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HIGHLIGHTS

e A novel polymer gel dosimeters based on itaconic acid is presented and characterized.
e The typical linear trend of the dose behavior in a specific dose range was found.

e Different gel structures were formed when oxygen and an antioxidant were present.

e Absorbed dose is univocally correlated with optic absorbance and Raman spectroscopy.
e [taconic acid appears as a reliable radiation dosimeter that may be further improved.
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A new polymeric dosimeter based on itaconic acid and N, N-methylenebisacrylamide was studied. The
preparation method, compositions of monomer and crosslinking agent and the presence of oxygen in the
dosimetric system were analyzed. The resulting materials were irradiated with an X-ray tube at 158 cGy/
min, 226 cGy min and 298 cGy/min with doses up to 1000 Gy. The dosimeters presented a linear re-
sponse in the dose range 75-1000 Gy, sensitivities of 0.037 1/Gy at 298 cGy/min and an increase in the
sensitivity with lower dose rates. One of the most relevant outcomes in this study was obtaining different
monomer to crosslinker inclusion in the formed gel for the dosimeters where oxygen was purged during
the preparation method. This effect has not been reported in other typical dosimeters and could be
attributed to the large differences in the reactivity among these species.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Diagnostic radiology and radiotherapy are the most used
techniques to detect and treat several tumors and cancer diseases.
One of the key aspects for a successful radiological treatment is the
evaluation of the real dose administrated to the carcinogenic tis-
sue and the risk of damaging the surrounding tissue. In that re-
gard, knowing in advance the 3D dose distribution improves sig-
nificantly the quality of the radiological procedure. Common
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dosimeters, such as the ionization chamber, thermoluminescent
dosimeters and films, cannot measure the 3D dose distribution
because of their limitations to maintain spatial dose information
(Ibbott, 2004). One of the best methods so far is the use of polymer
gel dosimeters (Sellakumar et al., 2007). Despite of some early
studies proving the use of polymers for radiation purposes
(Alexander et al., 1954; Hoecker and Watkins, 1958) it was not
until 1993 when Maryanski et al. proposed the first dosimeter
based on polyacrylamide (PAG) (Maryanski et al., 1993). From that
year to the present different systems have been proposed, such as
BANG (Maryanski et al., 1994), MAGIC (Fong et al., 2001), MAGAT
(De Deene et al.,, 2002), PAGAT (Venning et al., 2005), N-iso-
propylacrylamide (NIPAM) (Senden et al, 2006) and 2-
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Hydroxyethyl methacrylate (HEMA) (Lepage et al., 2001; Trapp
et al.,, 2005). In these systems acrylic monomers, crosslinking
agents and in most of the cases an oxygen inhibiter like Tetrakis-
phosphonium chloride (THPC) are homogenously dissolved in an
aqueous gel matrix. lonizing radiation induces the formation of
free radicals from water radiolysis to initiate the polymerization
and gel formation reactions between the monomers and cross-
linking agents, thus producing changes in the physical properties
of the material. The amount of formed polymer |/ hydrogel is re-
lated to the absorbed dose by the polymer gel (Baldock et al.,
2001). The degradation of the spatial dose information resulting
from diffusion mechanisms, which represents the main limitation
for Fricke gel dosimetry (Davies and Baldock, 2008; Vanossi et al.,
2008), is considerably reduced by the use of polymers. Therefore
irradiation and dose measurements can be carried out on different
times. The changes in the material's properties can be measured
by several techniques, for example magnetic resonance imaging
(MRI) (Maryanski et al., 1993), optical CT scanner (Gore et al., 1996;
Wuu and Xu, 2011), Raman spectroscopy (Rintoul et al., 2003),
ultrasound (Mather et al., 2002) and x-ray tomography (CT) (Hilts
et al,, 2000).

In the present study a new polymeric system is studied con-
sisting in itaconic acid (ITA), N,N'-methylenebisacrylamide (BIS),
an aqueous gelatin solution and THPC as oxygen scavenger. The
monomers ITA and BIS have been already studied for hydrogel
formation and the polymerization induced by other radical in-
itiation methods has been already proved (Caykara and Akcakaya,
2007). The effect of changes of the concentration of the different
species in the sensitivity and dosimetric efficiency for doses from
0 to 1000 Gy was studied by means of Raman spectroscopy and by
optical methods.

