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Background: Normoxic type MAGICA gel dosimeters are established for dose
quantification in three dimensions for radiotherapy.

Objective(s): The ability of MAGICA polymer gel was assessed by experimental
measurements method for studying the effect of gold nanoparticles (GNPs) in
dose enhancement under the external 18MV radiotherapy practices.

Methods: The different GNPs concentrations were studied: 0.02mM, 0.05 mM
and 0.1 mM. Then, a new formulation of MAGICA gel was synthesized. The
fabricated gel was poured in the tubes (with and without the GNPs) located
at the water phantom. The water phantom was irradiated to 18 MV beam of
a Varian linac. After 24 hours, the irradiated gels were read using a Siemens
1.5 Tesla MRI scanner. The absolute dose sat the reference points and isodose
curves resulted from the experimental measurements of the gels following the
external radiotherapy practices were compared.

Results: The signal of non-irradiated gel samples containing GNPs showed
maximum difference of the 1% compared to gel without nanoparticles. The
dose enhancement factors were 1.014+0.07, 1.074+0.11and 1.161+0.15 for 0.02,
0.05 and 0.1 mM concentrations, respectively. The results demonstrate that use
of GNPs embedded in polymer gels caused the enhancement of radiation.

Conclusions: The results indicated that the polymer gel dosimetry method as
developed and used in this study can be recommended as a reliable method for
investigating the DEF of GNPs in external radiotherapy practices.
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INTRODUCTION

In recent years, the effect of gold nanoparticles
(GNPs) in common radiotherapy has been studied
extensively by using experimental measurements as
well as Monte Carlo (MC) simulations. The idea of
increasing the dose using some high-Z elements has
been proposed several decades ago, but following
the invention and compatibility of GNPs with
biological systems, scientists have been encouraged
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to investigate further applications of such elements
in radiotherapy. Gold atoms present in nanometer
sized particles have their basic properties of metal
type materials such as melting point, crystal
structure, conductivity, magnetic properties and
optical properties completely altered. Unlike
their presence in bulk materials, their properties
become more dependent on the size than chemical
composition. This size dependent behavior is also
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known as quantum size effects. It occurs when the
electronic structure of the metal changes from a
continuum electronic band to discrete electronic
levels. In bulk materials, there is no gap between
the valence band and the conduction band whereas
in nanoparticles this gap is present. The effect of
this transition between quantum physics and solid
state physics is what causes the size dependent
quantization effects to occur. The results of the
most studies in this field have confirmed the
increase in the radiation absorbed doses of various
tumors in the presence of GNPs. However, the
results are still controversial regarding to the
involved and prominent interaction processes
of ionizing radiation with the GNPs which result
Dose Enhancement Factor (DEF) in tumor. The
most effective parameters such as the dimension
of nanoparticles, high molar concentrations, and
lower energies of the photons or gamma rays to
obtain the higher doses have been investigated by
experimental dosimetry as well as MC methods in
various studies [1-14].

Polymer gel dosimeter is a promising type of
radiation dosimetry method used in medical radiation
therapy [15]. The advantages of gel dosimetry include
tissue-like elemental composition, high spatial
resolution, capability for three-dimensional (3D)
dose measurements, and possibility of preparing
dosimeters of varying sizes and geometries [16].
The tissue equivalent property of polymer gels
also serves as a good phantom to simulate the
application of medical radiation to the human
body. Polymer gel dosimeters are able to measure
the effects of contrasts agents or metallic radiation
dose enhancers such as iodine and GNPs inside
the dosimeter, directly. In gel dosimeters, contrast
agents may have uniform dispersion within the
dosimeter; therefore, the effects of this material
can be directly quantified. Physical measurement
of the dose enhancement produced by high Z
materials with other types of radiation dosimeters,
such as film and ionization chambers, are quite
complicated, although there have been some
attempts to use these dosimeters[17-18]. Physical
measurement was done for dose enhancement
produced by high Z materials such as iodine in
normoxic polymer gels [19-21].

Measurements of the dose enhancement caused
by high atomic number materials in polymer gels
have been made usingiodine [19-21]. These studies
show that a contrast agent can be added to nPAG
without changing the dose linearity properties of
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the gel. A linear relationship between spin and spin
relaxation rates and delivered doses is conserved
with addition of iodine. Fricke gels have been
previously used to quantify the dose enhancement
by gold microspheres [22]. However, Fricke gel failed
to detect the expected dose enhancement when
used to measure the dose enhancement of iodine
[23].The MAGIC-f gel, as an appropriate three
dimensional and tissue-equivalent dosimeter, has
been successfully used to determine quantitatively
the DEFs resulted from the presence of GNPs as a
compatible radiosensitizer in various target organs.
This gel can be used potentially to assess the effects
of using GNPs in radiotherapy practices [24].
Recently, a normoxic polyacrylamide gel (nPAG)
has also been used to measure the increase of the
absorbed dose rate in the presence of GNPs at
different energy ranges [25].

