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ARTICLE INFO ABSTRACT

Objective: The metric dose enhancement ratio (DER) has been widely used to assess the enhancing capability of
gold nanoparticles (GNPs). However, there is a large disparity between the observed radiobiological outcome
and DER values. A new metric, linear energy transfer enhancement ratio (LETER), is introduced to bridge the gap
between theoretical predictions and the experimentally measured sensitization.

Methods: The radiation transport code SCEPTRE is used to examine the efficacy of the proposed new metric.
Different clusters of GNPs irradiated with x-ray photons generated at 120 kVp and therapeutic 6 MV photon
beams are investigated. For each pattern, two GNPs sizes are examined 50 and 100 nm.

Results: An enhancement in the linear energy transfer has been observed for both energies. In the case of
120 kVp, LETER is substantially lower than DER; moreover, it decreases with increasing GNP size. On the other
hand, the results of 6 MV show that LETER is relatively higher than DER, and it increases with the size of GNP.
For the studied energies, LETER is in good agreement with the sensitization reported in the literature.
Conclusion: The results indicate the merit of LETER as a better indicator of the radiobiological outcome of GNP
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aided radiotherapy.

1. Introduction

In the last decade, there has been a growing interest in using na-
noparticles as radio-sensitizers in radiotherapy for cancer treatment
[1]. The ultimate goal of radiation therapy, in practice, is to maximize
the dose to cancer cells while, simultaneously, sparing the surrounding
healthy tissues [2]. This can be achieved using different techniques, one
such method, that has received increasing attention in recent years, is
gold nanoparticles (GNPs) aided radiation therapy [3].

The underlying mechanism behind GNP sensitization is predicated
on radiation dose escalation in the local nanoscale neighborhood of
irradiated GNPs due to the increased production of secondary electrons
[4]. For incident photon energy below 500 keV, the photoelectric effect
is the dominant photon interaction in gold [2,5]. Following photo-
electron emission, a single or a cascade of Auger electrons is released
from GNP [4-6]. Low energy photo- and Auger electrons, with suffi-
cient energy to leak out from the GNP surface, will deposit the majority
of their energy locally in the nanometric vicinity of GNP [1]. In this
perspective, compared to the case where GNP is not present, there is a
boost in radiation dose and the extent of such increase is invariably
quantified via the metric dose enhancement ratio (DER) defined as
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dose delivered to the medium with GNP

DER = - - -
dose delivered to the medium without GNP (€9)

Thus far, DER is the golden yardstick employed in the literature to
exclusively assess the efficacy of GNPs. Several studies have been car-
ried out to determine the DER for numerous sizes of GNP and different
incident photon energies using various Monte Carlo radiation transport
codes, [2,7-10] and deterministic methods [5,11]. Yet, the observed
sensitization of GNPs in vitro does not agree quite well with the theo-
retical computations of DER [12,13]. For example, the observed bio-
logical effect in MV beams is higher than the theoretical calculations;
furthermore, for kV photons, the experimentally reported sensitization
is much less.

The local effect model (LEM) has been used by some researchers to
resolve the aforementioned discrepancy. For example, McMahon et al.
compared the experimental cell survival of MDA-231 cells exposed to
160 kVp, 6 MV and 15 MV photons with LEM predictions and reported
that such predictions are in good agreement with experimental results
[6,14]. Although this approach is successful in some situations, it lacks
some key features which are pivotal for a thorough evaluation of GNPs
efficacy. For instance, the radiation dose input to the model has been
calculated using Monte Carlo computations in concentric spherical
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shells, thus neglecting the anisotropy effects observed in GNP-mediated
radiation therapy [5]. Moreover, the distribution of GNPs in the si-
mulation has been assumed to be uniform which is justifiably arguable
since GNPs tend to cluster and agglomerate at the cellular level [11,15].

In order to bridge this disconnect and gain a better understanding of
the radio-sensitizing effects of GNPs, an additional metric is needed to
relate the physical dose deposited in cells to the radiobiological out-
come. Of special interest in connection with the biological effects of
radiation is the linear energy transfer (LET), which is defined as the
average energy lost per unit track length of charged particles.
According to the definition, it can be realized that electrons with higher
LET values will exhibit denser ionizing events along their track which is
reflected into more significant biological consequences.