2. Materials and methods
2.1. Gel dosimeter preparation

Different compositions and procedures were used to manu-
facture the dosimeters. Itaconic acid ( > 99% purity) and BIS (99%
purity) purchased from Sigma Aldrich® were used as monomer
and crosslinking agent respectively. An aqueous solution of Gelatin
300 Bloom purchased from FLUKA and a buffer solution with
equimolar quantities of sodium phosphate monobasic and sodium
phosphate dibasic, both with analytical grade and a total con-
centration of 2 M were used as to prepare the support matrix of
the dosimeters. The phosphate buffer solution was used instead of
water to avoid the gelatin rupture because of the low pH value
obtained when ITA was added to the solution. For the dosimeter
preparation, first the gelatin was mixed with the buffer solution at
ambient temperature and heated up to 50 °C for 30 min, then the
temperature was lowered to 37 °C to avoid polymerization of the
monomers during the dosimeter preparation. Afterwards, BIS was
mixed for 15 min, then the ITA was incorporated and stirred for
another 15 min. Finally, 10% of the buffer volume with THPC was
incorporated at 37 °C and the mixture was stirred for 30 min. The
final solution was used to fill poly-methyl methacrylate box
shaped vessels (cuvette) of 10x10 x 44 mm?, no air was left at the
top of the vessels to avoid the effects associated with the presence
of oxygen above the THPC antioxidant capacity. The dosimeters
were stored for 24 h at 4 °C until irradiation for stabilization pur-
poses. For the experiments without oxygen, N, ( > 99.999% purity)
was bubbled during the mixing of the monomers and the whole
setup was sealed to avoid the incorporation of O,. The final con-
centration of gelatin 300 Bloom and THPC where 5% w/w and 0.1%
w/w respectively. These values were already tested in a feasibility
study of the ITA-BIS system and selected according to typical

values used by other authors (Chang et al., 2011b; Deene et al.,
2006).

2.2. Dosimeter irradiation

Samples irradiations were carried out in a conventional X-ray
tube with a W anode available at LIIFAMIR® facilities. The tube is
connected to a generator with a maximum power of 3 kW that
provides electrical current values from 5 to 60 mA, and voltage
values from 20 to 60 kV. Different beam configurations can be
achieved with this setup. In most of the irradiation experiments an
electrical current of 44 mA and voltage of 44 kV were used, ob-
taining a dose rate of an approximate dose of 298 cGy/min. To
measure the absolute dose rate a calibrated Farmer type ionization
chamber (PTW-Freiburg TN 30013) was used, in water-equivalent
phantoms. The samples were rotated at 6 rpm during the irra-
diation experiments in order to obtain a homogeneous absorbed
dose.

2.3. Dosimeter characterization

The degree of polymerization or gel formation in the irradiated
dosimeters was studied by means of three different methods. A
chemical description and quantification was performed by Raman
Spectroscopy with a Labram HR (Horiba Jobin-Yvan) Raman
spectrometer using a 632.8 He-Ne Laser with a 6.3 mV power.
Spectra of the irradiated dosimeters were analyzed by comparing
the area of some of the characteristic peaks for the stretching of
C=Cbonds in the ITA and BIS molecules. Also optical variations on
the cuvette dosimeters were analyzed by means of a Shimadtzu
spectrophotometer UV-260 by measuring changes on the optical
absorbance at wavelengths from 290 nm to 550 nm. A wavelength
ranging from 426 nm to 436 nm was used for comparing the ir-
radiated dosimeters with non-irradiated ones. Finally, a series of
dosimeters irradiated at different doses were lyophilized for 12 hs,
then sputtered with a 5 nm chrome layer in an argon atmosphere,
and scanning electron microscope images of the surface of these
samples were acquired with a scanning electron microscope (FE-
SEM Sigma, Carl Zeiz) using an acceleration voltage of 8 kV.

3. Results and discussion
3.1. Dose response

In an initial study, the feasibility of using itaconic acid and N,
N'- methylenebisacrylamide in a gelatin based matrix to evaluate
and quantify dose distributions during typical X-ray irradiation
applications was proved (Mattea et al., 2015). Nevertheless a
thorough study of the limiting dose ranges, effects of changes on
the composition of the different compounds present in the dosi-
meters and the dependence of the dosimeter's behavior with dose
rates were not previously performed and are informed within this
article. In the first approach of testing the potentiality of this
material as a polymeric dosimeter for therapeutic applications,
relatively high doses were necessary to obtain a reliable response,
especially when optical methods were used to characterize the
results. Doses ranging from 0 to 175 Gy were assayed obtaining
linear responses for doses higher than 75 Gy. Also, a value of 30 Gy
was observed as a minimum threshold to obtain a recordable
change in the optical density of the ITA-BIS dosimeters after their
irradiation. In this study the maximum dose assayed was 1000 Gy
and at this high dose values a linear response was achieved. Fig. 1
shows the dosimeters irradiated at doses ranging from 0 to
1000 Gy.

