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ABSTRACT

Background: Polymer gels provide high-resolution Three-Dimensional (3D)
dosimetry and serve as valuable tools for quality assurance in radiotherapy.

Objective: The current study aimed to synthesize a Methacrylic Acid with Gela-
tin, Initiated by Copper, and Agarose (MAGICA) added polymer gel dosimeter doped
with Bismuth Nanoparticles (BiNPs) and to evaluate its dosimetric performance under
clinical megavoltage irradiation systematically.

Material and Methods: In this experimental study, we prepared MAGICA
gels containing BiNPs at concentrations of 0.05, 0.1, and 0.2 mM, along with control
gels. These gels were then simultaneously irradiated with 6 MV photon beams from a
clinical linear accelerator. The dosimetric responses were quantified using T>-weighted
magnetic resonance imaging (MRI).

Results: All samples exhibited a stable linear R>—dose response, and the incorpora-
tion of BiNPs enhanced the dosimetric sensitivity. Analysis of the Dose Enhancement
Factor (DEF) yielded values of 1.05, 1.09, and 1.08 for the 0.05, 0.1, and 0.2 mM BiNP
concentrations, respectively. This enhancement is attributed to increased local energy
deposition and production of hydroxyl radicals via water radiolysis.

Conclusion: BiNP-doped MAGICA gel provides improved dosimetric perfor-
mance and reproducibility, establishing it as a robust platform for 3D dose verification
and a promising candidate for preclinical radiotherapy optimization.

Keywords
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Radiotherapy

Introduction

adiation therapy plays a central role in cancer treatment by de-

livering high-energy ionizing radiation, such as X-rays or elec-

ron beams, to destroy tumor cells by inducing DNA damage. In
modern radiotherapy, advanced techniques, such as Three-Dimensional
Conformal Radiation Therapy (3DCRT), Intensity Modulated Radia-
tion Therapy (IMRT), Volumetric Modulated Arc Therapy (VMAT),
and Stereotactic techniques, as well as the recently developed Magnetic
Resonance Imaging Linear Accelerator (MRI-Linac) systems, enable
precise radiation dose delivery to complex tumor volumes and mini-
mize exposure to surrounding healthy tissues. These technological ad-
vances underscore the crucial role of accurate dosimetry and verification
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in ensuring safe and effective treatment deliv-
ery [1]. Precise dosimetry is a cornerstone of
radiotherapy quality assurance and treatment
optimization, providing reproducible and re-
liable quantification of absorbed ionizing ra-
diation within the target volume. Continuous
advances in medical dosimetry have further
enhanced the accuracy of dose measurement
and the overall reliability of radiation therapy
[2,3].

Traditionally, dosimetry has been performed
using one-dimensional detectors, such as ion-
ization chambers and silicon diodes [4, 5],
or two-dimensional detectors, such as radio-
chromic films and Electronic Portal Imaging
Devices (EPID) [6]. Despite continuous im-
provements in these devices, a realistic assess-
ment of dose distribution within a volumetric
space requires the use of a Three-Dimensional
(3D) dosimeter, which has attracted consider-
able interest in recent years. This tool allows
precise analysis of complex radiation fields
and enables end-to-end verification of the en-
tire treatment process, from dose planning to
final delivery [7].

One of the earliest types of gel dosimeters
was the Fricke gel, which operates based on
radiation-induced changes in ferric ion con-
centration [8]. However, the limited stability
of these ions led to diffusion and the forma-
tion of concentration gradients within the gel,
reducing spatial uniformity. To achieve im-
proved chemical and spatial stability, a new
generation of dosimeters based on radiation-
induced polymerization was developed [9].
The normoxic MAGIC gel, composed of
methacrylic acid, ascorbic acid, and gelatin
with a copper initiator, remains stable under
normal environmental conditions and exhibits
a precise dose response. Due to these advan-
tages, it has been widely investigated for 3D
dosimetry in radiotherapy [10]. To further en-
hance its reproducibility and stability, agarose
was introduced as a stabilizing agent, leading
to the development of the improved MAGICA
formulation [11]These modifications enhance

the gel’s dynamic response, improve its uni-
formity, and strengthen its chemical robust-
ness, making MAGICA a reliable tool for 3D
dosimetry in research and clinical applications
[12].