Several studies have used Monte Carlo simulations to calculate the
average LET of proton beams [16,17] and secondary electrons produced
by x-rays [18]. Furthermore, it has been shown that there is a sub-
stantial increase in the LET of secondary electrons in the vicinity of a
GNP exposed to kVp beams [18], and that, in particular, LET may be
enhanced at high-Z/soft tissue interfaces [19,20].

However, computing the average LET in the nanoscale remains a big
challenge in Monte Carlo simulations for several reasons. In order to
capture the angular anisotropy [5], as well as the large gradients of the
dosimetric quantities of interest in the immediate vicinity of GNP, an
unrealistically large number of nanoscopic tally volumes in the form of
burdensome spherical sections should be used. In view of the in-
finitesimally small scoring volumes, this will result in impractically
long running times and the subsequent computations will suffer from
high statistical uncertainties.

Alternatively, deterministic methods represent a more efficient ap-
proach in the field of nanoscale simulations and have been proven to be
very favorable for this class of problems as demonstrated by Gadoue
et al. [5,11,21]. For example, a deterministic radiation transport code
has been used to obtain detailed 3D DER distribution around GNPs, the
resulting high-resolution profiles have shown that DER is anisotropic; a
feature that cannot be resolved otherwise.

Despite its importance in quantifying GNP efficacy, LET enhance-
ment ratio (LETER) has not been addressed in the literature so far. This
work is carried out, for the first time, to compute LETER profiles in the
immediate vicinity of GNPs using the radiation transport code
SCEPTRE. The experimentally observed sensitization is compared with
the obtained LETER values to show its applicability in predicting the
biological impact of GNPs. The results of the simulations demonstrate
not only the prognostic nature of LETER, but also its ability to co-
herently answer the controversial questions.
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Fig. 1. (a) Schematic geometry of the problem. (b) Cluster patterns studied, dimensions are not to scale.
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2. Methods
2.1. Geometry

As shown in Fig. 1, the geometry used in this study consists of an
outer sphere of normal tissue having a radius of 5.5 cm. An inner sphere
of radius 1.5 cm, representing the tumor, lies within the outer sphere.
Incident photons are impinging on the outer sphere from the left in a
plane-parallel direction with a diameter of 3 cm. X-ray photons gener-
ated at 120 kVp from a tungsten target with an aluminum filtration of
3mm (representative of diagnostic beams), and 6 MV photons (re-
presentative of therapeutic beams) are investigated. A pre-measured
spectrum of both energies has been used in the simulation. Two GNP
sizes are considered, 50 and 100 nm diameter, and the composition of
GNP is assumed to be 100% gold.

2.2. Simulations

In the last few years, many software packages that solve the
Boltzmann transport equation deterministically have been released.
More recently, Sandia National Laboratories released a next-generation
code, Sandia Computational Engine for Particle Transport for Radiation
Effects (SCEPTRE), which is a general purpose deterministic code that
has unique features. SCEPTRE version 1.7 represents a significant ad-
vance in the field of deterministic computations [22]. The solution
method is based on unstructured finite element methods to resolve the
spatial dependence, while the energy discretization is achieved by the
multi-group formalism. The available angular treatment methods are
the discrete ordinates and spherical harmonics. For more computational
efficiency and greater accuracy, SCEPTRE allows the user to construct
the optimal solution method for each energy group. The number of
energy groups used is 50, the group structure is linear for photons and
logarithmic for electrons. The calculation utilized the discrete ordinates
S16, and a convergence tolerance of 10~8. The cross section libraries
used in the transport calculations are generated using CEPXS, available
in the integrated tiger series (ITS) code package [23]. The lower energy
cutoff for both photons and electrons is set to 1 keV. The calculation of
LET is carried out by averaging the LET of secondary electrons over the
fluence distribution or the dose distribution [17,24,25]. Fluence-aver-
aged (sometimes called track-averaged) and dose averaged LET are
computed according to the following:

S [, E)LET(r, E)dEdV

LETﬂuence (;) = —
S [, E)YdEAV .
LETjo (1) = JJbe, E)EET(r, E)dEdV
S [D(r, E)dEdV @

where ¢(?, E) is the secondary electron scalar flux at position r, and
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Fig. 2. Different metrics due to electrons in a 25 nm annular region around 50 nm GNP when exposed to x-ray photons generated at 120 kVp. (a) DALETER (b) DER.

