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Abstract—Nanoparticles with a high atomic number are of interest as radiosensitizers for radiation therapy of
cancer. A variety of nanoparticles and radiation sources makes the challenge of selecting their optimal com-
binations to achieve maximum irradiation efficacy relevant. In this work, we calculated the values of the dose
enhancement factors of elemental compositions of metal oxide nanoparticles (Al,O5, TiO,, MnO,, Fe,03
and Fe;04, NiO, GeO,, ZrO,, CeO,, Gd,03;, Tm,03, HfO,, Ta,0s, and Bi,03), as well as GeO, and HfO,
doped with the rare-earth elements lanthanum or ytterbium in combination with monochromatic photons
(1—-500 keV) and X-ray radiation corresponding to the radiation of kilovoltage X-ray therapy machines. At a
nanoparticle concentration of 10 mg/mL, the maximum values of the dose enhancement factors were from
1.03 to 2.55 for monochromatic radiation and from 1.01 to 2.33 for the studied X-ray spectra. Doping GeO,
with 20% lanthanum or ytterbium led to an increase in the maximum value of dose enhancement factors by
~10%. Doping HfO, did not lead to significant changes in the value of dose-enhancement factors. Thus, all
studied elemental compositions of nanoparticles, with the exception of Al,0; (a dose enhancement factor
~1.02), are promising for application in kilovoltage X-ray radiotherapy. At the same time, the complex depen-
dence of dose enhancement factors on the spectral composition of X-ray radiation requires detailed studies

of the impact of irradiation conditions on the magnitude of the radiomodifying effect of nanoparticles.
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Radiation therapy is used for radical and palliative
treatment of a wide range of neoplasms, as well as
non-neoplastic diseases [1, 2]. Despite its intensive
development, there is still a significant potential for
increasing the efficacy of radiation therapy [3, 4]: the
radioresistance of tumors and the dosage on the sur-
rounding normal tissues can significantly limit the use
of radiation therapy. Various methods for modifying
the cell radiosensitivity, such as hyperbaric oxygen-
ation [5], hyperthermia [6, 7], the use of chemical
radiomodifiers, sensitizers, and protectors [8—14],
allow an increase in the efficacy of irradiation.

Abbreviations: DEF, dose enhancement factor.

Recently, nanotechnology products have attracted
attention in this regard [15—17]. One promising class
of radiosensitizers are nanoparticles that contain ele-
ments with a high (relative to biological tissues) atomic
number (Z) [18—23]. The kilovoltage range of X-ray
photon energies (30—300 keV) is considered the most
promising for their use. Due to the high cross section
of their interaction with radiation, nanoparticles
demonstrated the highest efficacy in this region [24—
26]; the technique of their use is called NEXT
(Nanoparticles Enhanced X-ray Therapy) [27].

Nanotechnology offers a wide variety of nanopar-
ticles for radiation therapy. Despite the fact that since
the pioneering work in [28] the greatest attention has
been paid to gold nanoparticles, other materials,
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including metal oxides, also attract interest [18, 23, 29,
30]. Due to their physicochemical properties, biocom-
patibility, wide possibilities of synthesis and modifica-
tion of the crystal lattice, metal oxide nanoparticles
are promising for a wide range of biomedical applica-
tions [31, 32]. Nanoparticles of oxides of titanium
[33], iron [34, 35], thulium [36], cerium [37], hafnium
[38, 39], tantalum [40], and bismuth [41] have
demonstrated their efficiency as antitumor radiosensi-
tizers.

To achieve the greatest effect of nanoparticles
radiosensitization, it is necessary to optimize the com-
bination of their parameters with irradiation condi-
tions. Since the absorption of photon energy depends
primarily on the elemental composition, the choice of
material for nanoparticles, all other things being
equal, will be determined by the properties of radia-
tion. A wide range of photon sources with different
spectral characteristics can be used in NEXT: X-ray
therapy machines, sources for brachytherapy, and
monochromatic radiation sources [42]. The published
computer calculations of the nanoparticles radiosensi-
tization efficacy were performed mainly for individual
monoelement compositions of particles or a limited
set of radiation sources [43—46]. Thus, the problem of
selecting the optimal combinations of nanoparticles
and irradiation conditions is still urgent. The question
of the effect of doping nanoparticles also remains
open. The purpose of this work was to calculate the
absorbed dose enhancement for a number of elemen-
tal compositions of metal oxide nanoparticles, includ-
ing those doped with rare-earth elements, when using
radiation of different spectral compositions, namely,
monochromatic photons and kilovoltage X-rays

MATERIALS AND METHODS

To assess the efficacy of the studied elemental
compositions of nanoparticles, the dose enhancement
factor (DEF) values were calculated. The DEF is
defined as the ratio of the absorbed dose in the volume
of interest in the presence of nanoparticles (D,) to the
absorbed dose in the same volume in their absence

