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20133, Italy
2 Istituto Nazionale di Fisica Nucleare (INFN) – Sezione di Milano, Milano, Italy
3 Dipartimento di Scienze Farmaceutiche, Sezione di Chimica Generale e Organica “A. Marchesini”,
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Abstract
A double network hydrogel based on Poly(vinyl-alcohol) (PVA) cross-linked with
Glutaraldehyde (GTA) was recently developed by using self-assembling phenylalanine (Phe)
peptide derivative (Fmoc-Phe-Phe-OMe), with the aim to improve the mechanical-elastic
properties of PVA-GTA hydrogels. In this study, a characterization of the properties of Xylenol
Orange based Fricke gel dosimeters obtained by infusing a Fricke solution into the double
network hydrogel was performed. The gel dosimeters were irradiated with 6 MV and 15 MV
X-rays produced by a medical linear accelerator and investigated by means optical absorbance
measurements. The double network hydrogel formulation maintained a satisfactory level of
radiological water-equivalence within the investigated radiotherapy range. Fricke gel dosimeters
prepared with such network kept the desired properties of independence of the response of the
dose rate and energy in the investigated intervals. Furthermore, the addition of self-assembling
Phe peptide derivative proved not avoid the motion of radio-inducted ferric ions into the
hydrogel, probably maintaining the main characteristics of the standard, no Phe peptide infused,
formulation. The time course of formation of the optical response after the irradiation was
observed to be similar to what previously measured in traditional PVA-GTA Fricke gel
dosimeters, while a decrease of the sensitivity to radiation dose of the order of 30% was found.
The extent of the decrease does not seem such as to impair the use of these dosimeters for
evaluation of doses typical of radiation therapy applications. The overall dosimetric properties,
coupled with the mechanical-elastic characteristics of the double network hydrogel, pave the
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way to the development of phantoms able both to mimic the deformation of organs possibly
occurring during radiotherapy treatments and at the same time to assess the 3D dose distribution
within such volumes.

Supplementary material for this article is available online

Keywords: Fricke gel, phenylalanine peptide-derivative, double network, self-assembly,
tissue equivalence, radiation dosimetry

1. Introduction

Physical phantoms, i.e. suitable devices which mimic human
body, or a part of it, have always been indispensables tools for
accurate dosimetry in external beam radiation therapy (RT).
Basic dose measurements for the characterization and cal-
ibration of a RT beam are usually performed by placing a
dosimeter (e.g. typically an ionization chamber) in a water
phantom which closely approximates the radiation absorption
and scattering properties of soft tissues. Solid dry phantoms,
developed as substitutes for water, are also very practical
devices for reference dosimetry and quality assurance (QA)
measurements in RT [1].

The recent technological and procedural developments in
the delivery of RT beams (e.g. treatments based on volumet-
ric modulated arc therapy-VMAT or stereotactic body radi-
ation therapy-SBRT) have also led to the development and
rapid diffusion of sophisticated phantoms for patient-specific
QA measurements. In general, such phantoms may integ-
rate several active point dosimeters (e.g. matrixes of diodes)
capable of reproducing, in the phantom, the spatial distri-
bution of the dose absorbed by patients undergoing the RT
treatment [2, 3].

In addition to homogeneous phantoms, anthropomorphic
phantoms are frequently used for clinical dosimetry.
Commercially available systems, evolution of the Alderson
RANDO phantom [1], are shaped into a human torse and
incorporate variousmaterials to simulate different body tissues
like muscles, bones, lungs and air cavities. Such phantoms
are sectioned transversely into slices for dosimetric applica-
tions. Indeed, cavities in each slice allow accommodation of
different types of passive point dosimeters (e.g. thermolumin-
escence dosimeters-TLDs, optically stimulated luminescence
dosimeters-OSLs, alanine pellets).

A special class of phantoms that may significantly contrib-
ute to three-dimensional (3D) dose verification in complex
RT procedures is represented by dosimetric phantoms. They
are 3D dose integrating chemical dosimeters in which a suit-
able radiation sensitive chemical agent is incorporated into a
hydrogel or a synthetic polymer matrix. Ideally, a dosimetric
phantom can bemodeled directly in an anthropomorphic shape
or be inserted into an anthropomorphic phantom holder. Upon
irradiation, dose-dependent changes in physical and/or optical
properties of the dosimetric phantom occur as consequence of
radiation induced chemical reactions. Consequently, the 3D

spatial information on the absorbed dose within the phantom
can be captured and retrieved by a suitable readout technique
(e.g. magnetic resonance imaging or optical computed tomo-
graphy) [4, 5].