In recent years, the performance of poly-
mer gel dosimeters has focused on enhanc-
ing their sensitivity and dose response. One
of the most effective approaches involves the
incorporation of high atomic number (high-
Z) nanoparticles [13-16]. These nanoparticles
have been extensively investigated for radia-
tion dose enhancement [17] and increased lo-
cal energy deposition primarily through phys-
ical interactions, such as the photoelectric
effect, Compton scattering, and pair produc-
tion. The resulting increase in absorbed dose
can be quantified using the Dose Enhancement
Factor (DEF), which provides a direct mea-
sure of the amplification of radiation effects in
the presence of nanoparticles [17, 18].

Among various high-Z nanoparticles, Bis-
muth Nanoparticles (BiNPs) [19] have recent-
ly gained considerable attention as promising
radiosensitizers due to their high atomic num-
ber (Z=83), strong X-ray attenuation capabil-
ity, excellent biocompatibility, and relatively
low cost compared with Gold Nanoparticles
(AuNPs) [20, 21]. Furthermore, BiNPs ex-
hibit unique dual functionality that enables
both diagnostic imaging and therapeutic en-
hancement, positioning them as attractive
candidates for theranostic applications [22].

The radiation sensitization induced by
BiNPs has been analyzed through Monte Car-
lo simulations in various geometrical config-
urations and materials under various irradia-
tion modalities, including kilovoltage X-rays
[23], brachytherapy sources such as **Ir [24],
and megavoltage photon beams [25]. Results
from these simulations demonstrated that
BiNPs can significantly increase local energy
deposition and radiosensitivity, with the
magnitude of enhancement influenced by
nanoparticle concentration and photon energy,
primarily due to the Z*/E* dependence of the
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photoelectric effect at the atomic level (where
Z is the atomic number and E is the photon
energy).

Given the promising radiosensitizing poten-
tial of BiNPs and the high spatial resolution
of polymer gel dosimetry, further studies are
warranted to explore their combined use. This
study aimed to incorporate BiNPs into the
MAGICA polymer gel dosimeter to evaluate
their potential in enhancing the dosimetric re-
sponse and radiation sensitivity of the gel sys-
tem. The work assesses the feasibility and per-
formance of the BINPs—MAGICA composite
as a novel 3D dosimeter for use in verifying
megavoltage photon radiotherapy.

Material and Methods

Materials

In this experimental study, MAGICA poly-
mer gel dosimeters were prepared and irradi-
ated to evaluate the radiosensitizing effects
of BiNPs. The normoxic MAGICA polymer
gel dosimeter was developed using a slightly
modified version of the composition [10], no-
tably with agarose incorporated. All chemicals
utilized throughout the process were analyti-
cal grade and of high purity. These included
gelatin (porcine skin, type A, 300 Bloom,
Sigma-Aldrich, USA), agarose (low EEO,
Bioreagent, Sigma-Aldrich, USA), hydroqui-
none, ascorbic acid (AA), copper (II) sulfate
(CuSO0a4) (all from Sigma-Aldrich, USA), and

methacrylic acid (MAA, 99.9%, Merck, Ger-
many). Ultrapure deionized water (Milli-Q,
Purelab Flex UV, Elga Lab-Water, UK) was
used as the solvent.

BiNPs (28 nm, Nano kimiagaran Co.) were
obtained as dry powder and dispersed in 1%
of the total ultrapure water by ultrasonic agi-
tation before incorporation into the gel. The
detailed composition of the MAGICA gel is
presented in Table 1.

Synthesis of MAGICA Polymer Gel
Dosimeter Doped with BiNPs

Gelatin was added slowly to 60% of the total
ultrapure water at room temperature and mag-
netically stirred for about 30 minutes, while
the temperature was raised to 50 °C to obtain
a homogeneous solution. Simultaneously, aga-
rose was dissolved in 30% of the total water at
80 °C in a separate container under continuous
stirring until fully dissolved. Both solutions
were then cooled to around 50 °C, combined,
and stirred until a uniform final solution was
obtained.

Hydroquinone, previously dissolved in 2%
of the total water, was added to the mixture,
which was then allowed to cool to 35 °C.
Ascorbic Acid (AA) and copper (II) sulfate
(CuSO0a.), each dissolved in 2% of the total
water and serving as oxygen scavengers, were
sequentially introduced under gentle stirring.
After 5 minutes, Methacrylic Acid (MAA)
was added, and the solution was stirred until

Table 1: Chemical component of the MAGICA gel dosimeter

Component Chemical formula Concentration (w/w) %
Ultrapure deionized water H,0 82.3
Porcine gelatin CH,N.O, 8
Agarose (C,H,O,)n 5.0
Methacrylic acid C,H.0, 9
Hydroquinone C,H:0, 2.0
Ascorbic acid C.H,0, 0.0352
Copper sulfate CuSO, 0.0015
J Biomed Phys Eng / 1T
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complete homogeneity was achieved.