(D)):
DEF = D,/D,. (1)

If the absorbed dose D, in some substance “1”
is known, then under the conditions of electronic
equilibrium, the absorbed dose D, in another sub-
stance “2” at the same point of the radiation field is
determined by the expression

D, = (H/_p)z D,
(u/p),

where (LL/p); is the mass energy-absorption coefficient
for the ith substance. In the case of monochromatic
radiation and volumes that are not very large, the con-

()
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ditions for electronic equilibrium are fulfilled quite
well; the error in determining the absorbed dose by
formula (2) does not exceed 10%. In the case of con-
tinuous spectrum radiation, the region of interest must
be located at a depth not less than the run of the fastest
electrons released in matter by photons. In this case,
the effective X-ray spectrum in the area of interest will
differ from the nominal one. Here, expression (2) will
be written as

Emax

j @(E)E(@j dE @ .
p, =0 P2 p 2P 21),—(&)1)1.(3)
p

- EmZ\X “,

j (p(E)E(“—(E )j dE (—)
g p P/
In expression (3), @(E)dE denotes the flux of pho-

tons, whose energy lies in the interval (£, £ + dE).
Finally, for X-ray radiation we have

2
DEF = (’;‘) . 4)
1

The values of the mass energy-absorption coeffi-
cient for various chemical elements were obtained in
the XMuDat program [47] based on the data of [48].
For a substance that is a mixture of various chemical
elements, the mass energy-absorption coefficients can
be calculated as

Men _ [ Men 5
p Z‘W’(pj’ ©

i

1

where [@j is the mass energy-absorption coefficient

p
for the ith element in the mixture and w; is the mass
content of this element in the mixture.

The absorbed dose enhancement was calculated for
the following elemental compositions of metal oxide
nanoparticles: Al,O; (Zy, = 13), TiO, (Zy; = 22),
MnO, (Zy;,, = 25), Fe,0; and Fe;0,4 (Zg. = 26), NiO
(Zni = 28), GeO, (Zg. = 32, metalloid), ZrO, (Zz, =
40), CeO, (Zc. = 58), Gd,05 (Zg4 = 64), Tm,0,
(Zry = 69), HfO, (Zys = 72), Ta,05 (Z1, = 73), and
Bi,0; (Zy; = 83). The concentration of nanoparticles
in water was taken equal to 10 mg/mL. To assess the
effect of doping on the DEF, the rare-earth elements
La (Z;, = 57) and Yb (4, = 70) were selected. The
content of the dopants in the elemental compositions
of the nanoparticles was taken to be 20%.

The calculations were performed for monoener-
getic photons with energies from 1 to 500 keV
(with a step of 1 keV), as well as kilovoltage with spec-
tral characteristics corresponding to the radiation of
various X-ray therapy machines. The energy spectra
for X-ray tubes with the parameters presented in
Table 1 were calculated by the Monte Carlo method
using a Geant4 toolkit [49]. A detailed description of
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the method for calculating the X-ray spectra is given in
[50].

RESULTS AND DISCUSSION

From a physical point of view, the mechanism of
the radiomodifying action of nanoparticles with a high
atomic number is based on local enhancement of the
absorbed dose and the generation of secondary radia-
tion. The radiosensitization efficacy of nanoparticles
is determined by the increase in the absorbed energy of
primary radiation and the productivity of its conver-
sion into the energy of secondary particles. If the sec-
ondary radiation yield is affected by many parameters
of nanoparticles [51—56], then the probability of inter-
action with primary photons is mainly determined by
the value of the mass energy-absorption coefficient
corresponding to a given elemental composition of
nanoparticles.

Figure la shows the ratios of the mass energy-
absorption coefficients for the studied elemental com-
positions and water. The dependences of the DEF of
the studied elemental compositions of nanoparticles
(10 mg/mL) on the photon energy for the case of
monoenergetic radiation are shown in Fig. 1b. The
energy at which the maximum DEF value for a given
elemental composition of nanoparticles is observed
corresponds to the optimal energy of monoenergetic
radiation. When irradiated with photons of such
energy, the greatest absorbed dose enhancement and,
consequently, the greatest efficacy of radiosensitiza-
tion, are expected. The following elemental composi-
tions demonstrated the highest efficacy in various
photon energy ranges: Bi,O; (20—57 keV), CeO, (58—
60 keV), Gd,05 (61-70 keV), Tm,0; (71—85 keV),
HfO, (86—105 keV), and Bi,O; (106—500 keV). Bi,04

100

(=]

(1/P)nps/ (/P10

1 10 100
Energy, keV
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Table 1. The characteristics of the X-ray tubes used in sim-
ulation of X-ray spectra