Various examples of dosimetric phantoms are available in
the literature, most of them related to the fabrication of head
phantoms containing Polymer gels or Fricke gels (FGs). They
can be used for verifying the dose distribution to brain targets
in stereotactic radiation therapy (SRT) procedures, as well as
for performing QA end-to-end tests [6–9].

In addition to SRT treatments, an important challenge of
the modern RT is still the precise delivery of the prescribed
dose to targets located in, or nearby, organs subjected to
motions and deformations during the RT treatment. Image-
guided radiation therapy may significantly improve the pre-
cision of such treatments by using different imaging systems
to reduce inter-fractional and intra-fractional motion uncer-
tainties. The clinical implementation of motion management
systems requires that they first be validated through robust
tests and measurements [10, 11]. To this aim, phantoms con-
taining dosimetric materials able not only to accurately meas-
ure 3D dose distributions, but also to mimic the deformation
and motion of organs are required [12, 13]. Various deform-
able dosimetric phantoms have been proposed in the literature,
which use different manufacturing approaches and readout
techniques [14–21].

Recently, an innovative double network hydrogel based
on Poly(vinyl-alcohol) (PVA) chemically cross-linked with
Glutaraldehyde (GTA), was developed by the addition of
self-assembling phenylalanine (Phe) derivatives. In particu-
lar, mechanical characterization measurements of the hydro-
gel clearly showed that the addition of the peptide Fmoc-
Phe-Phe-OMe (P) produce levels of stiffness, toughness and
stretchability higher than conventional PVA-GTA matrices
[22]. By infusing such hydrogel with a Fricke solution, a dosi-
metric material was obtained, whose mechanical-elastic prop-
erties could be exploited to produce deformable dosimetric
phantoms. Preliminary tests of the basic dosimetric proper-
ties of double network PVA-GTA FGs (hereinafter referred to
as PVA-GTA-P FGs) were performed using 137Cs as radiation
source, and 1H-NMR relaxometry and UV-Vis spectrophoto-
metry as readout techniques [22].

The aim of this study is to characterize the dosimetric
properties of PVA-GTA-P FGs in typical clinical RT irra-
diation scenarios by means of UV-Vis optical absorbance
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(OA) measurements, and to compare their performances with
those of traditional PVA-GTA FG dosimeters previously
investigated [23–26].

2. Materials and methods

2.1. Samples preparation

PVA-GTA-P-FGs were prepared using the following materi-
als:

Peptide Fmoc-Phe-Phe-OMe (P), whose synthesis is
described in detail elsewhere [22]; PVA Kuraray Poval™18-
88 (PVA-molecular weight 130 000 Da; degree of hydro-
lysis 86.7%–88.7%) (©Kuraray Europe GmbH [27]); GTA
(solution 25% v/v in water) (Sigma-Aldrich); Xylenol Orange
tetra-sodium sodium salt (XO) (Sigma-Aldrich); sulfuric acid
(SA) (VWR); ferrous ammonium sulfate hexahydrate (FAS)
(Carlo Erba); dimethyl sulfoxide (DMSO) (Sigma-Aldrich);
Ultrapure water (resistivity 18.2 MΩ cm) obtained by a
water purification system (Milli-Q Direct, EMD Millipore,
Germany). All the solvents used for the PVA-GTA-P-FG pre-
paration were of ACS grade or higher.

PVA stock solution (solution 1) was prepared by dissolving
10.6 g of PVA in 75.0 ml of ultrapure water, at 70 ◦C under
moderate stirring (∼150 rpm) for 40 min. The final concen-
tration of PVA stock solution was 12.4% w/w. After the com-
plete dissolution, the PVA solution was left to cool down at
room temperature. Peptide solution 100 mg ml−1 (solution 2)
was prepared by dissolving P in DMSO bymechanical stirring
for 5 min at room temperature. Fricke-XO solution (solution
3) was obtained by adding SA (25 mM), FAS (0.50 mM) and
XO (0.165mM) into water withmoderate stirring (∼150 rpm).

