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Abstract Nanoparticles (NPs) with high-Z atoms have
been widely studied as radiosensitizers for use in cancer
therapy. Over the past few years, the application of FePt
NPs has attracted extensive research interest. Promising
results have been obtained, yet limited knowledge is
available regarding its potential use as a radiosensitizer.
The goal of this study is to investigate the radiosensitiza-
tion capability of FePt nanoparticle clusters (NPCs) under
the exposure of kilovoltage photons using Monte Carlo
simulation. First, in order to obtain a realistic distribution
of NPCs on the microscopic level, Hela cells were incu-
bated with FePt NPs, and the distribution of NPCs was
obtained by optical microscope images and X-ray Nano-
CT experiments. Based on these images, a simplified cell
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model was developed to evaluate the DER of two material
types (FePt and FePt;). For each type, the dependence of
DER on the thickness and angular distribution of NPCs on
the surface of the cell membrane was studied quantita-
tively. Our results suggest that DER is strongly dependent
on photon energy and the distance from the NPCs to the
nucleus. Fe Pt; is able to achieve a higher DER relative to
Fe Pt;. For a given X-ray energy, DER demonstrates an
initial increase to a maximum value but gradually saturates
as the thickness of NPCs increases from 250 up to 2000 nm
due to a trapping effect. The impact on DER resulting from
the coexistence of the NPCs on the cell membrane and the
nuclear membrane was also investigated.

Keywords FePt nanoparticle - Radiosensitization -
GEANT4 - Dose enhancement ratio

1 Introduction

Recently, high-Z nanoparticles (NPs) have been widely
investigated in radiation therapy due to their roles in
radiosensitization [1-4]. These nanoparticles can increase
the photoelectric cross section of incident photons and
consequently enhance the energy deposited in the vicinity
of nanoparticles. In addition, through specific binding with
chemical ligands, these NPs will preferentially accumulate
in cancer cells while staying away from normal cells [5-7].
Gold nanoparticles (GNP) have been extensively studied
due to their biocompatibility and high atomic number. The
radiosensitization effect of GNPs on cancer cells or mice
was investigated through both Monte Carlo simulations and
in vitro studies [8, 9]. The detailed characteristics of sec-
ondary electrons generated by GNPs under X-ray

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-018-0495-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-018-0495-9&amp;domain=pdf
https://doi.org/10.1007/s41365-018-0495-9

167 Page 2 of 8

P.-Y. Qi et al.

irradiation were also studied [10]. Moreover, the dose
enhancement ratio (DER) of GNPs under various condi-
tions and geometries at the microscopic level was investi-
gated [1].

As a novel nanomaterial, the potential use of FePt NPs
exists in multiple fields, including diagnostic imaging
(MRI and CT) and cancer therapy because of their struc-
tural stability, superparamagnetic property, and photother-
mal effect [11-13]. For example, FePt NPs have been
successfully used in the field of magnetic resonance
imaging as a contrast agent due to the presence of iron
particles [14]. The use of FePt NPs as a radiosensitizer was
first proposed in [14, 15]. The atomic number of Pt
(Zpy = 78) is comparable to gold (Zx, = 79), and therefore,
similar dose enhancement is expected. In addition, it is well
known that platinum-based chemotherapy drugs can bind
to DNA and destroy its structure as a chemotherapy agent
[16]. Thus, FePt NPs could also be used as chemothera-
peutic drugs. When compared with traditional chemother-
apy drugs, Pt-based nanoparticles are less likely to
penetrate the tight junctions of the endothelial cells within
normal blood vessels, thus resulting in low concentration in
normal tissues [17, 18].

So far, NP clusters (NPCs) reported in cell cultures include
ceramic oxide NPs, gold NPs [19], and FePt NPs [14, 15]. This
work aims to evaluate the radiosensitization effect of FePt NPs
for the first time. Experimental work in our group has investi-
gated the promise of using FePt NPs as chemoradiotherapy
sensitizers under irradiation with kilovoltage photons, in which
a greater cellular suppression effect is observed [20]. Two
similar studies investigated the radiosensitization of AuNPs in
melanoma under irradiation with kilovoltage photons
(150 keV) [21, 22]. The potential use of gadolinium NPs under
30-80 keV for both imaging and therapeutic enhancement
agents was also reported recently [23].

