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Abstract

This study reports the first preparation and characterization of an acrylic acid–glucose–polyvinyl
alcohol (ACAGLPVA) polymer gel dosimeter incorporating glucose as an organic additive
for radiation oncology applications. Five formulations with glucose concentrations of 0, 10,
20, 25, and 30 wt% were irradiated using a 6-MV photon beam at doses of 0–60 Gy, and the
transverse relaxation rate (R2) was measured by nuclear magnetic resonance (NMR) relax-
ometry. The optimal formulation (25 wt% glucose) demonstrated an excellent linear dose
response between 0 and 30 Gy (R2 = 0.9979) with a sensitivity of 0.177 s−1 Gy−1, followed
by a non-linear response at 30–60 Gy. The dosimeter exhibited dose rate independence
(200–600 cGy/min), energy independence (6–15 MV), temperature independence (5–35 ◦C),
and post-irradiation stability for at least 7 days. These characteristics demonstrate the
potential of ACAGLPVA gel dosimeters for accurate three-dimensional dose verification in
modern radiotherapy applications.

Keywords: polyvinyl alcohol (PVA); glucose; dosimetry; NMR; radiation; radiotherapy

1. Introduction
In the field of radiotherapy, achieving precise and accurate radiation dose delivery to

tumors is of paramount importance. It is essential not only to effectively target cancerous
tissues but also to minimize exposure to surrounding healthy tissues to reduce the risk of
side effects and improve patient outcomes. Advances in radiotherapy techniques, such as
intensity-modulated radiation therapy (IMRT) and image-guided radiation therapy (IGRT),
have enhanced our ability to focus radiation more accurately. However, these advancements
necessitate equally sophisticated dosimetry methods to verify and ensure the accuracy of
delivered doses. As treatment protocols become more sophisticated, the role of dosimetry
in quality assurance becomes increasingly critical. To support this, two-dimensional (2D)
film dosimeters [1] and three-dimensional (3D) gel dosimeters have been developed for
dose distribution verification and for improving treatment planning systems [2–4]. Three-
dimensional dosimeters are particularly valuable in advanced techniques requiring steep
dose gradients, such as intensity-modulated radiation therapy, volumetric modulated arc
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therapy, and stereotactic radiosurgery [5–7]. Compared with traditional tools like ionization
chambers, thermoluminescent dosimeters, diode arrays, and films, 3D gel dosimeters pro-
vide superior spatial accuracy in mapping dose distributions [8–11]. Polymer gel dosime-
ters, including BANANA (acrylamide, N,N-methylene-bisacrylamide monomers, nitrous
oxide, and agarose) and BANG (acrylamide, N,N-methylene-bisacrylamide monomers,
nitrous oxide, and gelatin) formulations, coupled with MRI, have become effective meth-
ods for verifying 3D dose distributions [12,13]. These overcome the main drawback of
Fricke gels, where ferric ion diffusion after irradiation degrades spatial resolution [14–18].
Polymer gel dosimeters operate on radiation-induced structural changes within the gel
matrix, including disintegration, re-entanglement, and cross-linking of molecules, which
depend on the absorbed dose [19]. These physical transformations can be quantified using
one-dimensional scanning techniques such as nuclear magnetic resonance (NMR) [20]
and UV-Vis spectrophotometry [21], or three-dimensional imaging modalities including
MRI [22–25], X-ray computed tomography (CT) [26–29], optical computed tomography
(OCT) [30–32], Raman spectroscopy, and ultrasound spectroscopy [33,34]. In addition
to their high spatial accuracy in dose distribution recording, polymer gel dosimeters are
tissue-equivalent and insensitive to radiation direction, making them highly suitable for
radiotherapy applications [35,36]. Fabrication involves dissolving a monomer in a gel
matrix with a cross-linking agent [37–39]. When irradiated in an oxygen-free environment,
the monomer undergoes polymerization, and the gel matrix retains the spatial dose distri-
bution without diffusion blurring [40,41]. Irradiated samples become increasingly opaque
with dose, and absorbance—arising from polymer microparticles—can be measured using
optical methods such as UV–Vis spectrophotometry to correlate absorbance with polymer
density and, ultimately, absorbed dose. For example, Rabaeh and Eyadeh (2023) [21] ap-
plied UV–Vis spectrophotometry at 500 nm to analyze N-(3-methoxypropyl) acrylamide
(NMPA) polymer gels. Absorbance increased linearly with dose between 2 and 20 Gy, and
higher co-monomer concentrations (6–8 wt%) improved sensitivity, resulting in greater
polymerization. Furthermore, polymerization alters the magnetic relaxation behavior of
surrounding water molecules (R2 = 1/T2), enabling NMR and MRI to provide an additional
means of assessing dose response in polymer gel dosimeters.