VO&Z‘;;C’ rﬁ;ggzl Filtration*
300 W 0.4 mm Cu
250 W 1.6 mm Cu + 4.0 mm Al
200 W 1.2 mm Cu + 4.0 mm Al
160 W Without additional filtration
110 W 1.3 mm Cu + 5.5 mm Al
85 W 2.0 mm Al
40 W 0.8 mm Al

* For all filtration options, a beryllium window with a thickness of
4.0 mm was taken into account by default.

showed the highest DEF = 2.55. The maximum values
of the DEF of CeO, (2.25), Gd,0; (2.19), and Tm,0;
(2.11) turned out to be higher than those correspond-
ing to elemental compositions with higher Z: HfO,
(2.03) and Ta, 05 (2.04). The maximum DEF values of
the elemental compositions TiO,, MnO,, Fe,0;,
Fe;0,, NiO, and GeO, ranged from 1.17 to 1.51. A sig-
nificant increase in the absorbed dose in the presence
of Al,O; was not found.

In kilovoltage X-ray therapy machines (classical
devices for superficial radiation therapy) X-ray tubes
that generate photon radiation in the energy range
from 30 to 300 keV are a radiation source. The spectral
composition of radiation, in addition to the tube volt-
age, is determined by the design features (the anode
material and the filters used) [57]. The calculated
energy spectra of X-ray tubes (their characteristics are
presented in Table 1) are shown in Fig. 2.

(b)
-~ ALO ,
26¢ Mf1032 == Ti0,
2.4 |-~ Fes04 -~ Fe0,

2.2
2.0
1.8
1.6
1.4
1.2
10 eeeer:

Dose enhancement factor

10 100
Energy, keV

Fig. 1. (a) The ratio of the mass energy-absorption coefficients of the investigated elemental compositions of nanoparticles and
water; (b) the dependences of the dose enhancement factor (DEF) of the elemental compositions of metal oxide nanoparticles

(10 mg/mL) on the photon energy.
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Fig. 2. The energy spectra of investigated X-ray tubes at voltages (kVp): (a) 40, (b) 85, (c) 110, (d) 160, (e) 200, (f) 250, and (g) 300.

The DEF values calculated for various combina- (£2%). The absorbed dose enhancement by ~5—30%
tions of nanoparticles and X-ray spectra are presented  was found for TiO,, MnO,, Fe,0;, Fe;0,, NiO, and
in Table 2. As in the case of monoenergetic radiation, GeO,. Significantly higher DEF values were demon-
Al,O5 showed the smallest increase in absorbed dose strated by ZrO,, CeO,, Gd,0;, Tm,0;, HfO,, Ta,0s,
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Table 2. The values of dose enhancement factor (DEF) for the studied elemental compositions of metal oxide nanoparticles

for various X-ray spectra

Maximum photon energy in the X-ray spectrum
Material
40 keV 85 keV 110 keV 160 keV 200 keV 250 keV 300 keV
Al,O3 1.01 1.02 1.01 1.02 1.01 1.01 1.01
TiO, 1.09 1.13 1.07 1.08 1.04 1.05 1.08
MnO, 1.14 1.21 1.12 1.08 1.06 1.07 1.12
Fe,03 1.16 1.25 1.14 1.08 1.09 1.08 1.14
Fe;0, 1.18 1.28 1.15 1.08 1.10 1.09 1.15
NiO 1.21 1.36 1.20 1.08 1.13 1.08 1.13
GeO, 1.21 1.42 1.24 1.06 1.16 1.09 1.15
Zr0O, 1.21 1.73 1.46 1.10 1.30 1.18 1.29
CeO, 1.25 1.99 1.93 1.18 1.64 1.43 1.54
Gd,0, 1.33 1.89 1.96 1.18 1.68 1.47 1.55
Tm, 04 1.41 1.89 1.90 1.17 1.67 1.44 1.45
HfO, 1.45 1.93 1.86 1.17 1.66 1.44 1.46
Ta,05 1.45 1.92 1.81 1.17 1.63 1.42 1.45
Bi,04 1.56 2.33 1.88 1.21 1.69 1.47 1.59

The highest DEF values for a given X-ray spectrum are marked in bold.

and Bi,0;. However, all these values turned out to be
significantly lower than the maximum DEF obtained
for monoenergetic radiation.