In this study, we developed a technique of
measuring dose enhancement by using MAGICA
doped with GNPs. Our measurement aims are
determining the feasibility of using MAGICA+
GNPs as a dosimeter. We report the dose
enhancement from megavoltage photon beam
irradiation.

MATERIAL AND METHOD
GNPs preparation

In contemporary research, various synthesis
techniques are being developed for GNPs
fabrication. In this study, GNPs of 50 nm size
were obtained from PNF Co. (Payamavaran Nano
Fardanegar Co, Tehran, Iran) as GNPs in aqueous
solution with 1mg/ ml (1000ppm) concentration.
In PNF Company, nanoparticles are produced by
applying extra high electric voltage and current
and the primary bulk wire with 0.1mm diameter
is then converted into the nanoparticles via pulse
explosive process.

Gel fabrication

A MAGICA polymer gel dosimeter was
prepared. All chemicals (gelatin, ascorbic acid,
CuSO4.5H20, hydroquinone and methacrylic
acid) were provided by Sigma Aldrich with
experimental grade. The preparation of the gel was
carried out in a similar procedure as described by
Fong et al. (2001) with slight difference due to the
presence of agarose in MAGICA formulation [26].
Four samples were isolated from the same batch,
in which three of them contained the GNPs. The
sample not containing GNPs served as control.
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Gel homogenization was achieved by routine
mechanical mix without heating. Three different
GNPs concentrations were considered: 0.02mM,
0.05mM and 0.1 mM (Molar amounts). Gel samples
were not irradiated in the first 24 hours after being
manufactured. All irradiations were performed
after that period.

Megavoltage X-rays and electron beam irradiation

The gel samples were irradiated with 18 MV
photon beams by using medical linear accelerator
(Clinac 2100C, Varian Associates Inc). The gels
were set up in water at SSD = 100 cm using a 25
x 25 cm? field size for photon beams) as shown in
Fig. 1. Irradiations were also done in single fraction
with constant dose rate of approximately 100 MU/
min (equal to 1Gy/min in a reference phantom).
The gel samples were placed in water and exposed
to radiation reference doses of 0 to9Gy. The doses
delivered by photon were verified with ionization
chamber.

MRI scanning

Magnetic resonance images were acquired 1 day
after irradiation using a 1.5T scanner (Seimens,
Multi slice). This period was necessary to ensure
that polymerization reaction was completed and
thermal equilibrium between gel samples and MRI
room temperature was reached. A fast-spin echo
sequence has been used with following parameters:
field of view = 300 x 300 mm?, slice thickness = 4
mm, effective echo time TE = 22ms, repetition time
(TR) = 3000ms, the matrix size = 256 x 256 matrix,
pixel size= 1.2 x1.2 mm?, number of echo= 16.

100 cm

Image and data processing

All of the image and data processing were done by
using MATLAB software (version 7.4 math works).
The measured dose maps were reconstructed from
the R2 image. Each pixel value of the R2 image was
obtained by fitting the T2 relaxation function to a
plot of the pixel intensities in the base images versus
the corresponding echo times on a pixel-by-pixel
base. A dose map was obtained after correlating
radiation dose to relaxation rate for each pixel of
the R2 image.

The levels of the polymerization of the irradiated
gels with and without GNPs were compared by
calculating the R2 (1/T2). This shows the level of
polymerization as a function to the dose. Fig. 2
showed the example of the T2 map from the MRI
image.

Statistical analysis

This study presents results (mean values + standard
deviation) from 3 independent experiments. One
way analysis of variance was used to determine
the significance of the difference between the
control and experimental group. A difference was
considered to be statistically significant when
p<0.05.

RESULTS AND DISCUSSION

Since the experiments were performed in water
environment, the effect of contrast enhancement in
MAGICA gel dosimeter with MRI technique was
investigated to achieve good results. MR images
in water and air were obtained while all other
conditions of imaging were the same, e.g. in both

Gels

<4¢—Gel Holder

Fig. 1. The schematic illustration of the gel irradiation set up with 18 MV photon beams
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cases containers fixed in the head coil and left for
few minutes to avoid motion artifact due to water
disturbance in the container.

MAGICA response to the 18 MV x-ray beam was
characterized by R2 signal relation to dose (Fig. 2).
A linear relationship was found between delivered
dose and R2 for the MAGICA and MAGICA+
GNPs with 18 MV energy shown in Table 1. Fig.
3 shows calibration curve. For verification of
dosimeter behavior of MAGICA polymer gel,

ionization chamber dosimeter had been used. The
experimental data are well fitted through a linear
fit and good correlations are obtained for all of
the experimental results. The effects of GNPs on
polymerization of the unirradiated samples with
and without GNPs were evaluated as shown Fig. 4.
The lack of variation difference between MAGICA
and MAGICA+ GNs which is less than 1 %
indicates chemical interaction between GNPs and
gels are negligible.