A volume of 3.7 ml of solution 2 was slowly incorpor-
ated into 112.5 g of solution 1 maintaining a rapid stirring
(∼400 rpm) for 2 h to reach homogeneity and clearness of
the resulting PVA-P solution. Afterwards, 24.65 ml of solu-
tion 3, 9.5 ml of water and 1.35 ml of GTA solution were
added and after one minute of gentle stirring, the final solu-
tion was poured for gelation into poly(methyl methacrylate)
cuvettes (10 mm optical path length and 12mm overall length)
closed with polypropylene cuvette stoppers and sealed with
Parafilm™.

For sake of comparison, an additional set of samples was
prepared with the procedure described above and with the
same amounts of reagents, including DMSO, but without
the addition of peptide (hereinafter referred to as PVA-GTA-
DMSO FG).

Finally, a series of Fricke-gel-layer (FGL) dosimeters with
3 mm optical path and surface dimensions 11 cm x 5 cm were
prepared and used for evaluating the Fe3+ diffusion coeffi-
cient. Details of FGLs geometry and assembling can be found
elsewhere [28].

The final concentration of PVA, DMSO and peptide
in PVA-GTA-P FG dosimeters were equal to 9.11% w/w,
2.67% w/w and 0.24% w/w, respectively.

After the complete gelation, all the Fricke gel dosimeters
were kept refrigerated at the controlled temperature of 6 ◦C
for one day and brought back to room temperature one hour

before the irradiations and the subsequent optical absorbance
(OA) measurements.

2.2. Radiological water-equivalence

The radiological water-equivalence of the PVA-GTA-P hydro-
gel was evaluated by comparing the values of density, mass
energy absorption coefficients for photons and mass electronic
stopping power for electrons with those of water. Furthermore,
a comparison of the densities and of the interaction coeffi-
cients between PVA-GTA-P hydrogel and the previously stud-
ied PVA-GTA hydrogel [23] was performed. The PVA-GTA-P
hydrogel density was measured at 25 ◦C by using calibrated
vessels with a capillary neck and an analytical balance with
precision of 0.1mg. The uncertainty of density was obtained as
the standard error of themean value over ten different samples.

The values of mass energy absorption coefficient and mass
electronic stopping power of PVA-GTA-P and PVA-GTA
hydrogels were calculated as a weighted average of mass
energy absorption coefficients and mass electronic stopping
powers of their chemical element constituents, respectively.
The chemical formulas and elemental compositions of the
media of interest, reported in table 1, were used for the cal-
culations considering the National Institute of Standards and
Technology physical reference data [29].

2.3. Samples irradiation

The irradiations of the PVA-GTA-P FG dosimeters in cuvettes
were carried out with 6 MV and 15 MV X-rays generated by
a linear accelerator (LINAC) Varian Clinac-Trilogy (Varian
Medical Systems, CA, USA) at ‘Fondazione IRCCS Istituto
Nazionale dei Tumori’ of Milano (Italy). The LINAC was cal-
ibrated following the IAEA TRS-398 code of practice (IAEA
2000) [30].

In all experiments using 95 cm Source-surface distance,
three samples, placed within a solid water slab phantom with
their center at 5 cm depth, were irradiated simultaneously and
uniformly using a 20 cm × 20 cm field size. Details of the
irradiation geometry are available elsewhere [23].

The irradiations of the FG dosimeters in form of layers were
performed using 70 kV X-rays generated by an X-rays tube
(Gilardoni Radiolight, Italy). A set of three samples of FGL
dosimeters was considered. During the irradiation, half of the
area of each layer was partially covered with a 2 mm thick
layer of lead to attenuate the beam in order to obtain a steep
dose gradient. Details of the irradiation geometry are available
elsewhere [31].

2.4. Optical absorbance measurements

Spectrophotometric measurements of the samples in cuvettes
were performed using a Cary 100 UV-Vis spectrophotometer
(Agilent Technologies, Santa Clara, CA, USA). The OA spec-
trum of each dosimeter in the wavelength interval 360–720 nm
was collected before the irradiation, using a cuvette contain-
ing ultrapure water as reference. The samemeasurements were
repeated approximately one hour after the irradiation of the
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Table 1. Elemental compositions (% w/w) of water, GTA, PVA, SA, DMSO, Peptide and PVA-GTA-P hydrogel. Data related to the
previously studied PVA-GTA hydrogel [23, 24] are also reported for sake of comparison.