The performance of polymer gel dosimeters depends strongly on their composition;
hence, numerous formulations have been modified to improve accuracy in 3D dose distribu-
tion measurements [42]. Several studies have demonstrated that incorporating additional
materials into the base gel matrix can enhance sensitivity and stability while preserving
independence from energy and dose rate. A major advancement in this regard has been the
inclusion of inorganic salts [3,43–49] and organic additives [7], which promote free radical
generation during irradiation and thus yield a stronger and more reliable dose response
compared with traditional formulations. For instance, Abtahi et al. (2014) [37] examined
the impact of adding glucose and urea to an acrylamide-based polymer gel (PAGAT).
Dose sensitivity was assessed using a MAGNETOM Avanto, 1.5 T MRI scanner (Siemens
Healthineers, Erlangen, Germany), with additional optical measurements obtained via a
double-beam spectrophotometer. The results showed that incorporating 8.5% glucose and
3% urea significantly enhanced dose sensitivity, with the R2-dose response reaching up to
2.6 times that of conventional PAGAT gels. It was also observed that dose–absorbance mea-
surements provided a more sensitive approach, with sensitivity influenced by the selected
wavelength. Thus, choosing the appropriate wavelength based on the readout system’s
capacity is a key parameter in 3D dose measurement. In addition, the incorporation of
glucose and urea was found to extend the stability of both irradiated and non-irradiated
samples. Eyadeh et al. (2023) [50] reported enhanced dose sensitivity of N-(Hydroxymethyl)
acrylamide polymer gel dosimeters through the addition of glucose. Using a 0.5 T NMR
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system to evaluate the R2-dose response, they demonstrated sensitivity improvements
of 53%, 68%, 89%, and 115% with 10, 15, 20, and 25 wt% glucose, respectively. The gels
exhibited excellent linearity up to 8 Gy and stability for up to 10 days post-irradiation. The
study concluded that glucose acts as a sensitizer by promoting free radical generation after
irradiation, thereby accelerating monomer polymerization, enhancing dose sensitivity, and
extending the linear response range.

Recently, our group developed a novel polymer PVA gel dosimeter (ACAPHG),
formulated with PVA as the gel matrix, glutaraldehyde (GTA) as a crosslinker, acrylic
acid (ACA) as the monomer, N,N′-methylene-bis-acrylamide (BIS) as the co-monomer,
tetrakis(hydroxymethyl)phosphonium chloride (THPC) as an antioxidant, and magne-
sium chloride (MgCl2) as an inorganic sensitizer [51]. The gels were irradiated with
doses up to 50 Gy using a 6 MV photon beam from a medical linear accelerator at a dose
rate of 600 cGy/min. Dose response was evaluated by UV–VIS spectrophotometry at
630 nm for both irradiated and non-irradiated samples. Results showed a linear increase
in optical absorbance with dose up to 30 Gy, with a sensitivity of 0.013 Gy−1 s−1 for the
ACAPHG dosimeter. Furthermore, the performance of the PVA gel dosimeter (ACAPHG)
in three dimensions was evaluated using the CyberKnife robotic radiotherapy system and
OCT [52]. The results showed a 94.1% gamma pass rate in 2D analysis and a 99% pass rate
in 3D analysis.

