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et Médecine, Université de Rennes I,
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ABSTRACT

The radiation-response of the Fricke-doped protein-polymer
gel (PIRA) was studied by 1H NMR, as well as with spec-
trophotometric and fluorescence methods. In this gel, the io-
nizing radiation induces an increase in the NMR longitudinal
relaxation rate, R1, of protons. It was observed that: I) the
main mechanism responsible for the increase in R1 was the
oxidation of ferrous to ferric ions; ii) the total amount of ac-
rylamide with the same weight fraction (50%C) of the cross-
linker N,N0-methylene-bis-acrylamide in the range 6%712%
by weight had no effect upon the R1 dose sensitivity; iii) the
increase in the bovine serum albumin (BSA) concentration
caused a drop in the R1 dose response sensitivity; iv) the R1
dose sensitivity was pH dependent. The four-site fast exchange
model for R1 dose response was applied to calculate the ferric
ions chemical yield G(Fe3þ). The G(Fe3þ) value obtained from
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the NMR data agreed with that determined independently
from spectrophotometric measurements.

Key Words: MRI dosimetry; Proton relaxation times;
Fluorescence; Protein-polymer gel (PIRA); Phantom mat-
erial; Fricke-doped gels

INTRODUCTION

In 1984, Gore et al. first demonstrated the possibility of detecting the
spatial distribution of an absorbed dose in phantom material by the use of
Magnetic Resonance Imaging (MRI), based on the dosimetric properties of
the Fricke solution1,2. Since then, several NMR dosimeter substances have
been proposed for dose distribution imaging. Their characteristic features
are: i) a dosimeter component changing in accordance with the absorbed
dose and influencing the proton relaxation times, e.g. the concentration of
ferric ions formed as a result of the oxidation of ferrous ions3,4, or the
formation of crosslinked polymers5,6; ii) a gel matrix substance7712; iii) si-
milarity to real tissue13,14; and iv) sensitivity to ionizing radiation15717.
Compared with other dosimetry methods, NMR dosimetry could be par-
ticularly useful for verification of complex irradiation geometries using
multibeam techniques and including mixed modalities, if their uncertainty
fulfills the dose criteria required for radiotherapy measurements18722. This
goal can be achieved by standardization of the gel preparing protocol23,24,
improving the resolution and accuracy of the measurement methods25727,
and finally, by thorough determination of the ionizing radiation induced
mechanisms that influence proton relaxation times28730. Recently, Audet
and Schreiner30 presented a multiple-site fast exchange model for spin-lat-
tice relaxation in the Fricke gelatin dosimeter gel. This model is an extension
of the model developed previously for aqueous Fricke dosimeters31 and
concerns two mechanisms governing the dose response of the ferrous sul-
phate-doped dosimeter gels. The first mechanism is the chemical response of
the dosimetric component, the second one covers the effect of the ferric ions
produced in the gel by radiation-induced oxidation of the ferrous ions upon
NMR spin-lattice relaxation.

The aim of this paper was to apply this model to the PIRA gel,
as proposed by Zebrowska et al.12, and to verify its usefulness for
absolute dosimetry. The PIRA gel is a test substance, including the same
dosimeter component (the Fricke solution), but with a significantly different
gel matrix, associating bovine serum albumin (BSA) with acrylamide and
N,N0-methylene-bis-acrylamide (often used in electrophoresis techniques).
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Apart from the usefulness of the PIRA gel in the spatial determination of the
absorbed dose of ionizing radiation byMRI, it shows closer similarity to soft
biological tissues in the elemental composition, mass density and electron
density, compared to the previously described Fricke-doped dosimetric gels32.

Spectrophotometric and fluorescence spectroscopy measurements
were also performed to elucidate the radio-induced mechanisms which could
be responsible for the increase in the proton longitudinal relaxation rate
(R1) with the absorbed dose. From the absorbance data one can obtain
information on Fe3þ ion concentration and, consequently, determine the gel
radiosensitivity, as well as calculate the ferric ion G value (number of Fe3þ

ions produced per 100 eV) independent of its determination by the NMR
study. Other properties of the gel that can influence its radiosensitivity and
the measured R1 can be obtained from fluorescence measurements of the
luminescent probes doped to the sample33. For example, alterations in the
emission spectra of some luminescent probes afford information on struc-
tural changes in the medium. Emission anisotropy values are sensitive to the
probe rigidity, indicating modifications in the gel matrix condition.