Materials Chemical formulas wH (%) wO (%) wN (%) wC (%) wS (%)
PVA-GTA-P
hydrogels (%)

PVA-GTA
hydrogels (%)

Water H2O 11.111 88.889 0.000 0.000 0.000 87.609 90.231
GTA C5H8O2 8.000 32.000 0.000 60.000 0.000 0.234 0.241
PVA C2H4O 9.091 36.364 0.000 54.545 0.000 9.114 9.386
SA H2SO4 2.041 65.306 0.000 0.000 32.653 0.138 0.142
DMSO C2H6SO 7.693 20.513 0.000 30.769 41.025 2.663 0.000
Peptide-P C34H32N2O5 5.839 14.599 5.109 74.453 0.000 0.242 0.000
PVA-GTA-P hydrogel 10.803 81.936 0.012 6.111 1.138 100 —
PVA-GTA hydrogel 10.901 83.788 0.000 5.264 0.046 — 100

Table 2. Irradiation parameters used for the study of the dose rate dependence.

Total MU MU rate (MU min−1) Dose rate (cGy s−1) Number of fractions Time interval between fractions (s)

720 140 2.27 1 —
720 420 6.80 1 —
720 700 11.33 1 —
720 1120 18.12 1 —
720 1400 22.66 1 —
720 (6 × 120) 1400 2.25a 6 56
720 (4 × 180) 1400 0.26a 4 900
a Average value over the total irradiation time.

samples. For each sample, the spectrum of the optical absorb-
ance variation ∆(OA) (i.e. OAafter irradiation −OAbefore irradiation)
was accordingly derived.

A compact thermally cooled UV-VIS spectrometer (Prime
X, B&WTec Inc, USA) coupled with a halogen lamp by
means of silica optical fibers was initially used to measure the
time-course of formation of the OA signal in one sample of
PVA-GTA-P FG dosimeter in cuvette, due to the Fe3+–XO
complexation occurring during the first minutes after the irra-
diation. The same procedure previously used in the case of the
study of PVA-GTA hydrogels [23] was followed. Briefly, OA
spectrum of one sample, in the interval 350–700 nm, was col-
lected before the irradiation. Afterwards, absorbance spectra
were measured at consecutive times post-irradiation, starting
from about 30 s up to 50 min, in 1.5 s steps.

Light transmittance images of the various FG dosimeters in
form of FGLs were acquired before irradiation and at regular
intervals up to 6 h post-irradiation in order to evaluate Fe3+

diffusion rate. A laboratory-made equipment consisting of a
planar white-light illuminator (model LLUB, by PHLOX®)
and a charge coupled device (CCD, model uEye, by IDS®)
was employed. A narrow band-pass filter centered at 585 nm
with a full width half maximum of 10 nm was placed in
front of the CCD detector for selecting the spectral region of
interest. Details of the equipment used for the light transmit-
tance images of the FGL dosimeters can be found elsewhere
[31].

2.5. Dosimetric characterization

The dose response and energy dependence of the PVA-GTA-
P FG dosimeters in cuvette were studied by irradiating the
samples at increasing doses up to 15Gy,with 6MVand 15MV

x-rays in flattening filter (FF) beam mode and with 6 MV x-
rays in flattening filter free (FFF) beammode, using dose rates
of 9.9 cGy s−1, 10.2 cGy s−1 and 11.3 cGy s−1, respectively.

To evaluate the time required for the formation and stabiliz-
ation of the Fe3+–XO complexes within the hydrogel matrix,
one PVA-GTA-P FG dosimeter in cuvette was irradiated at a
dose of 8 Gy (dose rate of 9.9 cGy s−1), with 6 MV-FF-x-rays,
and subsequently used for measuring the time-course of the
absorbance spectrum by means of the compact spectrometer
(see section 2.4).

The dose rate dependence of PVA-GTA-P FG dosimeter
in cuvette was studied by delivering 720 monitor units (MU)
with 6 MV-FFF-x-rays, changing the MU rate from 140 to
1400 MU min−1. The corresponding dose rates were in the
interval 2.27–22.7 cGy s−1. Furthermore, two additional tests
were performed. In the first test, the total output (i.e. 720MU),
delivered at a rate of 1400 MU min−1 was spitted in six frac-
tions of 120 MU, spaced out at 56 s in order to reproduce an
average dose rate similar to that achieved using the lowest MU
rate of 140 MU min−1. In the second test, the total output (i.e.
720 MU), delivered at a rate of 1400 MU min−1 was spitted
in four fractions of 180 MU, spaced out at 15 min in order to
let the achievement of the chemical equilibrium of XO–Fe3+

complexation in the samples before the subsequent irradiation
fraction. Details of the irradiation parameters used to investig-
ate the dose-rate dependence of the PVA-GTA-P FG samples
are given in table 2.

