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Abstract

Purpose of this study is to test if possible effects of gelation temperature and pH on the cross-linking process
between poly(vinyl alcohol) (PVA) and glutaraldehyde (GTA), have consequences on the dosimetric
properties of PVA-GTA Xylenol Orange Fricke gel dosimeters. Therefore, dose-response curves and Fe**
diffusion rate of PVA-GTA Fricke gel dosimeters prepared using different sulfuric acid concentrations and
different gelation temperature were investigated by optical absorbance measurements.

The results demonstrated that the sulfuric acid concentration determines both the dose sensitivity of the PVA-
GTA Xylenol Orange Fricke gel dosimeters and the interval of linearity of the dose-response curve. Although
the effects of gelation temperature and sulfuric acid concentration on the PVA-GTA cross-linking process may
occur, no significant consequences on diffusion properties of PVA polymer network were observed. Indeed,
Fe** diffusion rates in all investigated samples were very similar, and less than half of those achievable in

Fricke gel dosimeters prepared with natural gel matrices like gelatin and agarose.
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1. Introduction

Quality assurance procedures required in modern radiation therapy would greatly benefit from the
development of reliable and accurate dosimetric systems able to measure three-dimensional (3D) distributions
of the radiation dose (Kron et al., 2016). Fricke gel (FG) dosimeters are promising tools for this purpose: they
rely on the radiation-induced oxidation of Fe** ions to Fe** ions with a chemical yield proportional to the
absorbed dose (Seco et al., 2014). The spatial distribution of Fe** is used to acquire a 3D image of the absorbed
dose, by means of Magnetic Resonance Imaging (MRI) exploiting the different paramagnetic moments of Fe**
and Fe** ions (Schulz et al., 1990; Marrale et al., 2014a, 2014b) or by means of optical imaging, using a suitable
dye that produces a different optical absorbance when chelates Fe** ions, like Xylenol Orange sodium salt
(XO) (Kelly et al., 1998; Babic et al., 2009; Abdelgawad et al., 2017) or Methylthymol blue (MTB) (Alves et
al., 2018; Eyadeh et al., 2018a). Furthermore, due to the aqueous nature of the gel matrix, FGs are tissue
equivalent and their response is largely independent of radiation quality and dose rate (Moussous et al, 2011;
Soliman et al., 2017). Despite these advantages, FG dosimeters have not yet found routine application in the
clinical environment. In fact, some drawbacks of FG dosimeters still represent challenges to overcome, making
these systems an interesting topic of research. Firstly, irradiated FG dosimeters suffer from a gradual blurring
over time of the spatial radiation dose patterns due to the diffusion of ferric ions, which eventually destroys
the information on 3D dose distribution (Olsson et al., 1992; Rae et al., 1996; Babu et al., 2019). Secondly, the
dose-response of FG dosimeters is known to depend significantly on several elements that characterize their
manufacture, including purity and composition of chemical reagents, as well as processing parameters during
preparation and gelation (Del Lama et al., 2017). Consequently, the reproducibility level within the same
laboratory and among different research groups is lower than that achievable for other dosimetric systems.

In an attempt to improve the dosimeter, poly(vinyl alcohol) (PVA) cross-linked by glutaraldehyde (GTA) was
recently introduced as a matrix for the preparation of Fricke gels (Jin et al., 2012; Ruijia et al., 2010; d’Errico
et al., 2017; Marini et al., 2017; Marrale et al., 2017; Boase et al., 2018; Smith et al., 2015; Gallo et al., 2019;
Collura et al., 2018; Gallo et al., 2017; Eyadeh et al., 2018b; Rabach et al., 2018). PVA cross-linked with GTA
is a hydrogel that, due to its crosslinks within the polymeric chains, absorb and retain large amount of water

but do not dissolve in aqueous solutions (Hennink and van Nostrum, 2012).