While glucose has demonstrated effectiveness as a sensitizer in acrylamide-based
polymer gel dosimeters [37,50], its potential in PVA-based gel systems remains unexplored.
Existing PVA-based gel dosimeters have primarily utilized inorganic sensitizers such as
magnesium chloride or calcium chloride [51,52]. This study addresses this gap by pre-
senting the first acrylic acid–PVA dosimeter incorporating glucose as an organic sensitizer.
In contrast to traditional polymer gels that cannot set at room temperature and must be
refrigerated, the ACAGLPVA formulation sets at room temperature after approximately
10 h of preparation, eliminating the need for refrigeration and simplifying clinical handling.
We hypothesize that this combination will yield high dose sensitivity, extended linear re-
sponse range, and independence from dose rate, beam energy, and irradiation temperature.
This work evaluates the dose response, sensitivity, dose rate independence, beam energy
independence, temporal stability, and temperature dependence of the ACAGLPVA gel
dosimeter for radiation oncology applications.

2. Results and Discussion
The dose–response behavior of the ACAGLPVA polymer gel dosimeter up to 60 Gy is

shown in Figures 1 and 2, with sensitivity determined from the linear region (0–30 Gy). The
R2 values increased significantly with dose, reflecting the dissociation of water molecules
by ionizing radiation and the subsequent formation of reactive species (ions and free
radicals). These species initiate co-monomer polymerization, leading to the formation of
high-molecular-weight polymers within the PVA gel matrix. Greater radiation exposure
therefore results in enhanced polymerization, which reduces molecular mobility of wa-
ter molecules in the vicinity of the polymer and increases the spin-spin relaxation rate
(R2) [5], as shown in Figure 1a,b. Compared with other polymer gel dosimeters, such as
N-vinylpyrrolidone gels [29], the ACAGLPVA formulation exhibits an extended linear dose
range (0–30 Gy), though with slightly lower dose sensitivity, as determined from the slope
of the linear fit in Figure 1b.
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Figure 1. Dose–response relationship of the ACAGLPVA gel dosimeter measured by NMR relaxom-
etry: (a) transverse relaxation rate (R2) as a function of absorbed dose up to 60 Gy, showing linear
response from 0 to 30 Gy followed by non-linear behavior at higher doses; (b) linear region (0–30 Gy)
with linear fit equation demonstrating excellent linearity and a sensitivity of 0.177 s−1 Gy−1. Error
bars represent 2σ of R2 values from three independent samples.

Linear fitting was applied to the dose range (0–30 Gy) where the gel exhibits linear
dose–response behavior, as this region is most relevant for clinical dosimetry applications
in radiotherapy. The non-linear behavior observed at higher doses (30–60 Gy in Figure 1a)
reflects monomer depletion and saturation effects, where the available monomers become
depleted and the polymerization rate decreases. This phenomenon is common in polymer
gel dosimeters at high doses. Similarly, in Figure 3, linear fitting was applied only to gel
formulations with optimal glucose concentrations (25 and 30 wt%) that demonstrated com-
plete linear dose–response across the entire 0–30 Gy range. Lower glucose concentrations
show non-linear behavior even at low doses, indicating that the sensitizer concentration is
insufficient to maintain consistent polymerization kinetics throughout the dose range.
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Figure 2. Visual demonstration of radiation-induced polymerization in ACAGLPVA gel dosimeter.
Photograph shows gel samples in NMR tubes after irradiation at doses of 4, 10, and 20 Gy (left to
right), alongside a non-irradiated control sample (far left). The progressive increase in opacity and
color intensity with absorbed dose reflects the formation of polymer microparticles within the PVA
gel matrix. Note that the top surface layer (~1–2 mm) shows minimal color change due to oxygen
inhibition from the air headspace (see text for details).

Figure 3. Effect of glucose concentration on dose–response characteristics of the ACAGLPVA gel
dosimeter. Transverse relaxation rate (R2) versus absorbed dose for formulations containing 0, 10, 20,
25, and 30 wt% glucose (GL). Linear fits are shown only for 25 wt% and 30 wt% glucose formulations,
which exhibit complete linear response across the 0–30 Gy range. Error bars represent 2σ of R2 values
from three independent samples.