2.6. Diffusion rate evaluation

The well-established procedure previously employed to eval-
uate Fe3+ diffusion rate in FG dosimeters of different
compositions [25, 31] was employed. The analysis was carried
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out using the light transmittance images of FGL dosimeters
acquired before and after the irradiation with a steep dose
gradient. For each FGL dosimeter, the differences of optical
absorbance ∆(OA) at 585 nm (i.e. in the transmittance inter-
val of the band-pass filter) were calculated on a pixel by pixel
basis and the ∆(OA) profile across the steep dose gradient
was derived. Fe3+ diffusion rate was obtained by the analysis
of the temporal variation of the ∆(OA) profile due to diffu-
sion phenomena. Between the different optical measurements,
the samples were kept at a controlled temperature (6 ◦C) and
protected from light to minimize auto-oxidation. Before each
measurement, the samples were thermalized at room temper-
ature for 5 min. Details of the employed procedure for data
analysis can be found in supporting information (SI).

3. Results and discussion

3.1. Radiological water-equivalence

The density of PVA-GTA-P hydrogel was assessed equal
to 1.016 ± 0.006 g cm−3, i.e. similar to the value of
1.031 ± 0.005 g cm−3 previously obtained for PVA-GTA
hydrogel [23].

Figure 1 shows the mass energy absorption coefficient
vs photons energy for PVA-GTA-P hydrogel, compared with
those of PVA-GTA hydrogel [23] and water. Similarly, figure 2
shows the mass electronic stopping power vs electrons energy
for PVA-GTA-P and PVA-GTA hydrogels, and for water.

The addition of self-the mass electronic stopping power:
the ratio of the interaction coefficient in the two gel for-
mulations (i.e. PVA-GTA-P/PVA-GTA) differs from one by
less than 0.5% in the whole energy range 0.01–100 MeV
(see figure 2(b)). In case of photon interactions, the PVA-
GTA-P hydrogel was characterized by a mass energy absorp-
tion coefficient higher than that of PVA-GTA hydrogel in the
low energy region (i.e. below 100 keV, where the photoelec-
tric effect is predominant). A maximum value of the ratio
between the mass energy absorption coefficient of PVA-GTA-
P hydrogel and of PVA-GTA hydrogel equal to about 1.11
was obtained for photon energy of approximately 30 keV (see
figure 1(b)). Such difference is due to the higher concentra-
tion of sulfur in the hydrogel containing P than in conven-
tional PVA-GTA matrices, as effect of the use of DMSO in
their preparation.

In spite of this, the PVA-GTA-P hydrogel formula-
tion maintained a satisfactory level of radiological water-
equivalence, as attested by the ratios of the interaction
coefficients between the hydrogel and water, whose values
are close to the unit in the energy range of interest for
external beam radiation therapy applications (see figures 1(b)
and 2(b)).

Figure 3(a) shows some examples of∆(OA) spectra of one
PVA-GTA-P FG sample in cuvette collected at different times,
starting from 30 s up to 20 min post-irradiation (6 MV x-rays
in FFmode). The time course of the∆(OA) at the wavelengths
of 520 nm and 585 nm (i.e. the centers of the two main absorp-
tion bands) and at 555 nm (i.e. the isosbestic point [23]) is

Figure 1. (a) Mass energy absorption coefficient vs photons energy
for PVA-GTA-P hydrogel (dashed grey line), PVA-GTA hydrogel
(dotted red line) and water (solid black line). (b) Ratio between
mass energy absorption coefficients of PVA-GTA-P hydrogel and
water (dashed black line), and ratio between mass energy absorption
coefficients of PVA-GTA-P hydrogel and PVA-GTA hydrogel (solid
red line). A direct comparison between PVA-GTA hydrogel and
water can be found in [23].

shown in figure 3(b). The data of figure 3(b) are scaled to one
considering the saturation values of the ∆(OA) at the three
considered wavelengths.

