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Abstract: Radiation-induced polymerization in PolymethacryidenGels (PMAAGS) potentially used
for 3D dose verification in radiotherapy has bewmied using both Raman spectroscopy and Nuclear
Magnetic Resonance (NMR) method. The dosimeterscaraposed of aqueous Methacrylamide
(MAA) monomer and N, N’ methyelene-bis-acrylamid®g) crosslinker at various concentrations
from 2 to 6% (w/w) and gelatin at 6% (w/w). The ihosters were irradiated to doses up to 30 Gy
using ®°Co teletherapy-ray source at a constant dose rate. The formatiche polymer increases
with increasing dose and was followed directly bgnian spectroscopic measurement for; CH
stretching mode assigned to polymethacrylamide iaditectly by the transverse spin-echo pulse
NMR R, relaxation rate of water protons within the polyrgel network. The half dod®,,, values of
both direct and indirect methods were used to ealthe effects of initial concentrations of monome
and crosslinker to the dose required to produce B%he polymer in PMAAGs. The PMAAGs
containing more crosslinker than monomer show lalye values, indicating that the crosslinker has
a larger effect on the increase in dose requirgoreduce 50% of the polymer. Tig,, value of the
direct method is consistently higher than thathefindirect method, indicating that the indirectnoel

is more sensitive to the dose response, but fundiathe does not measure the amount of
polymethacrylamide formed. There is a correlatietweenD,,, value and concentrations of monomer
and crosslinker. The correlation facthkg,of the crosslinker is always greater thgnof monomer, for
both the direct and indirect methods, suggestiegctiosslinker reacts more efficiently than monomer
to produce 50% of the polymer of polymethacrylamide
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INTRODUCTION principle of MRI, which measures the proton reléoat
times of the surrounding water molecules. The proto
Polymer gel dosimeter used in conjunction withrelaxation rate increases with dose and the dose
magnetic resonance imaging (MRI) is the most papuladistribution of polymer gels may be constructedrfro
dosimeter imaging modality as a potential tool forthe relaxation rate images obtained from MRI scans.
mapping complex dose distributiéjn%f.J The original The primary objective of a study of polymer gel
polymer gel is based on the high molecular weightdosimeters is to manufacture more efficient anthlsta
compounds consisting of acrylamide (AA, monomer)3D dosimeters that have the highBgtdose sensitivity
and N, N methyelene-bis-acrylamide (BIS, which gives the lowest dose resolution so that two
crosslinkery! dissolved in a gelatin/agarose hydrogel.doses of slightly different values can be mapped an
Upon irradiation, water molecules dissociate intel O visualized correctly with the lowest uncertatffy;
and H radicals that break the double C=C bonds oRecently, there has been an interest in the sthdlyeo
monomers (AA and BIS). The resulting monomerbasic physical and chemical properties of polymar g
radicals, in turn, interact with other monomers anddosimetry, which could provide invaluable infornaati
produce a chain reaction to form 3D polymeron various factors affecting the overall dosimeter
aggregates that are spatially retained in a getasitiix. ~ performanc?’*? The sensitivity of a polymer gel
The amount of polymer formed is related to absorbedlosimeter is dependent to some extent, on physical
dose received by the polymer gel. These polymeparameters such as radiant energy, temperaturagduri
aggregates are usually evaluated indirectly usingRI evaluation, the time between irradiation and RIM
nuclear magnetic resonance (NMR) technique, thevaluation and magnetic strengthMurphyet al'? has
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observed the effect of pH during synthesis on theed required to produce 50% of the polymer in
response of a modifier polymer gel dosimeter. el polymethacrylamide gel (PMAAG) dosimeters.
known fact that dose response of gel dosimeters is
dependent on the temperature during MRI MATERIALSAND METHODS
measuremeft*?. The temperature rise during
polymerization may have considerable influencel@n t Synthesis  of PMAAG dosimeters: The
polymerization processes. Only recently, therelie®  polymethacrylamide gel dosimeters were synthesized
reported the significant change in local tempemrtur a nitrogen glove-box according to Deesteal™. The
during irradiation of polymer gel dosimetéts initial concentrations of the dosimeters were \@rie
Two gelling agents have so far been used in thérom 2 to 6% (w/w) for both methacrylamide (MAA)
manufacture of polymer gels ie. agafdseand monomer andN, N'-methylene-bis-acrylamide (BIS)