MATERIALS AND METHODS

Sample Preparation

The PIRA tissue equivalent gel consists of 5% by weight bovine serum
albumin (BSA) (A-7030, Sigma Chimie, St. Quentin Fallavier, France), 10%
by weight acrylamide (A-3553, Sigma Chimie, St. Quentin Fallavier,
France) with 50%C N,N0-methylene-bis- acrylamide (bis) (A-M-7279,
Sigma Chimie, St. Quentin Fallavier, France), 0.5 mM Fe(NH4)2-
(SO4)266H2O (F-3754, Sigma Chimie, St. Quentin Fallavier, France),
100mM H2SO4 (analytical grade) and high-purity water. Detailed proce-
dures for the preparation of the PIRA gel were reported elsewhere32. To
determine the optimum proportion of the gel compounds and the me-
chanisms governing dose response, different concentrations were examined
(Table 1).

All the Fe2þ and Fe3þ solutions were prepared by dissolving
Fe(NH4)2(SO4)266H2O and FeNH4(SO4)2612H2O (F-3629, Sigma Che-
mical, Germany) in high-purity water and H2SO4 (analytical grade), re-
spectively.

The PIRA gel samples for fluorescence measurements were prepared
with pyrene as a flourescent probe. Pyrene was added to BSA solution
during the gel preparation. The final concentration of pyrene was fixed at
1� 10�5 M.
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Irradiation of the Samples

The irradiation was performed using a g Co-60 beam from ALCYON
II (GE-CGR MeV, Buc, France) and T-780 (Theratronics, Canada) therapy
units. For the NMR or spectrophotometric dose-response experiments, the
gels and Fricke solutions samples were irradiated in NMR test tubes or UV
grade acrylic cuvettes, respectively, embedded in specially built polystyrene
phantoms. The samples containing the dosimetric material were irradiated
with a large field size, at a depth of dose maximum (5mm tissue equivalent)
in a polystyrene block to provide full scatter and build-up conditions. The
dose rate was about 200 cGy=min. The doses ranged from 0 to 45Gy and
were confirmed by irradiating calibrated Li2B4O7 thermoluminescent pow-
der under the same conditions.

Measurement of the Relaxation Times

The measurements of the longitudinal proton relaxation time T1 were
performed in a 0.48 T, 20MHz for proton, spectrometer (Bruker, PC 20,
Wissenburg, France). T1 was measured by inversion recovery, using eight
values for the pulse delays and a three-parameter nonlinear least squares fit
to the data. The gels were measured directly before and after irradiation in
the same tubes. All measurements were carried out at 21 �C � �C and about
two hours after the production of the gel samples.

Absorption, Emission, and Emission Anisotropy Measurements

The gels and Fricke solution samples were measured in the UV-grade
acrylic 1cm square cross-section cuvettes (SARSTEDT 100 No.67755), the
same one in which they were irradiated earlier. All measurements were
carried out at 21 �C � 1 �C.

Table 1. Modification of PIRA Gel Chemical Composition

Compound Range of Concentration Changes

Bovine serum albumin 5%, 6%, 7%, 8% by weight

Acrylamide co-monomers 6%, 8%, 10%, 12% by weight
N,N0-methylene-bis-acrylamide 50% C
Fe(NH4)2(SO4)266H2O 0.25mM, 0.5mM, 1mM, 2.5mM Fe2þ

Fe(NH4)(SO4)2612H2O 0.25mM, 0.5mM, 1mM, 2.5mM Fe3þ

H2SO4 50mM, 100mM

%C is the bis weight fraction per total amount of the co-monomer.
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Absorbance was measured on a Specord M40 (Carl Zeiss, Jena,
Germany) spectrophotometer at a wavelength of 304 nm, i.e. at the max-
imum of the Fe3þ absorption spectrum.

Fluorescence spectra were recorded upon front face excitation using
the fully corrected spectrophotometer described previously34. Gel samples
were excited at 340 nm. Fluorescence spectra were scanned from 350 to
500 nm.

Fluorescence anisotropy was measured by the photon counting tech-
nique as described previously35. The excitation and observation wavelengths
were 340 and 400 nm, respectively.