When examining the PVA-GTA crosslinking reaction kinetics, possible effects of gelation temperature and
pH on the cross-linking process and thus on the diffusion properties of the PVA polymer network cannot be
excluded. Indeed, it is known that water molecules involved in the crosslinking of PVA with GTA may exist
in different states, namely strongly bound, weakly bound or non-bound to the polymer network, depending on
factors such as temperature, pH, and salinity (Gun’ko et al., 2017). In addition, environmental factors including
temperature and pH affect the relative abundances of monomeric and polymeric species of glutaraldehyde in
commercial aqueous solution that in turn may greatly influence the intra- and inter-molecular crosslinking
reactions (Purss et al., 2005; Gohil et al., 2006; Hansen et al., 1997). Purpose of this study is to test if possible
effects of gelation temperature and pH on the cross-linking process between poly(vinyl alcohol) and
glutaraldehyde, have consequences on the dosimetric properties of PVA-GTA Xylenol Orange Fricke gel
dosimeters. Therefore, dose-response curves and Fe** diffusion rate of PVA-GTA Xylenol Orange Fricke gel
dosimeters prepared using different sulfuric acid concentrations and different gelation temperature were

investigated by optical absorbance measurements.



2. Materials and methods

2.1. PVA-GTA Fricke gel dosimeters preparation

All batches of PVA-GTA-FG dosimeters were prepared using the following analytical grade compounds:
9.1 % w/w poly(vinyl alcohol) (PVA, Mowiol®18-88, Sigma Aldrich), 0.5 mM ferrous ammonium sulfate
hexahydrate (FAS, Fe(NH4)2(SO4):*6H,O, Carlo Erba); 0.165 mM Xylenol Orange sodium salt (XO,
Cs1H2sN2Na4O13S, Riedel-de Haén), 26.5 mM of glutaraldehyde (GTA, CsHgO», Sigma Aldrich), and various
concentrations (18, 25, 50, and 100 mM) of sulfuric acid (SA, H,SOs, Suprapur®, Sigma Aldrich). The
procedure for PVA-GTA Fricke gel dosimeters preparation, described in detail elsewhere (Gallo et al., 2019),
is here briefly summarized.

The PVA solution (solution 1) was prepared by dissolving dry PVA in 80% of the total ultrapure water
(resistivity 18.2 MQ-cm), obtained by a water purification system (Milli-Q® Direct, EMD Millipore, Germany)
at 70 °C under moderate stirring (~150 rpm). After the complete dissolution, the PVA solution was allowed to
cool down at room temperature (RT, i.e. 25°C). Afterwards, the Fricke-XO solution (solution 2) was prepared
by adding two-thirds of the total amount of sulfuric acid, ferrous ammonium sulfate hexahydrate, and Xylenol
Orange sodium salt, in this order, into 10% of the total water volume. The GTA solution (solution 3) was
prepared by pouring the GTA and the remaining one-third of the total amount of sulfuric acid into the residual
10% of the water. Finally, the three solutions were mixed and poured into poly(methyl methacrylate) cuvettes
with 10 mm optical path length, closed with polypropylene cuvette stoppers and sealed with Parafilm™.,

In addition, a series of PVA-GTA-Fricke-Gel-Layer (FGL) dosimeters with 3 mm optical path and surface
dimensions 11 cm x 5 cm were prepared. Details of FGLs geometry and assembling can be found elsewhere
(Gambarini et al., 2004).

Different sets of PVA-GTA Xylenol Orange Fricke gel dosimeters were prepared to evaluate the dependence
of their response on the sulfuric acid concentration. For these dosimeters, the gelation process occurred at the
controlled temperature of 25°C, i.e. the temperature at which the solutions of PVA, of Fricke-XO, and of GTA
were melted.

Another group of PVA-GTA Xylenol Orange Fricke gel dosimeters was prepared with the purpose of assessing

the dependence of their response on the gelation temperature. Therefore, for the FG prepared with a sulfuric



acid concentration equal to 25 mM, two other different gelation temperatures were considered: after the final
melting at 25°C, some dosimeters were placed inside a refrigerator at 6°C and some others inside a thermostatic
bath at 42°C. Details and characteristics of the various sets of PVA-GTA Xylenol Orange FG dosimeters
prepared and the analyses performed are summarized in Table 1.

After the complete gelation, all the PVA-GTA Xylenol Orange Fricke gel dosimeters were kept refrigerated

at a temperature of 6°C for one day and brought back to RT 1 hour before the irradiations.