gelatif?. The emphasis in the current literature hascrosslinker, 6% (w/w) gelatine and completed with
been on the dose resolution optimization of polygedr  deionised water. Both monomers (MAA and BIS) were
dosimeters using different monoméré*2617 The  obtained from the SIGMA chemical Co (St. Louis, Mo,
use of acrylamide monomer is common in the polymetJSA) and aware of electrophoresis grade (99%). The
gel dosimeter studies. However, details of the afse comonomers and gelatine were dissolved separately i
methacrylamide as monomer in polymer gel dosimetetwo reaction flasks with equal amount of the totater
have not been reported. The choice of this monomerolume. In the first reaction flask, the comonomiers
which has -CH group in its structure instead of -H in half of the amount of deionised water were heated t
acrylamide structure, leads to an increase in nudec constant temperature at ®5for 2 h. In the second
mass of the polymer gel dosimeters. It would beyver reaction flask, the gelatine and another half o th
interesting to understand the effect of higher moller  amount of deionised water were also heated to a
mass polymer gel to the polymerization processtand constant temperature at ®5for 2 h to dissolve the
the proton relaxation rate in the polymethacrylaenid gelatin.
gel dosimeters, potentially used in MRI 3D dose Subsequently, both solutions were allowed to cool
verification for radiotherapy treatment planning. down to 36C for about 1 h to avoid spontaneous heat-
The slope orR,-dose sensitivity at low doses induced polymerization before mixing. A peristaltic
derived from a plot oR; versus dose generally accepts pump was used to mix the comonomers with the gelati
as a parameter able to quantify and compare theia Tygothane flexible tubing and stirred at 100PNR
performance of different polymer gel dosimeterse Th to form a polymethacrylamide gel (PMAAG). The gel
assumption of linearity at low doses is commonlyPMAAG was pumped into screw-top “P6” glass vials
applied, although a divergence from linearity hasrb  using the second peristaltic pump. The manufacioce
observe®'® The polymer gel performance as acollection of the gel dosimeters were conductecrin
dosimeter depends on the type and the concentration oxygen free environment inside a glove box, whigsw
comonomers in different formulations of gelatindeés flushed with nitrogen at the flow rate of 60 ml ftim
or agarose-bas&l It has also been shown that polymerorder to expel oxygen that inhibits polymerizatjmior
gels with different concentrations of gelatin prodd to gamma irradiation. The oxygen concentration was
different dose sensitivity>®! determined at less than 0.1 mg' lthroughout. The
There has been a study using FT-Ramarfinal gel dosimeters were sealed and kept in a
spectroscopy and NMR,, that the dose response of refrigerator overnight at 2G before irradiation.
polymer gel dosimeters increases in monoexponantial
fashion as a function of the monomer concentragiosh  Irradiation: All irradiations were performed using an
the gelatin concentratifh Polymer formation and Eldorado 6&8 Co-60 teletherapy gamma unit (Atomic
monomer consumptions have been observed in thenergy of Canada Limited) with the maximum dose
Raman spectfd??. The results show that the rate at 0.58 Gy/min calibrated using a Fricke desén
crosslinker is consumed at a greater rate than thBach vial filled with PMAAG was placed in a
monomer consumption in  polyacrylamide gel polystyrene holder in a water-phantom acrylic tarte
dosimeters. The formation of polymers has beersample was irradiated at 15 cm depth, 60 cm sutface
directly correlated with the consumption of source distance (SSD) set-up and 60 x 60 fetd size.
monomel'?. These studies are, by no means complet&ive vials of PMAAG were irradiated with the same
and more works are needed, such as to understand tdose between 1 and 30 Gy. The phantom temperature
fundamental relations between initial concentratiofi  during irradiation was constant at°€2 The samples
monomer and crosslinker on the formation of polymerwere transferred back to the refrigerator and stdoe
induced by ionizing radiation. about 18-24 h before Raman spectra and NMR
In this communication the correlation factdsy  measurements. It was estimated that to complete
andKC were obtained betweddy, value and the initial polymerization required at least 12 h post-irradiat
concentrations of monomer and crosslinker to theedo for polyacrylamide gel&.
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Determination of inelastic scattering Raman shift: Ay=y-y = Al- e™) (1)
Raman spectra of PMAAG were acquired on a 25mwW 0