In this study, we investigated the radiosensitization effect
of FePt NPCs using the Geant4 Monte Carlo simulation
(version Geant4.10.2.P02) [24]. First, cancer cells (H1975)
were incubated with FePt NPs, and the distribution of NPs
was derived from optical microscope images and X-ray
Nano-CT experiments. Second, the simulation model was
built based on the distribution in the first section, and DER
was calculated under various conditions in terms of photon
energy, thickness, and angular coverage of NPCs.

2 Materials and methods
2.1 Cell culture and characterization
Hela cell line (human cervical carcinoma cancer) was

ordered from the Type Culture Collection of Chinese
Academy of Sciences (Shanghai, China) and cultured in
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RPIM media with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 mg/mL streptomycin at 37 °C in a
humidified incubator with 5% CO,. Cells were seeded
(3 x 10° per well) for cell attachment in 6 well plates for
24 h. The cells were then exposed to FePt NPs at 20 pg/mL
for 24 h and washed twice with PBS afterward. The dis-
tribution of NPs was measured using an optical
microscope.

X-ray Nano-CT imaging was performed to determine the
distribution of NPCs around individual cells. 100-mesh TEM
grids were used to carry the cells. Grids with the specimens
were mounted in a homemade plunge freezer and were
rapidly put into liquid nitrogen in a movable cryo-preserving
container. The rapid plunge procedure was in place to avoid
contamination by ice crystallization in order to protect the
cells from structural damage. Grids with cells were then
transferred into the soft X-ray imaging vacuum cryogenic
chamber with a side-entry holder for imaging.

The X-ray Nano-CT experiment was performed with the
BLO7W beamline at the National Synchrotron Radiation
Laboratory (Hefei, China). Selected quasi-monochromatic
X-rays were focused by an elliptical capillary condenser.
Coupled with a microzone plate, the system can perform
imaging with X-ray energies between 280 and 700 eV
(spatial resolution: 30 nm). In our study, the energy was set
to 520 eV, and the exposure time for each projection was 1 s.

For illustration, the distribution profiles of the FePt NPs
are shown in Fig. la. It can be seen that the NPs aggregate
around the cells and indeed form irregular clusters. The
image is also consistent with the transmission electron
microscope (TEM) images in our previous study [15]. The
CT images (Fig. 1b, c) reveal a more detailed structure of
the NPCs around a single cell. The distribution of thick-
nesses of the formed clusters is measured using the CT
images, as shown in Fig. 1d and the average thickness is
found to be 700 nm.

2.2 Monte Carlo simulation
2.2.1 Monte Carlo set-up

The list of physics models and the transportation pro-
cesses for photons and electrons is summarized in Table 1.
Geant4-DNA extension was utilized to calculate the energy
deposition in water [25, 26]. The Penelope Low Energy
Package [27] was chosen to model the interactions inside
the NPCs, since the Geant4-DNA is currently only avail-
able for simulation in liquid water. The G4 Urban model
was used to model multiple scattering of electrons and
ions. The threshold energy of electrons inside the NPCs
was set to 100 eV, and the step cut was set to 1 nm. Atomic
de-excitation, including fluorescence and Auger electron
emission, was included in all simulations.
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Fig. 1 (Color online) Images of cells labeled with FePt nanoparticles.
a Optical microscopic image (the FePt nanoparticle cluster is
indicated by arrows) and b, ¢ soft X-ray images. Within a single
cell, the FePt nanoparticle cluster is attached to the surface
(represented by the structures of high brightness). d Cluster thickness
distribution (mean value: ~ 700 nm)

Table 1 Physical processes for photons and electrons in the NPCs
and water

Particle NPsC Water

Photon Rayleigh scattering® Rayleigh scattering®
Photoelectric effect® Photoelectric effect®
Compton scattering® Compton scattering®
Gamma conversion® Gamma conversion®

Electron Multiple scattering® Elastic scattering®
Ionisation® Excitation®
Bremsstrahlung® Tonization®