D(?, E) is the dose distribution due to secondary electrons at position
r. The integration is carried out over the voxel volume and for all
electron energies.

The proposed metric, LET enhancement ratio (LETER) can be de-
fined as

Average LET due to secondary particles in the presence of GNP
Average LET due to secondary particles without GNP

LETER =

(€3]
where the average is based on either the fluence or the dose distribu-
tion. The enhancement in LET will be denoted FALETER if the average
is fuence-based, and DALETER if it is dose-averaged. Owing to its more
relevance to biological effects, DALETER will be investigated in this
study instead of FALETER.

3. Results

Fig. 2 shows the DALETER and DER in an annular region of thick-
ness 25nm, due to secondary electrons emerging from 50 nm GNPs
when irradiated with x-ray photons generated at 120 kVp. As can be
seen from the figure, the values of DER are very high ranging from
5.273 to 52.83, whereas the values of DALETER are much smaller in the

24

range of 1.398-1.947. Furthermore, there is an obvious anisotropy in
the case of a single GNP, where the LET enhancement in the reverse
direction (proximal) is slightly higher than it is for the forward direc-
tion. However, this angular asymmetry is alleviated, to a certain degree,
as GNPs aggregate in clusters.

Interestingly, some patterns exhibit relatively higher LET enhance-
ment values compared to the other clusters. For instance, a linear chain
of two GNPs provides more LET enhancement rather than a three-GNPs
chain. In addition, a closely packed triangular pattern is more effective
than a four-GNP rhomboid cluster. This is mainly attributed to the
fraction of low-energy electrons in the secondary-electron spectrum; in
fact, these specific patterns have a greater contribution from the lower
energy electrons as opposed to the other clustering patterns. Since low-
energy electrons have higher values of LET, these patterns will evi-
dently possess higher LET enhancement values.

As can be anticipated, more closely packed patterns provide more
LET enhancement compared to their linear counterpart in a similar
fashion to the DER profiles. For instance, the triangular shape has an
LET enhancement that ranges from 1.658 to 1.947, whilst a three linear
chain provides a range of 1.641-1.873 only. Moreover, there exist ob-
vious hot spots in the profiles of these special patterns developed locally
in the region between mutually contiguous GNPs due to the additive
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Fig. 3. Different metrics due to electrons in a 25 nm annular region around 100 nm GNP when exposed to x-ray photons generated at 120 kVp. (a) DALETER (b) DER.

effects of secondary electrons.

Fig. 3 illustrates the same metrics for 100 nm GNPs and 120 kVp. As
shown in the figure, the values of DALETER range from a minimum of
1.625 to a maximum value of 1.779, while DER values range from 9.8
to 16.85 in the same annular region. The most striking observation of
the results is that even though the DER has increased compared with
the case of 50 nm GNPs, the values of DALETER have been decreased
for all patterns. This can be attributed to the self-absorption of low-
energy secondary electrons within GNPs, thereby reducing the average
value of LET. However, it is important to note that, similar to the 50 nm
case, closely packed patterns provide higher enhancement in LET. In
addition, the same patterns discussed earlier (linear two GNPs and
triangular) exhibit relatively higher values.

The effect of therapeutic clinical beams is depicted in Fig. 4 where
the same metrics are shown for 50 nm GNPs. From the figure, it is
readily seen that the values of DER are much less compared to the case
of 120 kVp and the same size; likewise, DALETER values decrease, al-
beit not to the same extent. When compared to each other, the values of
DALETER are more pronounced than the corresponding DER for all
examined patterns. Nevertheless, the profiles of DER and DALETER are
very similar in shape unlike the case of kV beams.