Importantly, unlike conventional gels that require refrigeration to avoid melting and
diffusion effects, the ACAGLPVA gel remains stable at ambient temperature, as previ-

https://doi.org/10.3390/gels12020176

https://doi.org/10.3390/gels12020176


Gels 2026, 12, 176 6 of 15

ously reported [51,53], facilitating both scanning and storage under similar conditions.
Furthermore, its dose sensitivity surpasses that of widely used PAGAT dosimeters [54].
Representative photographs of non-irradiated and irradiated gels are shown in Figure 2.
As visible in Figure 2, the NMR tubes were not completely filled with polymer gel, leaving
an air headspace above the gel surface. The top surface layer of the gel (approximately
1–2 mm) shows minimal color change even after irradiation, in contrast to the bulk gel
region, which exhibits dose-dependent color intensity. This phenomenon is due to oxygen
inhibition of radiation-induced polymerization at the gel-air interface. Although THPC
was employed as an antioxidant to eliminate dissolved oxygen from the bulk gel, oxygen
from the air headspace gradually dissolves into the top layer during storage and irradiation.
Oxygen acts as a free radical scavenger, terminating the polymerization chain reaction
initiated by ionizing radiation. Consequently, the uppermost region remains unpolymer-
ized or shows significantly reduced polymerization. This oxygen-inhibited layer does not
affect the dosimetric measurements because the NMR measurements are performed on the
bulk gel region well below the surface, and the positioning of samples during irradiation
ensures the measurement region is in the oxygen-free zone.

To determine the optimal concentration of glucose (GL) as sensitizer, multiple batches
of ACAGLPVA polymer gel dosimeters were prepared with varying GL concentration of
0, 10, 20, 25, and 30 wt%. The gel samples were irradiated with various absorbed doses
ranging from 0 to 30 Gy, under the same conditions as outlined in Figure 1. The dose–
response characteristics of all polymer gel compositions are illustrated in Figure 3. The
results indicate that the dose–response of gel samples with GL concentrations ranging from
0 to 20 wt% did not demonstrate a full linear relationship in the low dose range.

Even though there is an improvement in the linearity of these gel compositions as well
as their dose sensitivity with increasing GL concentration from 0 to 20 wt%, the amount of
sensitizer is still not enough to speed up the polymerization process in the low dose region.
A complete linear dose–response with high dose sensitivity is shown for gel samples that
contain a higher amount of GL (i.e., 25 and 30 wt%), implying that the concentration of the
sensitizer agent has reached its suitable concentration. The sensitivity of the gel sample
containing 25 wt% GL is comparable to that of the 30 wt% sample; hence, 25 wt% has been
selected as the optimal GL concentration for this study.

The quantitative dosimetric performance indicators for all glucose concentrations
tested are summarized in Table 1. The data clearly demonstrate that glucose concentra-
tion significantly affects both the linearity range and dose sensitivity of the ACAGLPVA
dosimeter. The optimal formulation containing 25 wt% GL exhibits a dose sensitivity of
0.177 ± 0.005 s−1 Gy−1 with an extended linear dose range of 0–30 Gy (R2 = 0.998). In
comparison, the glucose-free formulation (0 wt% GL) shows significantly lower sensitivity
(0.070 ± 0.002 s−1 Gy−1) and a narrow linear range (20–30 Gy), confirming the critical role
of glucose in enhancing the dosimetric properties.

Established dosimeters, such as PAGAT, exhibit a linear dose range of 0–20 Gy with
a dose sensitivity of 0.09 s−1 Gy−1 [54]. This indicates that the optimal ACAGLPVA
gel containing 25 wt% GL (refer to Table 1) possesses both a higher linear dose range
(0–30 Gy) and superior dose sensitivity (0.177 ± 0.005 s−1 Gy−1) compared to the PAGAT
gel dosimeter. Specifically, ACAGLPVA demonstrates a 50% extension in linear dose range
and approximately 97% improvement in dose sensitivity relative to PAGAT, representing a
significant advancement in polymer gel dosimetry for radiotherapy applications.

At a fixed beam energy of 6 MV, the effect of dose-rate on ACAGLPVA gel performance
was evaluated within the range of 200–600 cGy/min. Gel samples were irradiated with
doses of 10 and 30 Gy under the same conditions used in Figure 1. Each selected dose was
administered to a batch of three gel samples, and the average dose response was reported
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in terms of R2 values. As illustrated in Figure 4, no significant variation in relaxation rate
was observed across the tested dose rates. This stability suggests that ACAGLPVA gels
can be reliably utilized for dose verification and mapping without the need for correction
factors related to dose rate. This conclusion aligns with several previous studies indicating
that polymer gel dosimeters exhibit independence from dose rate [21].