Raman spectrometer (RSI1 2001 B, Raman system, INC . N .
equipped with a solid-state Nd:YAG green Iaser‘k’here’ Dy is the dose sensitivity parametss, is the

emitting at 532 nm and a thermoelectrically cooledRaman intensity at zero doseis the Raman intensity

of doseD andA is a constant. Figure 3 illustrates the
CCD array of 2048 elements (125 um x 200 pm P€lelative Raman intensity as a function of doseM&A

ellement). T.his spectrometer was _chosen for. ts higharied from 2 to 6% and at 2 and 6% BIS. At low
signal to noise. The Raman signal intensity i@y  joses; the formation of the polymer increases tieh
proportional toA*, where,\ is the wavelength of the increase of the concentration of MAA and is higfeer
visible laser. Low power laser is preferred in thisdy  higher BIS concentration. However, very little
to avoid excessive sample heating. The ambienadditional polymer is being formed at higher doses,
temperature during the measurements wal€2Fhe  which the amount of polymer has insignificantly
Laser excitation and signal collection was perfatme changed with dose. Figure 4 illustrates the redativ
using a probe head inserted inside the sampl®aman intensity as a function of dose for BIS \drie
compartment as shown in Fig. 1. The fundamentafrom 2 to 6% and at 2 and 6% MAA.

limitation of using a visible laser to perform Rama
spectroscopy is the interference from fluorescence.
Grams/32, version 6 software was used to analyge th

spectra and perform corrections for baseline, shiogt

and Fourier transform on the dispersive spectra& Th l
baseline correction utilized the multiple point déév ! ]
method in which the baseline is levelled at a vahat

is the average of the baseline points. A constant :

correction factor of the degree of smoothing pateme | _

was used throughout the data collection. A constant :l Sample vials

|
|

conmer

correction factor of 80% of the degree of smoothing
parameter was used throughout the data collectibe.

Fourier smoothing was accomplished by the peak, data
applying a triangular filter function at the spésmif Emission Indicator/LED

cutoff point of 40% and then reverse Fourier | 0]

transforming the data. Fiber optic to
Raman System

—

Deter mination of T, relaxation time: A Carr Purcell
Meiboom Gill (CPMG) sequence or spin-echo pulse
method (901-18¢) was used to measure the protonFig. 1: Schematic diagram of the Raman probe
spin-spin relaxation timeT, in the polymer matrixT,

values were determined using an NMR instrument PC 140 |
120 IBM (Bruker, Germany) at low frequency of 20 CH; bending at 2880 cm™ — 1= 06y
MHz and the magnetic strength of 0.47 T. This R,
spectrometer was specifically designed for proton
relaxation measurement. The measurement was
conducted at ambient temperature of@5 100 4

Sampling Frobe

120 A

RESULTSAND DISCUSSION

The half-dose Dy, of direct method: The amount of
polymer formation in PMAAG is proportional to the
Raman intensity. The dose response of the polymler g
dosimeters is therefore represented by the relative *°
Raman intensity as a function of dt%e Figure 2