Vibrational excitation®

2G4_Penelope
°G4_DNA

Based on our previous work [15], two materials were
investigated: Fe,cPt74 and Fes3Pty7 (the ratios of Fe:Pt were
approximately 1:3 and 1:1), which have densities of
18.43 g/cm?® and 15.12 g/cm’, respectively. Note that the
density of nanoparticle clusters is not equivalent to the
density of the nanoparticles themselves. According to the
work of Charles Kirkby et al. [28], we assume that FePt

nanoparticles are tightly packed in a hexagonal geometry
and the packing efficiency is roughly 74%. Therefore, the
overall density of nanoparticle clusters could be defined as
a mixture comprising 74% (volume fraction) FePt and 26%
(volume fraction) water. As shown in Fig. 2, the X-ray
spectrum selected in our study was 60 kVp, 150 kVp, and
200 kVp, based on previously published work [29].

2.2.2 Cell models used in our simulations

Based on the CT images, a cellular model with FePt
NPCs was developed for simulation. A cell (the outer
sphere) enclosing a nucleus (the inner sphere) was placed
in liquid water, as shown in Fig. 3. 6; and 0, represent the
angular coverage of the cluster over the surface of the cell
and nucleus, respectively. d; is the distance between cluster
and the center of nucleus. #; and #, represent the thickness
of cluster found on the cell membrane and the nucleus
membrane, respectively. The thickness of the nanoparticle
cluster is defined as the geometric width of the cluster, as
indicated by #; and 1, in Fig. 3. This way, the overall effect
of dose enhancement due to clustering on both the cell and
nucleus can be evaluated simultaneously. For simplicity,
the cell and nucleus were filled up with water. The incident
beam of X-ray photons was simulated as a planar source
(circular cross section) with radius r;, and the distance
between the source planar and the center of the cell was 10
pm. According to the distribution/size of the cell images in
Fig. 1, the cell and nucleus radii were selected to be 5 pm
and 2 pm, respectively. Radiosensitization was evaluated
by calculating the dose enhancement ratio (DER), which is
defined as follows:

D
DER = —%

» (1)
Dy, and Dy, are the dose deposition in the nucleus with
and without NPCs, respectively. Since the therapeutic
effect is primarily related to DNA damage, the dose
exposure over the nucleus was used to calculate DER.
The simulation above was repeated for a set of scenar-
ios. First, two kinds of NPCs (FePt; and FePt), three
photon energies (60 kVp, 150 kVp, and 200 kVp), three
distances between nucleus and cell (d; = 3 um, 5 um, and
7 um), and three angular coverage cases (6, = n/3, 2n/3,
7; 0, = 0) were considered. Second, we investigated the
radiosensitization effect when NPCs appears on the nuclear
membrane and the cell membrane simultaneously. In this
case, different NPC thicknesses on the cell membrane
(ty =0 nm, 250 nm, 750 nm, 500 nm, 1000 nm, and
1500 nm) were investigated when d; was selected to be
5 um and 60, 0, were selected to be n. The thicknesses of
NPCs on the surface of the nucleus was difficult to quantify
based on CT images due to limited spatial resolution.
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Fig. 2 Three energy spectra of the kV photons used in this simulation study. a 60 kVp, b 150 kVp and ¢ 200 kVp

X-ray

Fig. 3 (Color online) Schematic diagram of a simplified cell model
used in this study (side view). #; and #, are the thickness of the cluster
on the cell membrane and the nucleus membrane, respectively. d; is
the distance between the cluster and the center of the nucleus. The
NPCs are represented by the structures highlighted in yellow

Nevertheless, our previous TEM results suggest that the
thickness is on the same order of magnitude as that on the
cell membrane [15].