Table 1. Dosimetric Performance Indicators of ACAGLPVA Polymer Gel with Different Glucose
Concentrations. The highlighted gel composition is optimal ACAGLPVA gel containing 25 wt% GL.

Gel Composition Linearity Dose Range (Gy) Dose Sensitivity (s−1 Gy−1) R2 Value

ACAGLPVA with 0 wt% GL 20–30 0.070 ± 0.002 0.992
ACAGLPVA with 10 wt% GL 8–30 0.138 ± 0.004 0.995
ACAGLPVA with 20 wt% GL 4–30 0.142 ± 0.005 0.996
ACAGLPVA with 25 wt% GL 0–30 0.177 ± 0.005 0.998
ACAGLPVA with 30 wt% GL 0–30 0.179 ± 0.006 0.997

Figure 4. Dose rate independence of ACAGLPVA gel dosimeter. Transverse relaxation rate (R2) was
measured at doses of 10 Gy (circles) and 30 Gy (squares) as a function of dose rate ranging from
200 to 600 cGy/min. Each data point represents the average of three independent samples, with error
bars showing 2σ of R2 values.

The effect of radiation beam energy on the dose response of ACAGLPVA was also
assessed. Samples were irradiated with doses of 10 and 40 Gy at commonly used radio-
therapy energies (6–15 MV) with a fixed dose rate of 600 cGy/min and were characterized
using NMR relaxometry one day post-irradiation. As illustrated in Figure 5, the average
relaxation rates from triplicate samples showed no significant variation with beam energy.
The minor fluctuations in the dose response were within the margin of error, confirming
that the performance of the ACAGLPVA dosimeter is stable and independent of photon
energy within this range.

To assess stability, ACAGLPVA dosimeters irradiated to 10, 20, and 30 Gy were read
out over 10 days, with average relaxation rates from three samples shown in Figure 6.
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Figure 5. Energy independence of ACAGLPVA gel dosimeter. Transverse relaxation rate (R2) was
measured at doses of 10 Gy (circles) and 40 Gy (squares) as a function of photon beam energy ranging
from 6 to 15 MV. Each data point represents the average of three independent samples, with error
bars showing 2σ of R2 values.

Figure 6. Post-irradiation stability of ACAGLPVA gel dosimeter. Transverse relaxation rate (R2) was
measured as a function of storage time up to 10 days for samples irradiated to 10, 20, and 30 Gy. A
noticeable increase in R2 is observed during the first 2–3 days post-irradiation, attributed to continued
polymerization, after which the values stabilize. Each data point represents the average of three
independent samples, with error bars showing 2σ of R2 values.

The results demonstrate a noticeable increase in dose response during the first four
days (maximum coefficient of variation about 0.07), likely due to ongoing post-irradiation
polymerization, in line with earlier reports [52]. After day four, no significant changes
were observed up to day ten (maximum coefficient of variation about 0.01), indicating the
absence of ongoing polymerization processes caused by long-lived radicals. Quantitatively,
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for 10 Gy samples, the R2 values increased from 3.9 s−1 at day 1 to 4.5 s−1 at day 4 (15.4% in-
crease), then stabilized at approximately 4.6 s−1 from day 4 to day 10 (variation < 5% after
day 4). Similar trends were observed for 20 Gy samples and 30 Gy samples. Based on this
numerical analysis, we define an optimal reading window of 4–10 days post-irradiation,
with maximum stability achieved between days 4–7 where signal drift is less than 5%.
For practical applications in radiotherapy dose verification, we recommend conducting
readouts at one day post-irradiation, with measurements also being acceptable within
a few hours or after four days, as these times correspond to the period of maximum
post-irradiation stability.

The effect of irradiation temperature on ACAGLPVA dosimeter performance was
evaluated at doses of 10 and 30 Gy across 5–35 ◦C. Three samples were irradiated at each
temperature, and average results are shown in Figure 7. The findings demonstrate that the
dose response of ACAGLPVA is independent of irradiation temperature within this range,
confirming its suitability for dose verification and mapping under varied thermal condi-
tions. This temperature independence results from the dominance of radiation-induced
free radical generation over thermal effects, as the activation energy for polymerization
in normoxic polymer gels is sufficiently low that temperature variations within 5–35 ◦C
do not significantly affect the dose–response relationship. This behavior contrasts with
Fricke-based gel dosimeters, where temperature significantly affects oxidation kinetics [15],
and provides a practical advantage for clinical applications by eliminating the need for
strict temperature control during gel preparation, irradiation, and storage.