These dosimeters were characterized by mean of FT-Raman
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Fig. 1. ITA-BIS dosimeters irradiated with doses from 0 to 1000 Gy.
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Fig. 2. Raman spectroscopy analysis for vinyl C=C groups in ITA and BIS molecules
relative to the initial C=C groups in ITA molecules, in dosimeters with 4.6 T 34 C
irradiated at doses ranging from 0 to 1000 Gy.
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Fig. 3. Radiological sensitivity obtained by means of UV-vis absorbance mea-
surements in dosimeters with 4.6 T 34 C irradiated at doses from 0 to 1000 Gy.

spectroscopy and UV-vis spectroscopy and the results are pre-
sented in Figs. 2 and 3 respectively.

A linear response was observed in the AOD measurements for
dose values ranging from 75 to 1000 Gy with a R? value of 0.996
and with a sensitivty of 0.037 Gy~ '.

The reported results from Raman spectra were obtained from
the characterization method consisting on comparing the area of
the charactistics peaks for the stretching of the C=C bond in the
ITA and BIS molecules to the area of the stretching of the C=C
bond in the ITA molecules in the non irradiated dosimeters. In that
regard, the dissapearance of C=C bond after the irradiation in

each compound can provide information about the degree of
polymerization and about the type of polymer or gel formed
during the irradiation. All the experimental data obtained by this
characterization method was fitted with the following mathema-
tical expression:

INT
INTi140

=100 — a (1 — e P POSEy

A similar expression to fit the formation of new C-C bonds in a
polymeric dosimeters based on N-isoprpylacrylamide and BIS was
presented by (Huang et al., 2013).

In Fig. 4 SEM images of the surface's morphhology of dosi-
menters irradiated at doses ranging from 0 to 1000 Gy can be
obseved.

From these images it is clear that for doses below 50 Gy a very
small amount of the ITA-BIS hydrogel is formed, and after the
freeze drying process only the structure of the gelatin can be ob-
served as fibers or rods. At higher doses the surface of the irra-
diated samples selected for the SEM analysis becomes smother
and homogeneos, indicating that a larger concentration of hy-
drogel is present after the irradiation. Finally, at 1000 Gy every
part of the surface of the sample is smooth and homogeneous only
presenting subtle height differences. In a similar study of a
N-isopropylacrylamide (NIPAM) -BIS based dosimeter (Huang
et al., 2013) the authors observed that at the two highest doses the
material presented very similar homogenous and smooth mor-
phology and because of that, they concluded that the saturation
point of that system was reached. In the present study it is not
possible to assert that the saturation point was met just from the
SEM analysis. Nevertheless, considering the results of the AOD
analysis together with SEM images it is possible to conclude that
1000 Gy it's still below the saturation limit of the ITA-BIS system.
Moreover, comparing the slope of the AOD analysis in different
dose intervals (100-1000 Gy, 100-500 Gy and 250-1000 Gy) there
is only a maximun difference of 6% among them, thus indicating
that at 1000 Gy the behavior of the AOD with an increase of dosis
is still on the linear section of the sigmoidal typical behavior for
polymer based dosimeters.

3.2. Effects of changes in 4T

Different compositions were assayed to study the dose re-
sponse of the ITA-BIS dosimeters, Table 1 summarizes the different
concentrations used in this study, ¥T and %C are total mass percent
of monomers in the gel system and the mass percent of the
monomer mixture that acts as a crosslinking agent, respectively. In
the present study a dosimeter concentration of 4.6 T and 34 C was
taken as reference value for the variable analysis assays. This value
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Fig. 4. SEM images of ITA-BIS dosimeters irradiated at different total dosis from 0 Gy to 1000 Gy, obtained with an acceleration voltage of 8 kV and a magnification of 40 k x.

Table 1
Dosimeter compositions and preparation methods.

%Twlw %C w/ Method details Dose range Goals

w (Gy)

3 34 0-250 Inhibitors effect, 5T
effect

4 34 Standard 0-250 %T effect
4.6 34 Standard 0-1000 %T effect, reference value
5.2 34 Standard 0-250 %T effect
4.6 34 N, atmosphere 0-250 0, effect, THPC efficiency
4.6 34 Standard 0-250 Dose rate effect

was previously tested (Mattea et al., 2015) and it was selected to
keep a molar ratio between the monomers and crosslinker of 2:1
and a relatively high concentration of total monomers considering
the solubility limits of the monomers.