Raman intensity (a.u)

shows the relative Raman intensity that correspaods 20 A )

the peak area of Raman shift of £bending mode of Raman shift (em™)
polymethacrylamide (2880 ¢m at different doses. o === . . ‘ . .
Polymer formation is monoexponantial in the dose 5070 2040 2910 2sso 2850 2820 2790

range between 0 and 30 Gy. The formation of polgmer
may be represented as the change of the Ramamg. 2:The area under the peaks at Raman sh#880
intensity ay=y-y, as athe fit equation dose and fit cm® CH; bending band used to analyze the
equation (1): polymer formation as a function of dose
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Fig. 3: Change in the relative Raman intendityas a (b)

function of dose D at various monomer
concentrations for (a) 2% crosslinker and (b) 6%Fig. 4:Change in the relative Raman intengdifyas a

crosslinker function of dose D at various -crosslinker
concentrations for (a) 2% monomer and (b) 6%
Here, the polymer formation increases with theeéase monomer

of BIS concentration and is higher for higher MAA
concentration. More polymers are being formed afThe latter describes the absorbed dose at which the
increasing dose and it is higher for higher BISpolymerization has reached 50% in value. The half
concentration. This suggests that BIS were consumedose D, values are expected to increase with the
more in the formation of polymethacrylamide. At increase of gelatin concentration as reported
higher doses, very little additional polymer is izei elsewher€®. Figure 5 illustrates the correlation
formed and the amount of polymer is insignificantly between D;, and concentrations of monomer and
increased. The amount of polymer becomes constantrosslinker. It is noted thd2,,, increases slowly with
The results are qualitatively consistent with theMAA concentration as shown by the less steeper
previous studies but for polyacrylamide gels thEB B slopes ofDy, vs. MAA concentration relationship in
consumed at a greater rate than acrylafffiifé Fig. 5(a). At 2% BIS D, value increases from 5.76
Gy for 2% MAA to 6.05 Gy for 6% MAA. At 6% BIS,
D,, value increases from 7.23 Gy for 2% MAA to
versus doseD was used to determine the dose7.58 Gy for 6% MAA. This suggests tHat,
sensitivity parametdd, and the half dosB.,= Doln 2. value increases less strongly with MAA concentrrati
1251
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Fig. 5: Correlation betweeD,;, (direct) and (a) initial
concentration of monomer at 2, 4, 6%
crosslinker, represented by parametgr (b)
initial concentration of crosslinker at 2, 4, 6%
monomer, represented by paraméter

Figure 5 (b) illustrates the correlations betw&gp and
BIS concentration from 2 to 6 % for MAA
concentrations at 2, 4 and 6%. It is noted tbab
increases strongly with the BIS concentration aswsh
by the steeper slopes &, vs. BIS concentration
relationship. At 2% MAA, Dy, value increases from
5.76 to 7.23 Gy for BIS from 2 to 6%. At 6% MAA,
D, value increases from 6.05 in 7.58 Gy for MAA
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Fig. 6: Change in the transverse relaxation A&Rgas a
function of dose D at various monomer
concentrations for (a) 2% crosslinker and (b) 6%
crosslinker

The effects of monomer and crosslinker in to
produce 50% of the polymer may be represented dy th
correlation factorsly, andkc defined as the gradient of
Di» vs. MAA initial concentration and;;, vs. BIS
initial concentration respectively. Note thatis larger
than ky, which suggests that the concentration of BIS
has a larger effect to produce 50% of the polyrmae
reason is that BIS forms clusters upon polymeizati
of polymethacrylamide. This process terminates
efficiently so that a higher dose is required idesrto
obtain 50% of the total amount of polymer when more
BIS is present in the gels. Thus, a higher conegiotr
of BIS is more efficient to produce 50% of the posr
than a higher concentration of MAA.