The complex nature of the dependence of the DEF
on the X-ray radiation spectral composition does not
allow unambiguous conclusions about the selection of
the optimal energy spectra for each elemental compo-
sition. At the same time, these data demonstrate that
the highest DEF values do not always correspond to
nanoparticles with higher Z [43]. Thus, for the spectra
with maximum photon energies of 110 and 250 keV, it
turned out that the DEF value for Bi,O;, which
demonstrated the greatest increase in the absorbed
dose among the entire investigated line of elemental
compositions of nanoparticles, is lower than the DEF
value for Gd,0;. Similarly, for spectra with maximum
energies of 85, 110, and 300 keV, the higher DEF val-
ues corresponded to some elemental compositions
with lower Z (for example, CeO, and Gd,0;). How-
ever, since the X-ray radiation spectra for machines
from different manufacturers can differ significantly
and the types of devices are not limited to those stud-
ied in this work, it is rather difficult to reveal the
dependence of the efficacy of various elemental com-
positions of nanoparticles on the spectral characteris-
tics of radiation sources. Moreover, as photons pene-
trate into a substance, the spectral composition of the
radiation changes, which should also be taken into
account in the calculations.

One distinctive feature of metal oxide nanoparti-
cles is the wide possibilities of doping the crystal lat-

BIOPHYSICS Vol.65 No.4 2020

tice, due to which they acquire new properties: lumi-
nescence in the ultraviolet, visible, and infrared ranges
and the ability to act as contrast agents in magnetic
resonance imaging [58—62]. At the same time, a
change in the elemental composition of nanoparticles
can affect the absorption of primary photons and the
generation of secondary radiation, which, in turn, can
affect the radiosensitization efficacy.

Figure 3 shows the dependences of the DEF on the
photon energy for the GeO, (Fig. 3a) and HfO,
(Fig. 3b) elemental compositions, both the original
ones and those doped with the rare-earth elements La
and Yb (20%). Such contents of dopants were chosen
because they provide the luminescence effect with the
preservation of the crystal structure of nanoparticles.
Doping of GeO, led to an increase in the maximum
DEF by ~12% (La) with a shift in the position of the
maximum from 34 to 47 keV and by ~10% (Yb) with-
out a significant shift. An increase in the DEF as a
result of HfO, doping was not observed; on the con-
trary, the DEF of the elemental composition doped
with 20% La turned out to be noticeably lower than
the original in the energy range of 10—40 keV. A shift
in the position of the DEF maximum for HfO, from
37 keV was observed when both dopants were used: up
to 42 keV (La) and up to 69 keV (Yb).

The DEF values of the original and doped GeO,
and HfO, for the spectra of X-ray therapy machines
are given in Table 3. It can be seen that the DEF values
of the doped GeO, compositions turned out to be sig-
nificantly higher than the originals for the entire range
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Fig. 3. The dependences of the dose enhancement factor (DEF) of original and 20% La- and 20% Yb-doped (a) GeO, and (b)

HfO, elemental compositions on the photon energy.

of energy spectra. HfO, doping did not result in signif-
icant changes.

CONCLUSIONS

In this work, the efficacy of metal oxide nanoparti-
cles as radiosensitizers for kilovoltage X-ray therapy
was considered exclusively from a physical point of
view. All the studied elemental compositions of
nanoparticles, with the exception of Al,O;, demon-
strated a significant increase in the absorbed dose
(=10%) in terms of clinical (and radiobiological) crite-
ria, which indicates the prospects of their use in the
NEXT. It should be noted that radiosensitization can
be caused not only by physical factors, but also by the
chemical and/or biological action of nanoparticles.

Thus, the effect observed in the experiment can sig-
nificantly exceed the theoretically predicted one.

The highest DEF values of the investigated ele-
mental compositions of nanoparticles were obtained
in combination with monoenergetic radiation; thus,
its use can most effectively unleash their radiomodify-
ing potential. It was found that differences in the spec-
tral composition of X-ray can lead to a significant
scatter in the DEF values of individual elemental com-
positions, which indicates the importance of further
studies using a larger set of radiation sources. The
results we obtained make it possible, to positively eval-
uate the effect of doping, since, in addition to acquir-
ing new properties, the presence of dopants
can increase the radiomodifying potential of nanopar-
ticles, especially elemental compositions with low
Z values.

Table 3. The values of dose enhancement factor (DEF) for original and 20% La- and 20% Yb-doped GeO, and HfO, ele-

mental compositions for various X-ray spectra

Maximum photon energy in the X-ray spectrum
Material
40 keV 85 keV 110 keV 160 keV 200 keV 250 keV 300 keV
GeO,
GeO, 1.21 1.42 1.243 1.060 1.156 1.092 1.152
GeO,: La 1.22 1.59 1.439 1.094 1.293 1.186 1.265
GeO,: Yb 1.28 1.57 1.452 1.099 1.321 1.206 1.251
HfO,
HfO, 1.45 1.93 1.86 1.17 1.66 1.44 1.46
HfO,: La 1.41 1.94 1.86 1.17 1.65 1.43 1.47
HfO, : Yb 1.45 1.92 1.86 1.18 1.66 1.44 1.46
The highest DEF values for a given X-ray spectrum are marked in bold.
BIOPHYSICS  Vol. 65 No.4 2020
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