The optical behavior of the 4.6 T, 34 C dosimeters can be ob-
served in Fig. 3. The dosimetric system ITA-BIS presented a sig-
moidal behavior like other polymeric dosimeters, however the
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initial dose neccesary to obtain a clear distinguishale and reliable
response by optical methods was relatively high compared with
other polymeric dosimeters (Basfar et al., 2015; Chen et al., 2014).
The effect of changes in the total reactive material concentration
can be observed in Figs. 5 and 6.

Both compounds, monomer and crosslinker, are being con-
sumed proportionally at every studied %T, which indicates the
formation of an homogeneous material at different doses. For
concentations below 4 T the response of the ITA-BIS dosimeters
was not good enough for dosimetric purposes and the maximum
extent of the polymerization and gelification reactions only in-
volves aproximately 15% of the reactive compounds.

From the Raman characterization it can be observed that a
great increase in the reaction degree was achieved by increasing
the total concentration from 4.6 T to 5.2 T. However, this effect was
not clearly observed in the optical density characterization, as it
can be apreciated in Fig. 6, reporting that only a relatively small
increase on the sensitivity of material was achieved. Increasing the
total concentration to values higher than 5.2 T was not possible
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Fig. 5. Raman spectroscopy analysis for vinyl C=C groups in (a) ITA molecules and (b) BIS molecules, for dosimeters with different total monomer concentrations (5.2 T,

46T, 4.0Tand 3T) and a fixed monomer to crosslinker ratio (34C).
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Fig. 6. Sensitivity obtained from the slope of the linear regressions calculated from
the UV-vis spectroscopy characterization of ITA-BIS dosimeters with different %T
values (3T, 4T, 46Tand 52T).

because of the solubiltiy limits of BIS and ITA compounds.

3.3. Effects of O, inhibition.

The presence of oxygen during the polymerization and hydro-
gel formation has the same outcome that for other types of radical
polymerization inhibitors, and it has been proved to have a severe
impact over the performance of polymeric dosimeters (Hepworth
et al, 1999). The use of oxygen scavengers such as THPC has
simplified the preparation of polymeric dosimeters, however there
are some issues to be investigated about the effect of this sub-
stance over the gelatin matrix, like the reaction with the amine
groups of the gelatine matrix and the increase of the gelatin cross-
linking (Jirasek et al., 2006). Actually, Sedaghat et al. showed re-
sults where the concentration of THPC could lead to changes in the
accuracy and reproducibility of normoxic dosimeters (Sedaghat
et al., 2012). For the experiments reported in the present study, a
comparison between dosimeters prepared with THPC at atmo-
spheric conditions and in a N, atmosphere has been done to check
if the typical antioxidant concentration was suitable for the ITA-
BIS based material. The results are depicted in Fig. 7.

Raman analysis of these results provides useful information on
the effect of oxygen present in the dosimeters when 5 mM of THPC
is present as oxygen scavenger. A clear effect on the consumption
of ITA molecules was observed when O, was removed from the
dosimeters, oxygen even at low concentrations has a higher im-
pact on the reaction of the less reactive monomers in the system.
These reults suggests that a different structure of hydrogel could
be formed during the irradiation. What is more, by comparing
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Fig. 7. Raman analysis of ITA-BIS dosimeters with and without a N, atmosphere
irradiated with doses ranging from 0 to 250 Gy.

10
: o

=)

2 8

w7

Z 6

2

o 5

(%2}

2L 4

w

> 3

= @4.6T With 02

= 2

Y 04.6T Without 02
0

75 100 125 150 175 200 225 250 275
DOSE [GY]

Fig. 8. Optical analysis of ITA-BIS dosimeters with and without a N, atmosphere
irradiated with doses ranging from 0 to 250 Gy.

these results, where information about the vynil group con-
sumption was evaluated, with the optical changes observed in
these dosimeters (Fig. 8) it becomes clear that a different hydrogel
was obtained where more BIS relative to ITA was incorporated into
de hydrogel matrix.

This effect is not new, in fact it is well known that O, acts as
plymerization inhibitor and limits the length of polymer chains
during the polymerization (Billmeyer, 1984). This effect leads to a
less crosslinked matrix with a less significant incoporation of BIS
in the formed hydrogel and despite of observing a similar reduc-
tion in the intensisty of the raman spectra area corresponding to
the vynil groups of the monomers, a less dense material is ob-
tained with different light absorption.