The resulting gel solution was divided into
four equal portions. The pre-prepared BiNP
suspension, sonicated in 1% ultrapure water at
concentrations of 0.05, 0.1, and 0.2 mM, was
added to three portions of the gel, while the
fourth portion served as the control (pure gel)
and received 1% ultrapure water. All portions
were thoroughly stirred to ensure uniform
dispersion of the components.

For each gel composition, four independent
batches were prepared, and for each batch, six
vials were used: five vials for irradiation at
different doses and one vial as an unirradiated
control. The gels were then poured into 9.5 mL
glass vials, sealed with Parafilm, and wrapped
in aluminum foil to protect them from light.
All samples were stored at 5 °C for 24 hours
before irradiation [26].

Irradiation Procedure

Prepared gel vials (BiNPs-doped gels at con-
centrations of 0.05, 0.1, and 0.2 mM, along
with control gels) were irradiated using a 6
MYV photon beam from a medical linear accel-
erator (Primus LINAC, Siemens Healthineers,
Germany). All vials were positioned vertically
in a Plexiglas holder. This holder was placed
inside a 40x34%35 cm?® water phantom. Each
vial had a height of 4.2 cm, with its center
positioned 2.1 cm from the top of the vial.

Irradiation was performed using two

parallel-opposed 40x40 cm? fields at a Source-
to-Axis Distance (SAD) of 100 cm. The dose
rate was set to 200 MU/min (corresponding
to 200 cGy/min, based on a calibration of
1 cGy per MU at the reference point in wa-
ter). Delivered doses were 2, 4, 6, 8, and 10
Gy, while one vial from each group was kept
unirradiated as a background reference. After
irradiation, all samples were stored at 4 °C to
minimize thermal effects and prevent post-ir-
radiation polymerization, ensuring dosimetric
stability before MRI readout.

MRI Readout and Data Analysis

After irradiation, all polymer gel dosimeters
were stored for 24 hours to allow completion
of post-irradiation polymerization and cross-
linking, ensuring stabilization of the final
dose-dependent R values [10]. Prior to imag-
ing, the samples were kept in the MRI room for
four hours to minimize temperature-induced
variations in the spin—spin relaxation rate
(R2=1/T2). Temperature was controlled at
4 °C during storage and prior to MRI read-
out to ensure reproducible R. measure-
ments. MRI scans were conducted on a 1.5
T system (MAGNETOM Avanto; Siemens
Healthineers, Germany) using a body coil, as
illustrated in Figure 1a.

The R: values were used as the dosimetric
parameter due to their high sensitivity, wide
dynamic range, and superior signal-to-noise

(b)

0Gy 2Gy ») 6Gy

8Gy 10Gy

Figure 1: MRl imaging and corresponding R, map of MAGICA gel dosimeters. (a) Representative
view of 1.5 T MRI imaging. (b) R, map of pure MAGICA gel and gels containing 0.1 mM BiNPs,
irradiated with 6 MV photon beam at doses of 0—10 Gy. (MRI: Magnetic Resonance Imaging)

J Biomed Phys Eng



Dosimetric Evaluation of BiNP-Doped MAGICA Gel

ratio compared with Ti-weighted imaging
[27]. Accordingly, T:-weighted images were
acquired using a multi-spin-echo sequence
with 16 echo times. MRI acquisition param-
eters were: Repetition Time (TR) =3000 ms,
Echo Spacing (TEs) =22 ms, Field of View
(FOV) =250 mm?, matrix size=256%256 (pix-
els), slice thickness =4 mm, and Number of
Excitations (NEX) =2. Calibration vials were
scanned alongside the BiNPs-containing
gels to minimize intersample temperature
variations during acquisition.

Rz maps were reconstructed from DICOM
data using MATLAB (R2023b, MathWorks,
USA), and mean R: values were extracted
from Regions of Interest (ROIs) within each
vial, excluding edge voxels (Figure 1b).
Dose-response curves were plotted as mean
R: versus absorbed dose to evaluate the linear
dose-response behavior of the gel dosimeters.
Rz values were calculated using the mono-
exponential model:

S=S,.e™TE (1)

where S_ and S are the signal intensities at
the i-th echo time and TE=0, respectively.

For each independent batch, the R.—dose
slope and DEF were calculated separately
for each replicate. The final DEF values were
obtained by averaging the three replicates,
ensuring independent consideration of each
measurement and accurate representation of
variability.