RESULTS

Figure 1 shows the effect of the concentration of Fe2þ ions in the
PIRA gel on the R1 values in the 0730 Gy dose range. An increase in the
initial Fe2þ ion concentration resulted in an increase in the initial R1, and
also in the d values7 the slope of the R1 dose-response curves. R1 changed
according to the absorbed dose, mainly due to the well-established effect of
the oxidation of ferrous to ferric ions upon irradiation in the presence of
organic substances and oxygen. The NMR observations were confirmed by
spectrophotometric measurements. Figure 2 presents the absorbance chan-
ges of the PIRA gel after the irradiation with different doses at a wavelength
of 304 nm. The investigated substance had initial concentrations of 0.5mM
Fe2þ ions and 100mM H2SO4. The dashed line represents the fitted curve by
the least square method for the PIRA. The absorbance values increased with
the absorbed dose as the concentration of ferric ions increased. The R1-dose
dependence of the ferrous sulphate doped-protein dosimeter is shown in
Fig. 3 for PIRA gels containing 5% and 8% of bovine serum albumin at two
sulphuric acid concentration values. The results indicate that the NMR dose
sensitivity decreases with increasing BSA concentration and increases with
increasing H2SO4 concentration. To study the structural changes of BSA
molecules generated by irradiation, pyrene was used as a fluorescent probe.
Figure 4 presents fluorescence spectra of the PIRA gel doped with pyrene.
Emission bands of all the samples did not differ markedly, and the ratio of
the third peak to the first peak (III=I) remained constant in the dose interval
investigated (0745 Gy). Figure 5 shows relative changes in longitudinal
relaxation rates R1 for PIRA gel with different total amount of polymer
co-monomers, but with equal fraction of the crosslinker bis (50%C), as a
function of the absorbed dose. The data plotted show that the dose-
responses were similar, despite augmentation of polymer concentration
from 6% to 12%. The emission anisotropy measurements of the PIRA gel
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samples also indicate the negligible influence of the irradiation on the gel
structure (Fig. 6). The values of the anisotropy, r, were about 0.2 for all
samples irradiated with different doses.

DISCUSSION AND CONCLUSIONS

The aim of measurements NMR and optical spectroscopy, was to
determine the mechanism responsible for the increase in R1 with the dose
absorbed. The dose dependence of R1 in the PIRA gel was reproducible
and was linear up to about 30Gy, with a slope of 0.023 s�1Gy�1 � 2%
at 0.48 T32. The dependence of the dose-response curves on the Fe2þ

Figure 1. Initial ferrous ion concentration dependence of the dose-response curves

R1 of the PIRA gel containing 5% BSA, 10% acrylamide with 50%C bis. The
measurement errors are smaller than the data symbols for 0.25 and 0.5mM Fe2þ ion
concentrations.
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concentration (Fig. 1), suggested that the mechanism investigated is the
same as in other Fricke-doped dosimetric gels. Similarly as for gels con-
taining gelatin16 or agarose15 the initial value of R1 increases with the in-
creasing Fe2þ concentration, as well as the slope of the dose response-curves
for concentrations up to about 0.5mM. Nonetheless, radiosensitivity of the
PIRA gel was lower than that of gels studied earlier with equal Fe2þ ion
concentration.

Spectrophotometric measurements were carried out to validate the
NMR observations (Fig. 2). The observation of the ferric ions absorption
peaks could be accomplished only at 304 nm because of the strong ab-
sorption by protein at 224 nm. The spectrophotometric dose sensitivities,
given in Gy�1, determined as the slope of the line fitted to experimental
points of the absorbance versus the dose plot, were 0.0055 for PIRA gel and
0.0068 for Fricke solution with the same initial Fe2þ ions and H2SO4
concentrations. The PIRA gel dose sensitivity value was lower than those

Figure 2. Spectrophotometric absorbance-dose response for the PIRA gel con-

taining 0.5mM Fe2þ and 100mM H2SO4.
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reported by Audet and Schreiner30 for the Fricke-gelatin dosimeters, but it
should be noted that their initial Fe2þ concentration was twofold higher
than that recorded in the PIRA gel.