Table 1 - Sets of PVA-GTA Xylenol Orange FG dosimeters prepared and used for the analyses of the dose-

response and diffusion rate. Each set of dosimeters comprised at least 3 samples.

Set of Shape Sulfuric acid Gelation Tvpe of analvsis
dosimeters P concentration [mM] | temperature [°C] yp y
1 Cuvette 25 6
) Cuvette 25 )5 Influence of gelation temperature
on the dose-response
3 Cuvette 25 42
4 Layer 25 6
Influence of gelation temperature
5 Layer 25 25 on the diffusion rate
6 Layer 25 42
Influence of sulfuric acid
7 Layer 18 25 concentration on the diffusion rate
8 Cuvette 18 25
9 Cuvette 25 25 Influence of sulfuric acid
concentration on the dose-
10 Cuvette 50 25 response
11 Cuvette 100 25

2.2. Dose-response measurements

PVA-GTA Xylenol Orange FG dosimeters inside cuvettes were uniformly irradiated with an IBL 437C ’Cs
blood irradiator at the “Fondazione IRCCS Istituto Nazionale dei Tumori” of Milano (Italy). For the sets of
dosimeters 1-3 (see table 1) the investigated dose interval was 6.4-24.0 Gy. For the sets of dosimeters 8-11
(see table 1) the interval was extended to 4.8-36.0 Gy. For each dose value, at least triplicates of samples were
irradiated.

An UV-Vis spectrophotometer (Cary 100 UV-Vis, Agilent Technologies, Santa Clara, CA, USA) was

employed for optical absorbance measurements of the irradiated samples in the wavelength range 350-750 nm.
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Optical absorbance spectra were acquired using as reference one cuvette filled with ultrapure water.
Furthermore, since in the conventional gel dosimetry the absorbed dose is correlated to optical absorbance
variation of the dosimeters following irradiation, also one un-irradiated sample for each batch was used as
reference. According to the indications in the literature (d’Errico et al., 2017; Marini et al., 2017), the
measurements were performed about one hour after the irradiation and the maximum optical absorbance values

at 585 nm were used for reconstructing the dose-response curves.

2.3. Diffusion rate measurements

Diffusion rate measurements were performed using FGLs prepared using different gelation temperatures and
different sulfuric acid concentration (see Table 1). It is worth noting that at RT the final melted solution
prepared with sulfuric acid concentration higher than 25 mM was excessively viscous and could not be poured
into the layer structures.

The same procedure recently adopted to study the diffusion rate in gelatin Fricke-Xylenol-Orange gel
dosimeters loaded with laponite was used. Details of the experimental set-up and data analyses can be found
elsewhere (Gallo et al., 2018). Briefly, two FGLs for each set of dosimeters were irradiated simultaneously to
a dose of 8 Gy with X-rays generated by an X-rays tube (Gilardoni Radiolight, Italy) operating at 80 kV and
5 mA. During the irradiation, half of the area of each FGLs was partially covered with a 2 mm thick layer of
lead in order to attenuate the beam (attenuation > 99.5 % at the maximum X-rays energy of 80 keV) thus to
produce a steep dose gradient.

Light transmittance images of each FGL were acquired just before irradiation and at regular intervals up to 6
hours post-irradiation, using 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®) with a narrow band-
pass filter centered at 585 nm (FWHM of 10 nm).

It must be pointed out that for the purpose of this study, i.e. to investigate possible differences in the Fe**
diffusion rate in FG prepared under different conditions, neither the radiation dose value, nor the quality of the
radiation beam are elements expecting to influence the results. Therefore, for sake of experimental
convenience, the FGLs were irradiated using an X-rays tube located in the same department of the optical

detector used for acquiring the light transmittance images, thus to optimize the scheduling of the experiments.