The results of figure 3(a) suggested that both the intens-
ity and the shape of the ∆(OA) spectrum of PVA-GTA-P
FG changed with increasing the post irradiation time, i.e.
during the phase of complexation of the radio-induced Fe3+

with XO. A similar behavior was previously observed in
other FG dosimeters containing XO as chelating agent and
can be ascribed to the dynamic of XO–Fe3+ complexation
processes [26].

Consequently, the time intervals required to reach sat-
uration of the ∆(OA) proved to slightly depend on the
wavelength, as shown in figure 3(b). However, from a prac-
tical point of view, it is reasonable fgto conclude that 15 min is
the minimum waiting time required to stabilize the dosimetric
signal in PVA-GTA-P FG dosimeters after the irradiation and
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Figure 2. (a) Mass electronic stopping power vs electrons energy
for PVA-GTA-P hydrogel (dashed grey line), PVA-GTA hydrogel
(dotted red line), and for water (solid black line). (b) Ratio between
mass electronic stopping power of PVA-GTA-P hydrogel and water
(dashed black line), and ratio between mass electronic stopping
power of PVA-GTA-P hydrogel and PVA-GTA-P hydrogel (solid
red line). A direct comparison between PVA-GTA hydrogel and
water can be found in [23].

before their analysis with optical techniques, independently of
the wavelength used for measuring the ∆(OA).

Figure 4(a) shows examples of ∆(OA) spectra of PVA-
GTA-P FG dosimeters in cuvettes, irradiated to different doses
with 6 MV x-rays in FF mode. As expected, the shape of the
spectra changed with increasing the dose and, most import-
antly, the intensity of∆(OA) was proportional to the radiation
dose. Such features were already observed in PVA-GTA-P FG
prepared with different amounts of peptide and DMSO irra-
diated with 137Cs sources [22]. Similar spectra were obtained
in case of irradiation with 15 MV x-rays in FF mode and with
6 MV x-rays in FFF mode, as shown in the SI.

The dose-response data for the two energies (6 MV and
15MV) and two irradiation modalities (FF and FFF), obtained
by plotting the values of ∆(OA) at the wavelength of 555 nm
versus the absorbed dose, are shown in figure 4(b). Linear
straight lines were fitted to each set of data and the values of the
slope-parameter, corresponding to dose sensitivity, together

Figure 3. (a) Examples of ∆(OA) spectra of one PVA-GTA-P FG
sample collected at different post-irradiation times. (b) Time course
of the ∆(OA) at the wavelengths of 520 nm, 555 nm
and 585 nm.

with the coefficients of determination R2 are summarized in
table 3.

It is worth noting that, as in other XO-based FG dosimeters
[23], linear dose response curves over the full investigated
dose interval were achieved by considering the OA variation
at 555 nm, i.e. the isosbestic point on the ∆(OA) spectra.

The results of figure 4(b) and table 3 demonstrated that
that no differences between the dose-response curves of
PVA-GTA-P FG dosimeters at 6 MV (FF and FFF) and
15 MV occurred, suggesting the independence of their optical
response of the energies conventionally used in x-rays radi-
ation therapy.

The sensitivity of PVA-GTA-P FG dosimeters was slightly
lower than the sensitivity previously obtained with PVA-GTA
FG dosimeters [23]. This is due to the presence of DMSO in
PVA-GTA-P hydrogel required to ensure solubility of P dur-
ing the hydrogel preparation. In fact, it was already observed
that the presence of DMSO in FG dosimeters influences their
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Figure 4. (a) Examples of ∆(OA) spectra of PVA-GTA-P FG dosimeters irradiated to different doses with 6 MV x-rays in FF mode.
(b) Dose-response data for the two energies (6 MV and 15 MV) and two irradiation modalities (FF and FFF) obtained considering the
∆(OA) values at 555 nm. The error bars correspond to one standard deviation. The lines are the linear fits to the experimental data.
(c) Dose-response data for conventional PVA-GTA FG dosimeters and PVA-GTA-DMSO FG samples irradiated to different doses with
6 MV x-rays in FF mode. The error bars correspond to one standard deviation. The lines are the linear fits to the experimental data.

dosimetric properties [22, 32, 33]. This feature is evident in
figure 4(c), where the dose response data of conventional
PVA-GTA FG dosimeters, irradiated with 6 MV x-rays in
FF mode, are compared with those of PVA-GTA-DMSO FG
samples. The sensitivity of PVA-GTA-DMSOFG samples was
evaluated equal to 0.062 ± 0.001 Gy−1 i.e. similar to that

of PVA-GTA-P FG dosimeters. By contrast, the sensitivity
of conventional PVA-GTA FG dosimeters results equal to
0.078± 0.001 Gy−1, i.e. approximately 30% higher than what
achieved in PVA-GTA-P FG samples.