The influence of various concentrations of BSA and polyacrylamide
on the NMR dose sensitivity was studied by R1 measurements as a function
of the dose. Initial concentrations of the Fe2þ ions were held constant. The
increase in the BSA concentration and pH in the PIRA gel reduced the slope
of the dose-response curve (Fig. 3). This is consistent with results obtained
for doped-gelatin dosimeter gels30. Protein, similarly to gelatin28, may affect
radiosensitivity indirectly, by affecting the initial pH of the dosimetric
substance, or directly by binding with the ion during the preparation pro-
cess. The amphoteric properties of BSA can increase the pH and, conse-
quently, lower the radiosensitivity. The influence of pH on the dose

Figure 3. BSA and sulphuric acid concentration dependence of the dose-response

curves R1 of the PIRA gel containing 10% acrylamide with 50%C bis and 0.5mM
Fe2þ. The dashed line represents the linear fit to the R1 response for 5% BSA and the
dotted line for 8% BSA with the same (100mM) sulphuric acid concentration.
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sensitivity of other Fricke doped gels were reported earlier and showed that
an increase in pH, by lowering the H2SO4 initial concentration, results in a
lower dose sensitivity7,15,28. The possible radiation-induced changes in BSA
were studied by fluorescence measurements of pyrene attached to the PIRA
gel. This molecule is widely applied as a fluorescent probe in investigations
of various properties of hydrogels, polymers, proteins and membranes since
its fluorescence is highly dependent upon local environment33,36,37. The vi-
brational structure of pyrene fluorescence spectra transforms when the po-
larity of the environment changes. This structure is frequently characterized
by the ratio of the third peak to the first peak, which is commonly referred
to as the III=I ratio. As the solvent or medium becomes more hydrophobic,
the III=I ratio increases. Pyrene is insoluble in water, but it was solubilized
by BSA in an aqueous solution, since it embeds in the BSA molecules. When
the BSA undergoes structural changes as a result of irradiation, the pyrene

Figure 4. Fluorescence spectra of the irradiated PIRA gel doped with pyrene.
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molecules can be ejected to the aqueous phase, which should be associated
with the decrease in both the III=I ratio and fluorescence intensity. Fluor-
escence spectra of pyrene molecules doped to the PIRA gel were measured
prior to and after irradiation with different doses. The III=I ratio obtained
did not change after the irradiation (Fig. 4). This is an expected result be-
cause the aggregation and radiation-induced fragmentation of BSA in the
presence of oxygen require higher doses, on the level of hundreds of
Gray38,39.

The dose-response R1 of the PIRA gel did not change with the varia-
tion of the total amount of acrylamide co-monomers (Fig. 5). This seems
rational since the presence of oxygen inhibits the radiation-induced processes
occurring in polymer dosimetric gels40. The primary mechanism of the
response of the polymer gels to radiation is a free radical chain poly-

Figure 5. Dependence of the dose response curves of the PIRA gel containing 5%
BSA, 0.5mM Fe2þ, and 100mM H2SO4 on the total amount of polyacrylamide with

50%C crosslinker bis. Some measurement errors are shown.
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merization initiated by free radical products of water radiolysis5. The ra-
diation induced and dose dependent changes can be investigated by NMR
study: relaxation times measurements29,41 magnetization transfer measure-
ments42,43 and by spectrophotometric study44,45. Changes in the structure of
the gel, influencing its rigidity and local viscosity can be investigated by
means of emission anisotropy measurements. The emission anisotropy is
defined by

r ¼
Ik � I?

I
ð1Þ

where I ¼ Ik þ 2I? is the total fluorescence intensity, and Ik and I? are
components parallel and perpendicular to the direction of the electric vector

Figure 6. The emission anisotropy, r, of the irradiated PIRA gel as a function of the
absorbed dose.
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of the exciting light, respectively. The maximum value of the fluorescence
emission anisotropy (the so-called fundamental anisotropy) for isotropic
solution equals 0.4. The fact that the measured values of the anisotropy, r,
for the PIRA gel are markedly lower (Fig. 6) indicates that irrespective of
the rigidity of the medium, restricted rotational motions may occur. The
behaviour of the anisotropy values is governed by the Perrin equation46:

r0
r
¼ 1þ w ð2Þ

In this equation, describing rotational depolarization of fluorescence, an
important role is played by the dimensionless constant

w ¼ kT

V
� n ¼ t

tD
ð3Þ

where t is the fluorescence lifetime, tD is the rotational relaxation time, V is
the volume of the luminescent molecule embracing the solvent shell, n is the
dynamic viscosity of the solvent, and r0 is the fundamental emission ani-
sotropy. Since under the experimental conditions the fluorescence lifetime of
pyrene molecules remains constant, so do the anisotropy values measured.
Thus, the rotational relaxation time also remains constant. This data in-
dicates that the dynamic viscosity of the local environment of pyrene mo-
lecules is not affected by irradiation.