Figure 7. Temperature independence of ACAGLPVA gel dosimeter during irradiation. Transverse
relaxation rate (R2) was measured at doses of 10 and 30 Gy as a function of irradiation temperature
ranging from 5 to 35 ◦C. Each data point represents the average of three independent samples, with
error bars showing 2σ of R2 values.

The comprehensive dosimetric performance indicators for the optimal ACAGLPVA for-
mulation (25 wt% GL) are summarized in Table 2. The dosimeter demonstrates excellent per-
formance across all evaluated parameters, including extended linear dose range (0–30 Gy),
high dose sensitivity (0.177 ± 0.005 s−1 Gy−1), dose rate independence (200–600 cGy/min,
<2% variation), beam energy independence (6–15 MV, <3% variation), good temporal stabil-
ity (1–7 days, <5% variation), and temperature independence during irradiation (10–30 ◦C,
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<3% variation). These characteristics make ACAGLPVA suitable for clinical radiotherapy
dosimetry applications.

Table 2. Summary of Dosimetric Performance Indicators for ACAGLPVA Gel Dosimeter (25 wt% GL).

Performance Indicator Value/Range Figure Reference

Dose sensitivity 0.177 ± 0.005 s−1 Gy−1 Figures 1b and 3
Linear dose range 0–30 Gy (R2 = 0.998) Figure 1a,b
Dose rate independence 200–600 cGy/min Figure 4
Beam energy independence 6–15 MV photons Figure 5
Temporal stability 1–7 days post-irradiation Figure 6
Temperature independence 10–30 ◦C (irradiation) Figure 7
Magnetic field strength 0.5 T NMR Section 4.3
Gel setting Room temperature, ~10 h Section 4.1

It should be noted that the R2 measurements in this study were performed using a
0.5 T NMR system. Clinical MRI scanners typically operate at higher field strengths (1.5 T
or 3 T). The relationship between R2 and magnetic field strength in polymer gel dosimeters
is complex and depends on the gel composition and polymer microstructure. Some studies
have shown that R2 values can increase with higher magnetic field strengths in certain
formulations [13], though this behavior is composition-dependent. Since our ACAGLPVA
formulation represents a novel composition incorporating glucose as an organic additive,
comprehensive characterization at clinically relevant field strengths (1.5 T and 3 T) is
necessary to determine the dose sensitivity, linearity range, and stability characteristics
under clinical imaging conditions. Future work will focus on this important aspect to
facilitate the translation of this dosimeter to clinical practice.

The reproducibility of the ACAGLPVA formulation was assessed through the prepara-
tion of four independent batches of the optimal formulation (containing 25 wt% glucose).
Each batch was used for different experimental conditions: Batch 1 for glucose concentration
optimization (Figure 3), Batch 2 for dose rate dependence (Figure 4), Batch 3 for beam en-
ergy dependence (Figure 5), and Batch 4 for irradiation temperature dependence (Figure 7).
The excellent reproducibility of the formulation is evidenced by the close agreement of
R2 values between different batches under similar conditions. For example, comparing
the R2 values at 20 ◦C irradiation temperature between Figure 3 (Batch 1) and Figure 7
(Batch 4) demonstrates excellent batch-to-batch consistency, confirming the robustness of
our formulation protocol.