Similarly, the delivered dose was chosen for originating optical density (OD) values in the FGLs clearly
distinguishable from background values. For each FGL, the differences of optical density A(OD) were
calculated on a pixel by pixel basis and the profile of A(OD) across the steep dose gradient was derived,
together with its temporal variation due to diffusion phenomena. Then, each A(OD) profile was fitted using an

inverse square root function (ISQR) (Kron et al., 1997) of the form:

AW =+ -+ =

where A(x) is the A(OD) as a function of position x along the layer axis, A; and 4; are the maximum and
minimum A(OD) values, 7 is the curvature parameter that varies with time while the initial step distribution
diffuses, and C is a parameter used to account for possible lateral shifts of the inflection point. According to
the procedure described in the same paper (Kron et al., 1997), from the analysis of the change of the curvature
parameter 7 with time ¢, the diffusion rate D can be obtained as:

D= (3&/1—1)2
4n2 t
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3. Results and discussion

3.1. Optical absorbance spectra

Fig. 1 shows typical optical absorbance spectra of PVA-GTA Xylenol Orange FG dosimeters prepared at the
gelation temperature of 25°C, using a sulfuric acid concentration of 25 mM, and irradiated at increasing doses.
Spectra of panels (a) and (b) were measured using an un-irradiated sample and ultrapure water as reference,

respectively.
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Figure 1 — Typical optical absorbance spectra of PVA-GTA Xylenol Orange Fricke gel dosimeters irradiated
to increasing doses. (a) An un-irradiated sample was used as reference. (b) Ultrapure water was used as

reference.

The optical absorbance spectra of the irradiated FG dosimeters showed the broad absorption band centered

around 585 nm, due to the formation of XO-Fe*" complexes. The intensity of this signal increased while
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increasing radiation dose, with a consequent reduction of the absorption band at 430 nm, due to the XO
molecules not bound with ferrous ions. Although it is known that the XO optical properties are influenced by
pH and chemical features of the medium (Gay et al., 1999; Liosi et al., 2017), the shapes of the optical
absorbance spectra of PVA-GTA Xylenol Orange FG dosimeters were very similar to those of FG dosimeters
prepared with natural gelation matrices (Gallo et al., 2018; Davies and Baldock, 2008; Gambarini et al., 2017).
This suggested that the tested different gel matrices have comparable effects on the formation and properties

of the XO-Fe*" complexes.

3.2. Influence of gelation temperature on the dose-response curves

The dose-response curves of the PVA-GTA Xylenol Orange Fricke gel dosimeters prepared using different
gelation temperatures and irradiated to different doses were obtained from the optical absorbance values at the
wavelength of 585 nm. The experimental data are shown in Fig.2, together with straight lines fitted to each

dataset. The values of the fitting parameters are summarized in Table 2.
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Figure 2 - Optical absorbance at 585 nm of PVA-GTA Xylenol Orange FG dosimeters irradiated at increasing
doses and prepared using the different gelation temperatures of 6°C (black dots), 25°C (red squares) and 42°C
(white triangles). The error bars correspond to one standard deviation (1 SD). The lines are the weighed-linear

fits to the experimental data.
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Table 2 - Sensitivity to absorbed dose of PVA-GTA Xylenol Orange FG dosimeters prepared using different

gelation temperatures.

Sulfuric acid Gelation
Set of dosimeters concentration temperature Sensitivity [Gy™] R?
[mM] [°C]
1 25 6 0.077+0.001 0.9997
2 25 25 0.077+0.002 0.9993
3 25 42 0.076=0.002 0.9993

The slope values of the fitted straight lines, which indicate the sensitivity of the FG dosimeters to the radiation
dose, agreed within experimental errors and they were similar to the values reported in the literature about
PVA-GTA Xylenol Orange FG dosimetry (d’Errico et al., 2017; Marini et al., 2017; Eyadeh et al., 2018b). It
is worth noting that a sensitivity of the order of 0.077 Gy™! was also obtained in previous studies performed
with FG dosimeters based on natural gel matrices (Marini et al., 2017; Gallo et al., 2018).