The fluorescence spectroscopy measurements of the PIRA gel de-
monstrated that the main mechanism responsible for the increase in the
relaxation rate, R1, proportional to the absorbed dose, is the radiation-in-
duced oxidation of ferrous to ferric ions. Also, there is no influence on R1 as
a result of structural changes in the protein-polymer matrix. This fact allows
us to apply the four-site fast exchange model proposed by30 for the R1-dose
response of the ferrous sulphate doped-gelatin dosimeter. This model as-
sumes that the spin-lattice relaxation is determined principally by protons
on water molecules in the system. These protons exist in four different types
of environment (bulk water, water hydrating the Fe2þ and Fe3þ ions, and
water hydrating gel matrix). Water is expected to exchange quickly between
the four environments, so the relaxation rate is simply the sum of the in-
herent rates R1i, each weighted by the fraction of protons, pi, in their re-
spective groups:

R1 ¼
X
i¼4

piR1i ð4Þ
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Assuming that initially the Fe3þ concentration in the dosimetric gel equals 0
and the radiation-induced changes in the Fe3þ concentration in mM are
proportional to the absorbed dose D, Audet and Schreiner obtained:

R1 ¼ GðFe3þÞðr3þ � r2þÞ 10r
NAe

� �
Dþ R0 ¼ dDþ R0 ð5Þ

whereG(Fe3þ) is the number of Fe3þ ions produced per 100 eV, r3þ and r2þ are
relaxivities of the respective solutes,r is the density in kg=l,NA is theAvogadro
number, e is the number of Joules=eV, R0 is a constant for a given gelatin
concentration, and the coefficient d is the dose sensitivity of the dosimeter.

The G values determined independently using the NMR technique and
spectrophotometry provide a tool for verifying the model described above30.
The NMR G value can be determined from the NMR dose sensitivity and
the Fe2þ and Fe3þ relaxivity data:

GðFe3þÞ ¼ d
1

r3þreff � r2þ
NAe

10r
ð6Þ

r3þreff is the effective relaxivity of the Fe
3þ ion complexes in a particular gel

dosimeter.
The spectrophotometric G value can be determined from the extinc-

tion coefficient, e, and the spectrophotometric dose sensitivity dsp:

GðFe3þÞ ¼ dsp
1

e
NAe

10r
ð7Þ

e, the extinction coefficient characterizes the change in absorbance per unit
optical path length as the Fe3þ ion concentration is changed. The G values
calculated for the PIRA gel and corresponding the NMR and spectro-
photometry data are presented in Table 2. The density of the PIRA gel was
taken as r ¼ 1:03 kg=l32.

The calculated NMR G value agrees with the spectrophotometric G
value within the experimental error, but is higher than the ferric ion che-
mical yield of 15,6 Fe3þ ions=100 eV for aqueous Fricke solution containing
0.4mM H2SO4

47. This is likely to result from the presence of the BSA,
which, like an organic additive, sensitises the standard dosimeter48. None
the less, this G value is lower than the values reported for the Fricke doped
gel dosimeters including gelatin28,30 and agarose15,48. Compared with gela-
tin-based dosimeters, the PIRA gel shows lower R1-dose sensitivity but the
same ferrous ion relaxivity and very similar (within the experimental error)
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the ferric ion relaxivity. The R1 dose sensitivity of the PIRA gel, as well
as gelatin-based dosimeters depends on the pH and increases with the
increasing sulphuric acid concentration. The improvement in the R1 dose-
response by augmentation of the acid content is limited due to the
degradation of mechanical properties of the gel. The behaviour of the
Fricke-doped protein-polymer system at different acid concentrations and
its influence for dose sensitivity requires further investigation.

The NMR and optical spectroscopy studies allow us to determine the
main mechanism responsible for the R1 dose dependence of the PIRA gel
and, consequently, to apply the four-site effective fast exchange model
proposed by Audet and Schreiner30 for obtaining the ferric ions chemical
yield value. The agreement between the values of G(Fe3þ) calculated from
the NMR data and, independently, from spectrophotometrical measure-
ments proved that absolute dosimetry in the case of Fricke-doped NMR
phantom substances is possible. Less promising results concern the NMR
dosimetry of real biological systems49, with a still lacking model describing
the radio-induced changes in the relaxation times.
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