Examples of ∆(OA) spectra of PVA-GTA-P FG dosimeter
irradiated to the same dose using different dose rates, as

7
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Table 3. Sensitivity to radiation dose of PVA-GTA-P FG
dosimeters irradiated using different energies.

Type Sensitivity (Gy−1) R-Square

PVA-GTA-P-6 MV FF 0.059 ± 0.001 0.9993
PVA-GTA-P-15 MV FF 0.060 ± 0.001 0.9996
PVA-GTA-P-6 MV FFF 0.059 ± 0.001 0.9996

Figure 5. (a) Examples of ∆(OA) spectra of PVA-GTA-P FG
dosimeters irradiated to the same dose using different dose rates,
normalized to the values measured at the dose rate of 2.27 cGy s−1.
(b) Average values of ∆(OA) at the wavelength of 555 nm for the
complete set of dosimeters irradiated to the same dose using
different dose rates. Error bars correspond to one standard deviation.

reported in table 2, are shown in the SI (figure SI4). An overlap
of the various spectra can be observed. This is also highlighted
in figure 5(a) where the∆(OA) spectra, normalized to the val-
ues measured at the dose rate of 2.27 cGy s−1, were plotted in
the wavelength region of the main absorption peaks of Fe3+–
XO complexes.

Considering the ∆(OA) values at the wavelength of
555 nm, shown in figure 5(b), the differences were lower than
1.0%, i.e. of the same order of magnitude of the variability
observed among the samples irradiated using the same dose
rates. Furthermore, the fractionation of the dose over various

Figure 6. Examples of ∆(OA) profiles in one PVA-GTA-P FG
dosimeter in form of FGL, acquired at different post-irradiation
times.

intervals, separated in time, had no significant effect on the
final response of the dosimeter.

3.2. Diffusion rate evaluation

Figure 6 shows examples of ∆(OA) profiles in one
PVA-GTA-P FG dosimeter in form of FGL, acquired at
different post-irradiation times. The steep dose gradient was
evident, as well as its progressive smoothing due to Fe3+ diffu-
sion phenomena in the hydrogel. The analysis of the temporal
variation of the profile (details in the SI) revealed a diffusion
coefficient equal to 0.165 ± 0.010 mm2 h−1. Such value was
similar to the diffusion rate measured in various PVA-GTA
FG dosimeters [25, 34–36], suggesting that the addition of P
did not significantly affect the motion of radio-inducted ferric
ions into the hydrogel.

4. Conclusions

A characterization of the dosimetric properties of PVA-GTA-
P FG dosimeters under irradiation scenarios typical of X-rays
RT was performed and the results compared with those of
traditional PVA-GTA FG dosimeters. The hydrogel formula-
tion containing Phe peptide-derivative maintained a satisfact-
ory level of radiological water-equivalence despite the higher
amount of sulfur than in conventional PVA-GTA hydrogels.

The investigated PVA-GTA-P FG dosimeters proved to
keep the desired properties of independence of the response of
the dose rate and energy within the here investigated ranges,
typical of FG dosimeters, when analyzed by means of OA
measurements. Furthermore, neither a significant reduction
nor an increase of the diffusion coefficient of ferric ions inside
the hydrogel was observed in the PVA-GTA-P FG dosimeters,
compared to what has been reported so far in the literature for
other PVA-GTA FG dosimeters.
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A decrease of the dose sensitivity in PVA-GTA-P FG dosi-
meters of approximately 30% compared to traditional PVA-
GTA FG dosimeters was observed, due to the presence of
DMSO in the new hydrogel formulation. However, the extent
of the decrease does not seem such as to impair the use of these
dosimeters for evaluation of doses typical of radiation therapy
applications.

The overall dosimetric results obtained in this study,
together with the outcomes of the previous investigation of
themechanical-elastic properties of the double network hydro-
gel, pave the way to the development of phantoms able both
to mimic the deformation of organs possibly occurring during
RT treatments and at the same time to assess the radiation dose
distribution within such volumes.
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