Generally, the preparation of FGs using traditional natural matrices involves the dissolution of the gelation
agent in water at temperatures above 90 °C and 50 °C for agarose and gelatine, respectively. Subsequently, the
Fricke solution is added at a lower mixing temperature, i.e. before the gel solution starts to set. Accordingly,
gelation is achieved by cooling. It was observed that both the mixing temperature and the cooling rate
influenced the radiation dose sensitivity of these FG dosimeters (Olsson et al., 1991; Tarte et al., 1996). The
dependence of gel sensitivity on cooling rate might have important consequences in case of production of large
gel dosimeters acting also as phantoms (e.g. with volume of one liter or more). Indeed, for such volumes the
cooling rate at the edge of the dosimeter might be much faster than at its center, causing a non-uniform
performance across the volume (De Deene et al., 2007; Welch et al., 2017). PVA-GTA matrix has the
advantage of not requiring temperature gradients for gelation. Furthermore, the sensitivity to radiation dose of
PVA-GTA Xylenol Orange FG was found to be independent of the gelation temperature. Such evidence paved
the way to the production of PVA-GTA Xylenol Orange FG phantoms free from heterogeneities over large

volumes.
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3.3. Influence of gelation temperature on Fe’" diffusion rate
Fig. 3 shows examples of A(OD) profiles measured approximately 1 hour and 6 hours post-irradiations, related
to FGL samples of sets 4, 5, and 6 (see Table 1). The steep dose gradient is evident in all the curves, as well

as its progressive smoothing as a consequence of the gradual diffusion of ferric ions.
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Figure 3 - Examples of normalized A(OD) profiles of PVA-GTA Fricke gels prepared using different gelation
temperatures, measured at different post-irradiation times. Normalized profiles were obtained by considering

the mean values of A(OD) measured between 0 and 10 mm.

The rate of variation of the profile shape was independent of the gelation temperature, as demonstrated by the

temporal dependence of the curvature parameter (n) observed for the three gel samples (Fig. 4).
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Figure 4 - Curvature parameter n vs post-irradiation time obtained by fitting A(OD) profiles of PVA-GTA

Xylenol Orange FG prepared using different gelation temperatures. The error bars correspond to one standard

deviation (1 SD).

A summary of the results about diffusion phenomena is given in Table 3.

Table 3 — Diffusion rates in the different FGLs studied.

Sulfuric acid Gelation
Set of dosimeters concentration temperature Diffusion rate D (mm?*h)
[mM] [°C]
4 25 6 0.25+0.04
5 25 25 0.23+0.02
6 25 42 0.23+0.03

No significant differences were observed between the diffusion rates of the gel dosimeters prepared using
different gelation temperatures, indicating that the use of different gelation temperatures did not affect the Fe**
diffusion rates in PVA-GTA FGL dosimeters. The obtained values are less than half the diffusion rates
measured in gelatine-based FG dosimeters using the same experimental approach (Gallo et al., 2018), and also
available in the literature (Rae et al., 1996). These results confirm the improved dosimetric performance of the

PVA-GTA gel matrix over natural gel matrices.
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3.4. Influence of sulfuric acid concentration

The diffusion rates measured in PVA-GTA FGL dosimeters prepared at 25°C with the sulfuric acid
concentrations of 18 and 25 mM (sets 7 and 5 in Table 1) has resulted to be equal to 0.24+0.02 and 0.23+0.02
mm?/h, respectively. Therefore, Fe** diffusion phenomena proved not to be influenced by sulfuric acid
concentration in the investigated interval, suggesting no significant changes in the overall crosslinking
mechanism of PVA with GTA. This agrees with previous analyses of the reaction mechanism of crosslinking
of PVA with GTA, in the presence of sulfuric acid as catalyst (Kim et al., 1994), where the rate-determining
step is considered to be the nucleophilic attachment of hydroxyl groups onto protonated aldehydic groups.
Since the sulfuric acid molecules protonate the aldehydic groups, the higher the sulfuric acid concentrations,
the lower the gelation temperature. Further evidence of the dependence of the gelation reaction kinetics on
proton concentration were reported by Hansen et al. (Hansen et al., 1997), considering the decay rate of
aldehyde proton peak in NMR studies. Moreover, since all samples were prepared under acidic conditions, it
may be excluded that pH has a significant influence on de-acetylation reaction and in turn on the crosslinking
process. In fact, poly(vinyl alcohol) is produced by polymerization of Vinyl acetate to Poly(vinyl acetate) and
subsequent hydrolysis to PVA. The de-acetylation reaction is incomplete and results in PVA polymers with
different degrees of hydrolysis and therefore different solubility and chemical properties. At basic pH values,
hydrolization of remaining acetate groups occurred and the increased availability of hydroxyl groups may
affect the crosslinking of PVA with GTA (Mansur et al., 2008).