3 Results

3.1 Dependence of DER on material type, photon
energy, and geometry

The results are shown in Fig. 4a. First, for each type of
nanoparticle, DER demonstrates an initial increase up to a
peak, followed by gradual saturation. The peak occurs
around 800 nm for 60 kVp, while for 150 kVp and 200
kVp, saturation begins at 1400 nm. Second, a lower photon
energy results in a higher DER value. For Fe,Pt3, the peak
DER values are 42.58 (60 kVp), 26.96 (150 kVp), and
25.45 (200 kVp). This is expected, as the interaction
probability between NPs and kV photons is inversely
proportional to the photon energy. Third, compared to
Fe Pt;, FePt; NPCs induce a higher DER under a given
energy. This can be attributed to the fact that the cross
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section of Pt is larger than that of Fe, thus making FePt; a
more attractive radiosensitizer than Fe;Pt;. Such a com-
parison is also consistent with the experimental results
[15], claiming Fe;Pt; can cause a larger cell suppression
ratio. This difference is more noticeable for the 60 kVp
case. When tl is 800 nm, DER is 38.97 (Fe;Pt;) and 42.58
(Fe Pt3) (i.e., a difference of 9.2%).

The dependence of DER on the thicknesses d; and ¢, is
shown in Fig. 4b, c, respectively. When #; is 1400 nm and
the photon energy is 150 kVp, the DER value is 42.58
(3 pm), 26.96 (5 pm), and 16.41 (7 um), respectively. In
other words, greater DER values would occur when the
NPCs are closer to the nucleus. This can be explained by
the following process. Besides generating electrons with
higher energies due to photoelectric or Compton interac-
tions, most secondary electrons emitted are Auger electrons
with lower energies and could only travel a limited dis-
tance. As d, increases, the number of Auger electrons that
can reach the nuclear volume decreases, thus having lim-
ited contribution to energy deposition. On the other hand,
the peak DER values (FePt3) are 12.31 (1/3m), 25.52
(2/3m), and 26.96 (7). This is due to the increased inter-
action probability between NPCs and photons as the sur-
face area of NPCs increases.

3.2 Impact of NPsC on nuclear membrane and cell
membrane

The results of DER for a set of #; and #, combinations
are shown in Fig. 5. The DER value is larger compared to
the results in Fig. 4. This is mainly because the NPCs are
located on the surface of the nucleus, and those electrons
generated are able to deposit most of their energy into
nucleus, thus increasing DER.

Second, it is observed that when #, is 100 nm, a sig-
nificant difference is observed among three #; values. DER
is 27.95 (0 nm), 50.24 (500 nm), and 60.38 (1000 nm).
However, when ¢, is 1000 nm, such a difference becomes
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Fig. 4 (Color online) Dose enhancement ratio (DER) as function of
for different scenarios. a DER dependence on material type and
photon energy (dj =5um, 6 =x ). b DER dependence on d,

less noticeable. DER is 92.63 (0 nm), 93.96 (500 nm), and
98.21 (1000 nm). This implies that as the NPs start to
accumulate on the surface of the nucleus, accumulation
actually plays a crucial role in determining DER by
excluding the dose exposure originating from NPCs on the
cell membrane. In other words, DER is mutually dependent
on both the cytomembrane cluster (NPCs on the cell
membrane) and the karyotheca cluster (NPCs on the
nuclear membrane). Secondary electrons emanating from
these two clusters both contribute to the energy deposition
over the nucleus. As the thickness of the karyotheca cluster
increases above a certain threshold, electrons generated at
the cytomembrane cluster may not be able to pass through
the karyotheca cluster due to its short travel range in metal
(i.e., electrons with energy less than 10 keV have a range
of about 1 um in FePt NPCs).
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Fig. 5 (Color online) DER as a function of #; and #, due to the
coexistence of clusters on the surface of the cell membrane and the
nucleus

(energy: 150 kVp, Fe|Pt;, 6 = 7). ¢ DER dependence on 0 (energy:
150 kVp, Fe|Pt3, dj =5pum)

3.3 Behavior of secondary electrons

In this section, 0; was set to be 7 so that all the photons
would travel through the nanoparticle clusters. The average
number generated within NPCs and entering the cell is
shown in Fig. 6a, b, respectively. It is observed that the
number of electrons within the cluster increases linearly
with the thickness of NPCs, while the number of electrons
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Fig. 6 (Color online) Yield of secondary electrons produced within
NPCs for three photon energies and two material types. a The number
of secondary electrons entering the cell. b The number of secondary
electrons per incident photon
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Fig. 7 (Color online) Normalized kinetic energy spectra (after normalization) of electrons entering the cell as a function of ¢ under various
conditions. a Fe|Pt;, 60 keV. b Fe,Pt;, 150 keV. ¢ Fe,Pt;, 150 kVp. d Fe,Pt3, 60 keV. e Fe,Pts, 150 keV. f Fe,Pt3, 150 kVp

entering the cell reaches a plateau after an initial increase.
This trend is consistent with that shown in Fig. 4.