25

Fig. 5 displays the results for 6 MV beam and 100 nm GNPs. Like the
case of 50 nm, the DALETER and DER profiles are of the same shape.
Unlike the case of 120 kVp, in which the enhancement in LET decreases
with increasing particle size, DALETER values have increased compared
with the case of 50 nm GNPs exposed to the same energy. This can be
attributed to the increased production of low-energy electrons mainly
from the lower energy component of the beam. On the other hand, all
the values of DER increased compared to the case of 50 nm GNPs.
Table 1 summarizes the results of the simulation presented in this study.

4. Discussion

This study presents a novel approach that aims at a better under-
standing of GNPs sensitization during radiation therapy. Here, we
propose a new metric, LETER, which would bridge the gap between the
theoretical predictions of GNPs enhancement and the corresponding
observed radiobiological effects, and improve our understanding of the
sensitization properties of GNPs. In particular, LETER represents a
promising factor that quantifies the enhancement in the linear density
of ionizing events along secondary particles tracks. Since the absolute
values of LET are fairly low (4.449 and 2.14371 keV/um for 120 kVp
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Fig. 4. Different metrics due to electrons in a 25 nm annular region around 50 nm GNP when exposed to 6 MV. (a) DALETER (b) DER.

and 6 MV, respectively), and according to the LET-RBE relationship
described in [26], it can be assumed that the LETER is directly corre-
lated with RBE enhancement.

Nonetheless, due to its collective nature, the calculation of LETER is
not as straightforward as DER, and in principle, two approaches can be
used to calculate the average LET. In the first method, LET is averaged
over the relative fluence spectrum of secondary electrons, while in the
second one, LET is weighted according to the fraction of dose deposited
by secondary electrons. Of greater importance is the latter approach,
the originality of this method lies in the fact that DALETER incorporates
the calculation of DER implicitly while -calculating LETER.
Consequently, the dose-averaged LETER is a more suitable metric to
predict the radiobiological effects as suggested by Grassbeger et al.
[27,28].

During radiation therapy, the presence of GNPs alters the entire
phase space of the radiation field in its micrometric vicinity [5,18]. In
this perspective, there is a relative increase in the spectrum of sec-
ondary electrons, especially in the low energy part due to the emission
of low-energy photo- and Auger electrons. Within this energy range, the
values of LET of secondary particles are much higher than they are at
typical energies of Compton electrons which are dominant in the ab-
sence of GNP. This will result in a boost of the average LET (whether

26

using the fluence or the dose approach) in the immediate vicinity of
GNPs as proposed by several studies [18,20].

Several radio-sensitization experiments have been conducted for
different nanoparticles materials, sizes, concentrations, various incident
radiation types and energies [13,29-31]. However, the only study
whose parameters fit the energies and GNPs size used in the current
work is Chithrani et al. [32]. They found that the sensitization due to
50 nm GNPs when using 105 kVp photons is 1.66 while our predicted
value for 120 kVp is in the average range of 1.63-1.81 depending on the
clustering pattern and excluding the localized hot-spots. For therapeutic
energy range, they reported an enhancement of 1.17 when using 6 MV
photons, while our value for 6 MV falls in the average range of
1.18-1.31. This comparison corroborates, in a quantitative way, the
claim of the importance of peripheral LETER in adequately predicting
the biological impact of GNP radiation.

The purpose of this study is to show the superiority of LETER,
compared with DER, in resolving the disconnect between simulations
and experimentally observed sensitization in many aspects. First, one of
the problems encountered in the enhancement of GNPs is defined by a
DER overestimation of the radio-sensitization in the diagnostic energy
range, and an underestimation in the therapeutic energy range [12,13].
Remarkably, this disparity can be resolved by studying the LETER
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Fig. 5. Different metrics due to electrons in a 25 nm annular region around 100 nm GNP when exposed to 6 MV. (a) DALETER (b) DER.