On the other hand, changes in sulfuric acid concentration proved to greatly influence the dosimetric properties
of the PVA-GTA FG dosimeters in terms of dose-response. In Fig. 5, optical absorbance values measured at
585 nm in dosimeters prepared with different sulfuric acid concentrations (sets 8-11 in Table 1) are plotted
versus the absorbed dose. The linear fits of each dataset in the 4.8-30.0 Gy dose range are also shown in Fig. 5.
The corresponding slope values are given in Table 4. PVA-GTA FG dosimeters prepared with 100 mM sulfuric
acid exhibited a linear dose-response curve up to 36.0 Gy, i.e. the whole investigated range. Conversely, the
dose-response curves of dosimeters prepared with lower sulfuric acid concentrations seem to approach
saturation just above 30.0 Gy. A wider range of linearity is seen to correspond to a lower sensitivity: a

progressive decrease of sensitivity from approximately 0.082 Gy down to 0.025 Gy was obtained by
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increasing the sulfuric acid concentration from 18 to 100 mM. Such findings were previously observed in FG
dosimeters prepared with natural gel matrices (Schulz et al., 1990; Davies and Baldock, 2008; Bero et al.,
2001; Gohary et al., 2016; Del Lama et al., 2017).

The agreement of our data with previous studies demonstrates that proton concentration has a strong influence
in PVA-GTA gel matrices in regulating the redox equilibria and thus the total amount of Fe*, as well as the
equilibrium of XO-Fe** complexes with different stoichiometry (Gay et al., 1999; 2002, Liosi et al., 2017).
Therefore, a strict control of the sulfuric acid concentration in PVA-GTA Xylenol Orange FG dosimeters
appears to be essential not so much for regulating the crosslinking density between PVA and GTA, as for

achieving the desired radiation dose sensitivity and linearity.
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Figure 5 - Optical absorbance at 585 nm of PVA-GTA Xylenol Orange FG dosimeters prepared using different
sulfuric acid concentrations and irradiated at increasing doses. The error bars correspond to one standard

deviation (1 SD). The lines are the linear fits to the experimental data in the dose interval 4.8-30.0 Gy.
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Table 4 - Sensitivity to absorbed dose of PVA-GTA Xylenol Orange FG dosimeters prepared using different

sulfuric acid concentrations.

Sulfuric acid Gelation
Set of dosimeters concentration temperature Sensitivity [Gy™] R’
[mM] [°C]
8 18 25 0.082+0.002 0.9998
9 25 25 0.078+0.002 0.9993
10 50 25 0.057+0.001 0.9996
11 100 25 0.025+0.002 0.9993

4. Conclusions

A study was carried out on the influence of the gelation temperature and the sulfuric acid concentration used
to produce Xylenol Orange Fricke gel dosimeters based on PVA-GTA matrices. Similarly, to traditional Fricke
gel dosimeters, also in PVA-GTA Xylenol Orange Fricke gel dosimeters the sulfuric acid concentration
determines both the sensitivity of the dosimeters to absorbed dose, and the interval of linearity of the dose-
response curve.

Although effects of gelation temperature and pH on the PVA-GTA cross-linking process may occur, no
significant consequences on the Fe** diffusion properties within a PVA polymer network were observed. In
fact, Fe** diffusion rates measured in all investigated samples were found to be very similar and less than half
of those achievable in traditional Fricke gel dosimeters prepared with gelatin and agarose, confirming the
higher stability of PVA over natural gel matrices. This characteristic, together with the independence of the
dose-response curve of the PVA-GTA Xylenol Orange FG dosimeters of the gelation temperature over a wide

temperature range, supports the potential of these gels for the manufacture of large phantoms for 3D dose

mapping.
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