The kinetic energy spectra for those secondary electrons
that are able to enter the cell are shown in Fig. 7. Besides
several minor discrepancies observed in the low-energy
region, the spectra of FePt and FePt; are very similar to
each other. In addition, the relative yield of low-energy
electrons (less than 10 keV) slightly decreases as the
thickness of NPCs increases. This can be attributed to the
fact that those electrons with kinetic energy less than
10 keV have an average range of less than 1 pm in NPCs.
As the size of the cluster grows, they are more likely to be
trapped inside and cannot escape to release their energies to
the cell and the nucleus.

Such a trapping effect can be used to explain the
dependence of DER on the thickness of the NPCs, as
shown in Figs. 4a, 5 and 6a. While a larger cluster
produces more electrons, a larger portion of them will be
trapped inside at the same time. As a result, the number of
electrons entering the cell/nucleus will not necessarily
increase. The DER plateau occurs when the production and
trapping of electrons compete against each other and
eventually reach an equilibrium.

@ Springer

4 Discussion and conclusion

Our work aims to investigate the potential use of FePt
NPs under the exposure of kilovoltage X-rays as motivated
by a number of previous reports [14, 15, 20-23]. It should
be pointed out that the kilovoltage X-rays are primarily
used for treating tumors in skin or superficial tissues [30].
From the results in this paper, the potential use of FePt NPs
as radiosensitizers under irradiation with kilovoltage pho-
tons may be useful for cancers within superficial tissues,
such as melanoma.

The definition of DER is itself a challenging task and
cannot be easily validated against experimental results. In
our study, the quantitative DER results are derived based
upon a simplified model (only a single cell was consid-
ered). Several additional factors need to be added into the
model for further validation when compared to a realistic
setting. For instance, either changing the size of source or
using a cell matrix model will result in a lower DER value
because those electrons produced in the surrounding
medium after irradiation must now be taken into account,
as well as the shielding effect due to the presence of
adjacent cells. One primary challenge here relates to
determining the spatial distribution of NP clusters in the
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cell culture and the exact locations of NP clusters relative
to the cell matrix. In terms of the shielding effect, this
occurs only when photons travel across both the clusters
located on the cell and nuclear membranes. In reality,
however, the shape of clusters will be highly irregular and
the shielding effect may be not as significant as the results
in our study show. These limitations are beyond the scope
of our current work and will be included in a future study.

Another practical consideration is the concentration of
nanoparticles when being used as radiosensitizers.
Increasing the concentration of nanoparticles would boost
the growth of nanoparticle clusters, which subsequently
increases the thickness of the cluster but does not neces-
sarily promote its radiosensitization capacity [2]. Mean-
while, if the concentration becomes high, the number of
nanoparticles entering into normal cells will also increase,
resulting in undesired damage to normal tissue [14, 15]. On
the other hand, experimental techniques also need to be
improved to control the formation of NP super-clusters
(i.e., hundreds of microns) during material synthesis.
Besides its impact on DER, these super-clusters may also
prevent the nanoparticles from entering into the tumor cell.
For example, some surfactants (e.g., sodium dodecyl ben-
zene sulfonate) could be attached to FePt nanoparticles to
limit the effect of clustering.

In conclusion, our work investigated the radiosensiti-
zation effect of FePt NPCs for the first time. DER was
studied using a model at the microscopic level with Monte
Carlo simulation tools. The dependence of DER on a
number of parameters was obtained, including photon
energy, two material types, and the cluster thickness. We
examined two important processes related to the coexis-
tence of NPCs on the cell membrane and the nuclear
membrane, and the resulting trapping effect for low-energy
secondary electrons. This work lays the foundation for us
to develop more advanced macroscopic models for quan-
titative DER studies.
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