Table 1
Summary of the simulation results, the first row of each pattern represents the case of 50 nm GNPs, the second row shows the results of 100 nm GNPs.
Clustering pattern 120 kVp 6 MV
FETERS DER LETER DER
One GNP 1.733-1.806 6.005-11.790 1.097-1.272 1.021-1.078
1.625-1.726 9.799-16.870 1.114-1.335 1.027-1.105
Tow GNPs 1.696-1.894 6.535-36.220 1.089-1.594 1.017-1.179
1.467-1.769 8.860-54.540 1.099-1.535 1.029-1.158
Three linear GNPs 1.641-1.873 6.166-37.940 1.071-1.385 1.015-1.100
1.138-1.742 7.466-55.640 1.060-1.754 1.021-1.266
Three triangular GNPs 1.658-1.947 8.171-48.990 1.132-1.500 1.029-1.134
1.407-1.779 7.377-70.130 1.132-1.983 1.017-1.374
Four linear GNPs 1.398-1.861 5.273-39.150 1.045-1.500 1.009-1.141
1.058-1.734 7.305-56.730 1.045-1.838 1.017-1.312
Four rhomboid GNPs 1.633-1.910 7.155-52.830 1.054-1.566 1.021-1.198
1.293-1.746 8.991-76.610 1.088-2.102 1.024-1.494
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instead of DER. According to the results summarized in Table 1, the
values of LETER in the kV range are much smaller compared to the
calculated DER, while, in the MV range, they are slightly higher than its
DER counterparts. Second, it has been reported that the radio-sensi-
tizing effects of GNPs increase with decreasing particle size in the di-
agnostic energy range [6]. As can be seen from Table 1, the LETER of
GNPs having a size of 50 nm is greater than it is for 100 nm (in the case
of 120 kVp); in contrast, the values of DER in the case of 100 nm are
higher compared with 50 nm GNPs.

Although the main focus of this work was the elucidation of the
radio-sensitization properties of GNPs using the new metric LETER, it is
worth noting that the study of the magnitude of LET (e.g. in units of
keV/um) is equally important. In a more biologically relevant context,
the absolute values of LET can be very beneficial in quantitatively as-
sessing the detailed therapeutic outcome of GNP-mediated radiation
therapy. For instance, the values of LET can be used to predict the
distribution of reactive oxygen species (ROS) in the vicinity of GNPs.

In the light of the results presented in this study, it is evident that
the computed DALETER and DER profiles for a single GNP are aniso-
tropic both radially and angularly, in broad agreement with the find-
ings of Gadoue et al. [5]. In that respect, it has been reported that the
DER, electron currents, and all relevant dosimetric quantities in the
nanometric vicinity of solitary GNPs are anisotropic, and that the de-
gree of such anisotropy is dependent upon the energy and spectrum of
incident photons, and the size of GNP. Moreover, according to the re-
sults shown in this study, the agglomerative clustering of GNPs results
in a collective response that mitigates the anisotropic nature of dosi-
metric profiles, as demonstrated by Gadoue et al. [11].

It is worth mentioning that the spectrum of 120kVp and 6 MV
photons used in the current work is limited to specific beam settings
that might differ from the spectra used by other groups. This would
explain any slight deviation of the calculated DER values in this study
from previous results reported in the literature. Particularly, the most
important limitation lies in the fact that a 1 keV electron and photon
energy cut off has been used in the deterministic computations. Given
the G value of the primary radiolytic products of water are expressed in
terms of 100 eV, a lower energy cut off is needed in the future for more
meticulous LET profiles. Additionally, the present study has only ex-
amined two GNP sizes, namely 50 and 100nm, and two energies;
nonetheless, further investigations are desirable to examine a broad
range of GNP sizes and materials for different energies.

5. Conclusions

Deterministic computations were used to calculate LET enhance-
ment profiles of secondary electrons in the immediate vicinity of GNPs.
It was the main purpose of this paper to draw attention to LETER, a
potentially efficacious metric in terms of predicting the biological
outcome in GNP aided radiation therapy. More specifically, DALETER is
important in the sense that it accounts for the enhancement in the
density of the ionizing events triggered by secondary electrons while
inherently taking into consideration DER. In this work, it has been
demonstrated that DALETER can be used as an attempt to resolve the
disparity between observational and computational radio-sensitization
of GNPs, in both diagnostic and therapeutic energy range. In general,
LET and DALETER profiles provide radio-biologically meaningful in-
formation that helps to improve the understanding of the sensitization
properties of GNPs.
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