3. Conclusions
In this study, we successfully developed and characterized a novel ACAGLPVA

polymer gel dosimeter incorporating glucose as an organic sensitizer in a PVA-based matrix,
representing the first systematic investigation of glucose in PVA-based gel dosimetry. The
dosimeter exhibits a linear dose response over the range of 0–30 Gy with excellent linearity
(R2 = 0.998) and a dose sensitivity of 0.177 ± 0.005 s−1 Gy−1, which demonstrates superior
performance compared to conventional PAGAT dosimeters in terms of both sensitivity
and linear dose range. The optimal glucose concentration was determined to be 25 wt%,
providing the best combination of sensitivity and linearity. The ACAGLPVA dosimeter
demonstrates independence from dose rate (200–600 cGy/min, variation <2%), beam energy
(6–15 MV photons, variation <3%), and irradiation temperature (5–35 ◦C, variation <3%),
making it suitable for a wide range of clinical radiotherapy applications. Post-irradiation
stability analysis revealed ongoing polymerization during the first four days (coefficient of
variation ~0.07), followed by excellent stability from day 4 to day 10 (coefficient of variation
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~0.01), defining an optimal reading window of 4–10 days post-irradiation with maximum
accuracy achieved at days 4–7.

The ACAGLPVA dosimeter is particularly well-suited for verification of complex dose
distributions in advanced radiotherapy techniques such as intensity-modulated radiation
therapy (IMRT), volumetric modulated arc therapy (VMAT), and stereotactic radiosurgery,
where accurate 3D dose mapping is essential. The room temperature stability of the
PVA-based system offers practical advantages over gelatin-based dosimeters that require
refrigeration, with the gel setting at room temperature, simplifying clinical handling and
eliminating the need for specialized storage conditions.

However, several limitations should be acknowledged. First, the current study was
conducted using a 0.5 T NMR system, and further characterization at clinically relevant
field strengths (1.5 T or 3 T) is needed to fully establish the dosimeter’s performance
in clinical MRI scanners, as R2 relaxation rates are field-dependent and may affect dose
sensitivity and linearity. Second, the post-irradiation instability during the first four days
requires that measurements be delayed until days 4–7 for maximum accuracy, which may
not be suitable for applications requiring immediate dose verification, although this is
typical of polymer gel dosimetry systems due to ongoing post-irradiation polymerization.
Third, while the ACAGLPVA gel composition outperforms other conventional gels within
the 0–30 Gy range, the non-linear response above 30 Gy limits the dosimeter’s applicability
to high-dose scenarios such as stereotactic body radiotherapy (SBRT) or brachytherapy
boost treatments. Additionally, the spatial resolution and 3D dose distribution mapping
capabilities have not been quantitatively evaluated in this study, and clinical validation in
actual treatment geometries is required before routine clinical implementation.

Future work should focus on: (1) characterizing the ACAGLPVA dosimeter at
higher magnetic field strengths (1.5 T and 3 T), (2) optimizing the formulation to im-
prove early post-irradiation stability and potentially extend the linear dose range beyond
30 Gy, (3) quantitatively evaluating spatial resolution and 3D dose mapping accuracy,
and (4) validating the dosimeter’s performance in clinical treatment scenarios using ad-
vanced 3D imaging modalities such as MRI and optical CT. Despite these limitations, the
ACAGLPVA gel dosimeter demonstrates excellent dosimetric properties and represents a
significant advancement in polymer gel dosimetry for radiation therapy applications.

4. Materials and Methods
4.1. Dosimeter Preparation

The acrylic acid–glucose PVA (ACAGLPVA) polymer gel dosimeter was fabricated under
standard conditions. All chemicals—ACA, N,N-methylene-bis-acrylamide (BIS), polyvinyl alco-
hol (PVA), D-(+)-glucose (GL), glutaraldehyde (GTA), and tetrakis(hydroxymethyl)phosphonium
chloride (THPC)—were obtained from Sigma-Aldrich, Darmstadt, Germany. An aqueous
GL solution was first prepared by dissolving 25 wt% GL powder in 65.7 g of triple-distilled
water at room temperature, followed by stirring for 10 min to achieve clarity. The solution
was heated to 80 ◦C, after which 5 wt% PVA was added and stirred for 2 h. The temperature
was then reduced to 50 ◦C to sequentially add 3 wt% BIS (60 min), 0.5 wt% ACA (5 min),
0.5 wt% GTA (3 min), and 0.3 wt% THPC (3 min). THPC serves as an oxygen scavenger,
reacting with dissolved oxygen in the gel matrix to prevent oxygen inhibition of radiation-
induced polymerization. The use of THPC allows the gel to be prepared under normal
atmospheric conditions (ambient air) without requiring an oxygen-free environment, sim-
plifying the preparation protocol while maintaining dosimetric performance. The resulting
homogeneous solution was cooled to 35 ◦C and transferred into airtight 10 mm NMR tubes
(Wilmad-LabGlass, Vineland, NJ, USA) to minimize oxygen diffusion from the surrounding
air after preparation. The ACAGLPVA samples were stored at room temperature before
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and after irradiation [51]. The complete composition of the ACAGLPVA gel dosimeter is
summarized in Table 3.

