite different from realistic cell geometries. Changing the height of the partial 
shell would also have an evident impact on the dose distribution in the nucleus (com-
paring Figs. 8 and 9 with Additional file 1: Figs. S1 and S2) and thus the LEM-based 
prediction (Fig. 10). In fact, the height of the partial shell was set following previous 
study (Engels et  al. 2020), but the pattern of nanoparticle distributions in the cyto-
plasm in this study should be different from theirs. More sophisticated cellular model 
mimicking the realistic cell geometries and GdNP distributions may be of interest in 
future works, and the validity of the approach in this work remains to be verified.

Literature has provided a wide range of α and β values for pancreatic cancer 
extracted from various clinical studies instead of determined values (Leeuwen et al. 
2018). Therefore, the α and β values applied in this work were derived from the experi-
mental data. Applying different α and β values may results in large deviations in LEM-
based surviving fraction predictions and thus they should be carefully determined.

The methodology used in this study could be translated to other cell lines. The cell 
and nucleus shapes and sizes, nanoparticle uptake and intracellular distributions as 
well as the α and β values vary for other cell lines and should be determined based 
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on TEM observations, characterizations and experimental or clinical results before 
proper modeling.

This study considered only the physical dose enhancement in biological modeling, 
as it is the dominant mechanism of radiosensitization for kilovoltage photons. AGuIX 
has been used along with 192Ir brachytherapy (average energy about 380 keV) to treat 
localized advanced cervical cancer in recent clinical trials (Lux et  al. 2019). Similar 
model could be established in future studies to predict the biological effect. For other 
therapeutic rays, such as megavoltage photons and charged particles, the indirect 
radiation damage should be taken into account in future studies (Garty et al. 2010). 
For more comprehensive biological modeling of GdNP radio-enhancement, future 
studies should also consider more realistic cell geometric modeling, the influence 
from neighboring cells, as well as the disparity between cell lines.

Conclusions
The mechanism of radio-enhancement of GdNPs for kilovoltage photons was investi-
gated using MC simulations. The yield of secondary electrons for GdNP was 0.16% of 
the yield for GNP, whereas the average electron energy was 12% higher. The majority 
of the dose enhancement was due to the contribution of Auger electrons. GdNP clus-
ters had a larger range and extent of dose enhancement than single GdNPs, although 
GdNP clustering reduced radial dose per interacting photon significantly.

LEM-based biological modeling of GdNP radiosensitization was established based 
on the MC-calculated nano-scale dose distributions in a cellular model, and the pre-
diction of cell surviving fractions showed good agreement with experimental results, 
although the deviation of simulation parameters can lead to large disparity in the 
results. To our knowledge, this was the first LEM-based biological model for GdNP 
radiosensitization.
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