The half-dose Dy, of indirect method: The relationships

from 2 to 6%. These results are consistent with théetween proton relaxation rateR, and dose for all

previous study for polyacrylamide gel, wh&eg, value

concentrations used were fitted to the monoexpa@iant

increases in an approximately linear fashion as a&quation (1). The proton relaxation characteristicB,,

function of the acrylamide concentration and ishkig
for higher BIS concentratiofd.

vS. comonomer concentrations are of similar fash@n
those obtained from the Raman scatterirghad.

1252



Am. J. Applied Sci., 2 (8): 1248-1255, 2005

70 72
—+—BIS: 2% + BIS:2%
60 +gig : iﬁ“ E A BIS 4%
—_— S4% 68 1 X
—#—BIS: 5% 3 ® BIS:6% 2
~. 50 { —=—BIS:&° 1
B 3 y
= 40 4 64 D1/2=0.075C6 = 62904
S E' R2=0595
230 o
= : al 6 3
h g
20 A g
= 567 D1/2=00801C4~ 5 4803
10 - - R2=09972
MAA: 2%
0 —— — 52 F
0 3 6 9 12 15 18 21 24 27 30 D1/2=0.0826C2~4.7617
1 R2= 09843
Dose (Gy) 48 T T T T
€) 2 25 3 35 4 45 5 55§
MAA initial composition (%)
90
—+—3BIS: 2% €Y
80 4 —m—BIS:3%
_ —a— BIS - 4%
709 —%—BIS: 5% 7
= g | —=—BIS:6% f + MAA2%
z 3
& 50 4 A MAA 4% 'y
< 65
o 40 7 &
> ® MAA 6%
2 35
20 MAA : 62 <) 6
. Q, o
10 1 Gel:6% = 7-0372C6+43328
0 —— B R2=0.9976
O 3 6 9 12 15 18 21 24 27 30 s 33 D1/2=03796C4 ~ 41478
Dose (Gy) E R2=0.9993
(b) D1/2=0379C2 + 44565
5 R2=10.9988
Fig. 7: Change in the transverse relaxation ARRgas
a function of doseD at various crosslinker 45 , , ‘
concentrations for (a) 2% monomer and (b) 2 3 4 5 6
0
6% monomer BIS initial composition (%)
(b)

Figure 6 (a) and 6 (b) illustrate the change afiskerse
relaxation rate AR,) as a function of dose for MAA
concentrations from 2 to 6% at .2 and 5% BIS concentration of monomer at 2. 4. 6%
respectively. The change of relaxation rate in@sas crosslinker, represented by parameter (b)
with the increase of MAA concentration and is highe initial conc'entration of crosslinker at 2. 4. 6%
for a higher BIS concentration. Figure7 (a) and (b) monomer, represented by paraméter T
illustrate the change of relaxation ratARf) as a

function of dose for different BIS concentrationsr 2 .
to 6% at 2 and 6% MAA respectively. The reIaxationThe indirect method does no_t measure the_ amount of
rate of protons increases with the increase of Biolymer formed. However, using an appropriate model
concentration. The relaxation rate is assumed t§Pectroscopic and NMR measurement is reconciled in
correspond to the formation of polymer. The formati "€Presenting polymerization of the polymer gels.

of the polymer increases with the increase of the  Figure 8 (a) shows the correlation betwégp and
concentration of MAA and is higher for a higher BIS MAA concentration at different BIS concentratiofis.
concentration. This indicates that the commonees aris noted that Dy, increases slowly with MAA
consumed more efficiently at the lower concentratio concentration as shown by the correlation fakggrthe
However, at higher doses very little additionalymoér  slope ofDy; vs. MAA concentration relationship. At 2%

is being formed. The similar trend was also obsgime BIS, Dy, value increases from 4.91 Gy for 2% MAA to
the direct method. The values Df,, (direct) are higher 5.24 Gy for 6% MAA. At 6% BISD,;, value increases
thanD,, (indirect). from 6.33 Gy for 2% MAA to 6.74 Gy for 6% MAA