Table 1. The sensitivity and dose enhancement for MAGICA with and without 50 nm GNPs at different concentrations
for 18 MV energy

Gel Type Mean Sensitivity ( 107 s™ Gy-1) Mean DEF
MAGICA 6.3+0.20
MAGICA+GNP(C=0.02 mM) 6.4+0.21 1.014+0.07
MAGICA 6.3+0.20
MAGICA+GNP(C=0.05 mM) 7.3£0.32 1.074£0.11
MAGICA 6.3+0.20
MAGICA+GNP(C=0.1 mM) 8.2+0.46 1.161£0.15

Fig. 2. The T2 map from MRI image of the gel samples
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Fig. 3. MAGICA polymer gel dosimeter R2 response on absorbed dose in range of 0-900cGy
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The dose-response slopes for R2 versus
delivered X-ray dose for MAGICA+GNPs and
pure MAGICA were calculated. The ratio of
these slopes was taken as the dose enhancement
factor (DEF) for the gel samples with and without
GNPs (concentrations: 0.02, 0.05 and 0.1 mM).
Concentration 0.1mM presents DEF of 1.161 in
R2 related to gel without GNP; concentrations
0.05 mM and 0.02 mM present DEF of 1.074 and
1.014respectively (see Figs. 5-7).

Figs. 5-7 show dose enhancement effect caused
by X-rays of megavoltage range of energies in gels
with and without GNPs. Dose enhancement by high
Z material is believed to be caused predominantly
by enhancing the likelihood of the pair production
interaction. When GNPs are added to the gel prior
to irradiation and bombarded with megavoltage
X-rays, the pair production interaction cross section

will increase. This can be clearly inferred from the
interaction probability of these X-ray photons with
gold atoms compared to their interaction with the
tissue equivalent medium such as water.

The outcome of this work demonstrates the
feasibility of introducing GNPs into polymer gel
dosimeters and the ability to scan them with the
MRI scanner in the same way as standard polymer
gel samples that do not contain metallic particles.
The doping of polymer gels with metallic atoms
such as iodine, gadolinium and recently GNPs have
been demonstrated that the dose enhancement
caused by the presence such metallic atoms can
be separated from the dose deposited in the gels
[20, 24]. Generally, dose enhancement is extracted
from the comparison of the dose measured by
gels with and without inclusion of the metallic
atoms. The measured dose is related to the dose
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Fig. 4. Signal of non-irradiated gel samples with and without nanoparticles
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Fig. 5. Dose enhancement factor performed with MAGICA gel with 0.02 mM GNPs concentration
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Fig. 6. Dose enhancement factor performed with MAGICA gel with 0.05 mM GNPs concentration
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Fig. 7. Dose enhancement factor performed with MAGICA gel with 0.1 mM GNPs concentration

indicator factor “T2” of the MRI parameter for
the two gels. However, inclusion of contrast agent
or nanoparticles into polymer gel must take into
account its chemical properties that will eventually
affect the measured dose. Iodinated compounds
have been observed to interfere with the interaction
processes between the ions and monomers [27].

CONCLUSION

We reported here the measurement of radiation
dose enhancement generated by GNPs using
polymer gel dosimeters as a phantom. This study
found a significant dose enhancement from
the inclusion of the GNPs within polymer gels
irradiated with megavoltage X-rays beams from a
clinical LINAC.

One of the polymer gels advantages is the
ability to measure the effects of contrasts agents or
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metallic radiation dose enhancers such as iodine
and GNPs inside the dosimeter directly. In the
gel dosimeters, contrast agents may have uniform
dispersion within the dosimeter and therefore the
effects of this material can be directly quantified.
Physical measurement of the dose enhancement
produced by high Z materials with other types of
radiation dosimeters, such as film and ionization
chambers, are quite complicated According to the
experimental and simulation results, by adding
of GNPs to the MAGICA polymer gel absorbed
dose is increased. This study evidences polymer gel
dosimetry as a suitable tool to perform dosimetric
investigations of nanoparticles applications in
Radiation Therapy.

Recently it has been shown that this high dose
injures the normal tissue and induces the death of
half of the animal samples indicating the need for
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delivery of such a technique at much lower doses
which can be done by inclusion of the GNPs in the
target prior to irradiation [28]. We are hoping to
extend this work by focusing on the application of
GNPs as a dose enhancer for external radiotherapy.
Polymer gels will be one of the useful tools to
measure the dose enhancement by GNPs in
addition to in vitro and in vivo study.
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