Statistical Analysis

All measurements were conducted in tripli-
cate, and the results are reported as mean +
Standard Deviation (SD). The Shapiro—Wilk
test was applied to assess normality.

One-way ANOVA was used to compare the
groups, followed by Tukey’s post-hoc test for
pairwise comparisons, using GraphPad Prism
9.5.1. Statistical significance was defined as a
P-value<0.05.

Results
Pure MAGICA gel samples were examined

at different radiation doses from 0 to 10 Gy
to evaluate the effect of irradiation on the po-
lymerization process. With increasing dose,
visual changes in the gel were observed as in-
creased opacity and reduced transparency, in-
dicating the progression of radiation-induced
polymerization.

The response of MAGICA gel to irradiation
was measured based on the transverse relax-
ation time (T2) in non-irradiated samples, both
in the absence and presence of BiNPs. Minor
variations were observed in T2 before irradia-
tion, likely due to slight interactions between
the gel components and the nanoparticles. By
converting T> to the transverse relaxation rate
R>=1/T>, pure MAGICA gel exhibited linear
behavior over the dose range of 0-10 Gy, with
R2 increasing uniformly with dose (R?=0.996).

The Ro—dose response of the pure gel and
BiNP-loaded gels at different concentrations
is presented in Figure 2. The BiNP-loaded gels
also showed a similar linear response, but the
slope of the R>—dose curve was higher in the
presence of nanoparticles.

Gel sensitivities were calculated from the
slopes of the R>—dose response curves. Sen-
sitivity values for the pure MAGICA gel and
BiNP-loaded gels at concentrations of 0.05,
0.1, and 0.2 mM were 1.04, 1.10, 1.14, and
1.13 Gy '.s™!, respectively. A significant in-
crease in sensitivity was observed for all
BiNP-loaded gels compared with the pure gel
(P<0.001), as illustrated in Figure 3a.

The DEF was calculated as the ratio of the
R>—dose slope of BiNP-loaded gels to that of
the pure gel and is presented as a bar graph
in Figure 3b. DEF values for concentrations
of 0.05, 0.1, and 0.2 mM were 1.05+0.005,
1.09+£0.005, and 1.084+0.006, respectively,
with the highest DEF observed at 0.1 mM.
The difference in DEF between the pure and
BiNP-loaded gels was statistically significant
(P<0.001).

Discussion
The response of MAGICA gel to irradiation

J Biomed Phys Eng
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Figure 2: Impact of BiNP concentration on the R,—dose response of MAGICA gel. (a—c) R,—dose
response curves of MAGICA gels doped with BiNPs at concentrations of 0.05 mM (a), 0.1 mM
(b), and 0.2 mM (c), illustrating the relationship between absorbed dose and R, values following
irradiation with a 6 MV photon beam in the dose range of 0—10 Gy.
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Figure 3: Sensitivity and dose enhancement of MAGICA gel loaded with BiNPs. (a) Mean
gel sensitivity for pure gel and BiNP-loaded gels at concentrations of 0.05, 0.1, and 0.2 mM
irradiated with a 6 MV photon beam. (b) DEF of BiNP-loaded gels at the same concentrations
relative to pure gel over 2—10 Gy, irradiated with a 6 MV photon beam. Error bars indicate SD;

P-value<0.001.
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originates from radicals formed through wa-
ter radiolysis, particularly hydroxyl radicals
(OHe), hydrogen atom radicals (He), and hy-
drated electrons (e aq). These radicals react
with Methacrylic Acid (MAA) monomers,
initiating a chain polymerization process [27].
As the reaction progresses, active radicals
transfer between polymer chains, leading to
network growth and increased crosslink den-
sity. The densification of the polymer network
correlates directly with measurable changes
in the transverse relaxation rate (R2) on MRI
images, such that R increases with absorbed
dose [28]. In the absence of irradiation, MAG-
ICA gel exhibits chemical and physical stabil-
ity, and minor pre-irradiation changes, includ-
ing slight opacity or small R> fluctuations, are
considered baseline values [29].

At megavoltage energies, (6 MV) commonly
applied in clinical radiation therapy, Compton
scattering is the predominant photon interac-
tion with matter [30]. Because this interaction
depends on electron density, the incorpora-
tion of BiNPs, which have a higher atomic
number and density than soft tissue, increases
local electron density within the gel. This en-
hancement promotes Compton scattering and
the production of secondary electrons, which
deposit additional energy in the microscopic
volumes surrounding the nanoparticles. These
low-energy electrons further stimulate po-
lymerization, leading to increased local dose,
elevated R. values, and a steeper gel dose—
response curve. This physical mechanism
underlies the observed DEF in BiNP-doped
gels. It should be noted that at megavoltage
energies, only modest DEF values are ex-
pected, which is consistent with the described
physical mechanisms.