Table 3. Composition of ACAGLPVA Polymer Gel Dosimeter.

Component Chemical Name/Description Concentration (wt%)

Water Triple-distilled water 65.7
GL D-(+)-Glucose 25.0
PVA Polyvinyl alcohol 5.0
BIS N,N′-Methylene-bis-acrylamide 3.0
ACA Acrylic acid 0.5
GTA Glutaraldehyde 0.5
THPC Tetrakis(hydroxymethyl)phosphonium chloride 0.3
Total - 100.0

Two types of control samples were prepared for this study. First, glucose-free control
gels (0 wt% GL) were prepared following the same protocol described above but with-
out glucose addition, with the water content adjusted to 90.7 wt% to maintain the same
total mass. These glucose-free controls were used to evaluate the effect of glucose con-
centration on dose response and sensitivity (Figure 3). Additionally, intermediate glucose
concentrations (10, 20, and 30 wt% GL) were prepared to determine the optimal glucose
concentration. Second, non-irradiated reference samples were prepared for each gel formu-
lation (including all glucose concentrations tested) and stored under identical conditions
(room temperature, dark) as the irradiated samples. These non-irradiated controls were
measured using the same NMR protocol to establish baseline R2 values (displayed at 0 Gy
in Figure 3) and to assess any background polymerization or gel aging effects in the absence
of radiation exposure. All control samples were prepared in triplicate and measured at the
same time points as the irradiated samples to ensure consistency.

4.2. Dosimeter Irradiation

ACAGLPVA gel samples were conditioned at room temperature for five hours prior
to irradiation to ensure thermal equilibrium with the irradiation environment. A medical
linear accelerator (Varian Medical Systems, Palo Alto, CA, USA) was employed to irradiate
the ACAGLPVA samples with doses ranging from 1 to 60 Gy using 6-MV photon beams
at a dose rate of 600 cGy/min. The irradiations were conducted in a water phantom
(30 × 30 × 30 cm3) at a depth of 5 cm, utilizing a 10 × 10 cm2 field size and a 100 cm source-
to-surface distance. To guarantee the gel samples are irradiated in the beam’s flatness
region as specified in the treatment planning system, each ACAGLPVA gel sample was
positioned at coordinates 0 × 0 cm2.

Some gel samples were exposed to dose rates ranging from 200 to 600 cGy/min to
examine the effect of varying dose rates, while keeping the photon beam energy constant
at 6 MV. Other samples were irradiated using different beam energies (6–15 MV) at a
fixed dose rate of 600 cGy/min to explore how radiation beam energy influences the dose
response of the developed gel dosimeter. For accuracy, three samples were irradiated for
each dose, and the averaged dose–response values are presented in the figures. Following
irradiation, the samples were stored in the dark at room temperature.

4.3. Dosimeter Measurement

Both irradiated and non-irradiated ACAGLPVA samples, contained in NMR tubes,
were analyzed using a 0.5 T NMR system (Minispec mq20, Bruker, Rheinstetten, Germany).
Relaxation rates (R2) were measured with a Multi-Spin-Echo Carr–Purcell–Meiboom–Gill
(CPMG) sequence, employing 0.5 ms echo spacing, 2000 echoes and 3 s repetition time. The
R2 values were determined by fitting the multi-echo decay curves to a monoexponential
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model using the instrument’s built-in software. To minimize the effect of temperature vari-
ation during scanning, a thermostatic water bath (Julabo, Seelbach, Germany) maintained
the NMR probe temperature at 20 ◦C ± 0.1 ◦C. One hour prior to the NMR measurements,
the hydrogel samples were placed in a thermostatic circulating water bath to acclimate to
the carefully regulated and stable temperature. Each sample was scanned three times, and
the median values are reported in the figures.
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