125¢
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Table 1: Correlation factdg, andkc values at different BIS and MAA concentrations

BIS kw (direct) kw (indirect) ratio MAA ke (direct) ke (indirect) ratio

2% 0.0625 0.0359 1.741 2% 0.3626 0.3506 1.034
3% 0.0697 0.0357 1.952 3% 0.3628 0.3568 1.017
4% 0.0665 0.0358 1.858 4% 0.3645 0.3542 1.029
5% 0.0860 0.0377 2.281 5% 0.3669 0.3556 1.032
6% 0.0877 0.0379 2.314 6% 0.3690 0.3590 1.028

This suggests thab,;, value increases strongly with intensity or

proton relaxation ay = A1-€®>)was

BIS concentration. Figure 8 (b) illustrates theconveniently used to determine the half d@g at

correlations betweeD;;, and BIS concentration from 2 differecommonersrations  of

comonomers. The

to 6 % for MAA concentrations at 2, 4 and 6%. At 2% PMAAGs Containing more BIS than MAA show |arger
MAA, Dy, value increases from 4.91 Gy for 2% BIS to p,, values, indicating that the BIS produced a larger

6.33 Gy for 6% BIS. At 6% MAAD,, value increases
from 5.24 Gy for 2% BIS to 6.74 Gy for 6% BIS. & i

effect on the increase in dose required to prodit®é
of the polymer. There is a correlation betwdep,

noted that Dy, increases strongly with the BIS yalues and concentrations of BIS and MAA. This has
concentration as shown by the increase of thgeen shown by the correlation factéesandky, where

correlation factor ke, the slope ofDy, vs. BIS
concentration relationship. Note thatis larger tharky,
because BIS has a larger effect on the increadesa
to produce 50% of the polymer due to the formatibn
clusters upon polymerization.

Comparison of ky and k¢ values between direct and
indirect method: The ky and kc values of the direct

and indirect method are shown in Table 1. Generallyjndirect

the correlation factorky andkc values are higher for

higher MAA and BIS concentration. It also showsttha polymerization  of

kv (direct) is greater thaky (indirect) by a factor from
1.7 to 2.3 times for BIS concentrations from 2 %. &¢
values are almost constant for all MAA concentrraio

This suggests that the correlation factor is stipng

influenced by the concentration of crosslinker. Khe
(indirect) values are greater thdg(direct) values
indicating the NMR method is more radiosensitivarth

ke is greater thanky, indicating BIS reacts more
efficiently than MAA to produce 50% of the polymer
formation. Thekc (indirect) value is greater thak:
(direct) value suggesting the NMR method is more
radiosensitive than the Raman method, but does not
measure the actual formation of polymer in PMAAG
dosimeters. However, using an appropriate modei suc
as the ratio of correlation factor between dirent a
methods, both spectroscopic and NMR
measurements are reconciled in representing
the polymethacrylamide gel
dosimeter.
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the Raman method, but does not measure the actual

formation of polymer in PMAAG dosimeters. Also
shown iskc (direct) is slightly higher thake (indirect)

by about 3% for each MAA concentration. However, 1.
using an appropriate model, spectroscopic and NMR
measurements are reconciled in representing
polymerization of the polymethacrylamide gel 2.
dosimeter. Thus, for the PMAAG system to be used as
polymer gel dosimeter, other than radiate energy, t
strength of the magnetic field, transportation tifream

the irradiation of the measurement and gelatin3.
concentratio”), the concentration of crosslinker is the
primary important for optimizing the formation of
polymer in PMAAG dosimeters.

CONCLUSION 4.

This study has shown the fundamental
characteristics of polymethacrylamide gels irraztiat
with y-rays up to 30 kGy. The PMAAG composed of
MAA monomer and BIS crosslinker at varying 5.
concentrations from 2 to 6% and at 6% gelatin. The
polymer gels exhibit increasing polymerization with
increasing dose from which the change of Raman
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