In this study, the R>—dose response curves
for both pure and BiNP-doped gels were lin-
ear; however, the presence of nanoparticles
significantly increased the slope of the curves,
indicating enhanced gel sensitivity. The sen-
sitivity of pure MAGICA was 1.04 Gy '.s™,
whereas BiNP-doped gels with concentrations

0f0.05, 0.1, and 0.2 mM exhibited sensitivities
of 1.10, 1.14, and 1.13 Gy '.s!, respectively.
These differences were statistically significant
(P-value<0.001).

The initial increase in sensitivity up to 0.1
mM reflects a uniform and effective distribu-
tion of nanoparticles within the gel. The slight
decrease in sensitivity at 0.2 mM is likely
due to nanoparticle aggregation and radical
scavenging effects, which reduce polymeriza-
tion efficiency [31]. Consistent with previous
studies on other metallic nanoparticles [32],
higher concentrations can lead to competition
between free radicals and monomers, resulting
in a minor reduction in both the slope of the
R>—dose curve and the DEF. Within the 0-10
Gy dose range, increasing BiNP concentration
from 0.05 to 0.1 mM markedly increased the
slope of the R=—dose curve and the DEF. Even
at low concentrations, BiNPs promote second-
ary electron production and additional water
radiolysis, generating more radicals and ac-
celerating polymerization. These effects col-
lectively enhance the gel’s local dose response
and sensitivity.

Previous studies [16,20,21,29,32-34]
have consistently shown that incorporating
nanoparticles enhances both the sensitiv-
ity and dose response of polymer gels. Sab-
baghizadeh et al. (2017) reported that adding
AgNPs increased the dosimetric response of
PAGAT gel by 11.82% [32]. Khosravi et al.
(2016) observed DEF values ranging from
1.014 to 1.161 for various concentrations of
AuNPs in MAGICA gel [29]. Farahani et
al. (2020) found that BiNPs significantly in-
creased the dose response in nPAG gels for Ir-
192, while a smaller effect was observed for
Co-60, highlighting the energy dependence of
nanoparticle-mediated dose enhancement [20].
Similarly, Algathami et al. (2016) reported
higher DEFs for bismuth-based nanoparticles
at kilovoltage compared to megavoltage ener-
gies [33]. Alyani Nezhad et al. (2021) dem-
onstrated that Bi.Os nanoparticles in GENIP-
IN gel under low-energy (50 kV) irradiation
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substantially increased the local dose through
the photoelectric effect [21]. Sathiyaraj et al.
(2018) reported maximum DEFs of 1.34 and
1.18 for BiNPs in PAGAT and NIPAM gels,
respectively, under 1.25 MeV gamma irradia-
tion at 0.5 mM concentration [34]. Addition-
ally, Shoobkolaei et al. (2026) quantitatively
compared AuNPs and PtNPs in MAGICA
gels under 6 MV irradiation, reporting dose
enhancement factors of 9.88% for AuNPs and
12.04% for PtNPs [16].

Importantly, this study provides a dosimet-
ric evaluation of MAGICA polymer gel doped
with varying concentrations of BiNPs under
clinical 6 MV photon irradiation, extending
previous studies on nanoparticle-enhanced
gel dosimetry. The effects of BiNP concentra-
tion on gel sensitivity and R>—dose response
were systematically assessed, offering quan-
titative insight into the behavior of these
high-Z nanoparticles under clinically relevant
conditions.

Conclusion

This study demonstrated that doping the
MAGICA polymer gel with BiNPs effectively
enhances gel sensitivity and the DEF under
clinical 6 MV photon irradiation. The R>—dose
response remained linear, with the slope in-
creasing at 0.1 mM, indicating maximal sensi-
tivity, while a slight decrease at 0.2 mM likely
resulted from nanoparticle aggregation and
radical scavenging. These findings confirm
that high-Z nanoparticles facilitate secondary
electron production and accelerate polymer-
ization within the gel. Overall, the MAGICA—
BiNP system offers a promising platform for
preclinical dosimetry and may serve as a ref-
erence for evaluating BiNP-mediated dose en-
hancement in tumor radiosensitization during
radiotherapy.
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