3.4. Effects of dose rate

There are some different reports on how dose rate affects the
dosimetric sensitivity on polymeric dosimeters, a high dose rate
produces a higher concentration of water radicals which, de-
pending on the concentration of monomers, could enhance the
polymerization and gel formation reactions. For the NIPAM-BIS
system for example, (Huang et al., 2013) reported a decrease of
33% in the dose sensitivity with an increase in the dose rate from
200 cGy/min to 600 cGy/min. On the other hand, (Chang et al.,
2011a) observed the oposite effect, an increase of almost 33% in
the sensititvty when the dose rate was varied from 100 cGy/min to
500 cGy/min, in both cases the experimentes were carried out
under 6 MV X-ray energy. Also (Senden et al., 2006) studied the
NIPAM-BIS dosiemter at two different dose rates of 55 cGy/min
and 272 cGy/min observing no significant difference among the
results, but concluding that further studies would be necessary to
claim such effect. In the present study the results with variations
in the dose rate can be observed in Figs. 9 and 10. It has to be
pointed out that the linear energy transfer, and associated ioni-
zation density, for kilovoltage and megavoltage X-ray beams may
differ. Thus, the reported results obtained for variations of dose
rates might not be directly comparable with high energy beams.
But, no extreme differences would be obtained, qualitatively and
also quantitatively.

The sensitivity calculated from the slope of the optical absor-
bance cruves are 0.037 Gy~! at 298 cGy/min, 0.071 Gy ! at
226 cGy/min and 0.096 Gy~! at 158 cGy/min, observing a 61% in-
crease in the sensitivity.

4. Conclusions

A new dosimetric system composed by itaconic acid and N,N'-
methylenebisacrylamide was studied for X-ray dosimetric



F. Mattea et al. / Applied Radiation and Isotopes 105 (2015) 98-104 103

INTENSITY (%)

INTENSITY REALTIVETO INITIAL ITA

10 | [ BITA 298 cGy/min
©BIS 298 cGy/min

W ITA 226 cGy/min
@ BIS 226 cGy/min

0 50 100 150 200 250
DOSE (GY)

B ITA 158 cGy/min
@ BIS 158 cGy/min

Fig. 9. Raman analysis of 4.6 T ITA-BIS dosimeters irradiated with different dose
rates from O to 250 Gy.

25
S 20
<
w
2
Z 15
o
0
S
[%2]
o
2 10
w -
=
: s —
— S
L

0

100 150 200 250 300

DOSE (Gy)

Fig. 10. Optical analysis of 4.6 T ITA-BIS dosimeters irradiated with different dose
rates from O to 250 Gy.

purposes. The irradiation with a X-ray source was performed from
0 Gy to 1000 Gy using a dose rate of 298 cGy/min. Also the influ-
ence of dose rate was studied obtaining an increase in the dose
sensitivity of 61% when the dose rate was decreased from 298 cGy/
min to 158 cGy/min. Two different aproaches were used to analize
the amount and quality of the polymer formed during the irra-
diation. First by measuring the optical density changes of the do-
simeters irradiated with different doses observing a linear beha-
viour between 75 Gy and 1000 Gy. On a second hand, the dosi-
meters were analyzed by Raman spectroscopy looking for chemi-
cal differences that provides information on the consumption of
the different species during the polymerization induced by the
X-ray irradiation. A different consumption rate was observed for
the monomer and the crosslinking agent when the dosimeters
were prepared in the absence of oxygen. One of the main differ-
ences between the ITA-BIS system and other typical polymeric
dosimeters, such as NIPAM-BIS, PAG, etc. is the relative reactivity
of the monomer and crosslinking agent. In the studied system the
ITA molecules have less probability to react and to form part of the
gel ITA-BIS matrix. Therefore, these molecules have a high sen-
sivity to changes that could inhibit the polymerization reactions,
such as O, inhibition, or a chemical inhibition. As a consequence, a
different structure of the hydrogel could formed within the dosi-
meter and with a different optical atenuation. One of the main
motivations to analyze the effect of traces of O,, in a normoxic
dosimeter, was the to evaluate the high threshold dose value re-
quired to obtain the polymerization. Presumptions regarded an
inhibition effect or inherent characteristics of the dosimetric ma-
terial. No differences were observed in the dose threshold within

the dosimeters when O, was removed, which is a typical oxygen
effect in polymer gel dosimeters (De Deene et al., 2002). THPC was
always added to the dosimeters and the effects of THPC in polymer
dosiemters were expected, such as the reduction in the con-
sumption of the monomers in the presence of THPC (Sedaghat
et al.,, 2012).
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