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Sensitivity enhancement of DHR123 radio-
fluorogenic nanoclay gel dosimeter by
incorporating surfactants and halogenidesf

Anri Mochizuki,® Takuya Maeyama, {2 *2 Yusuke Watanabe (2/° and Shinya Mizukami®

Dosimetry of spatial dose distribution of ionizing radiation in tissue equivalent materials is particularly
important for cancer radiotherapy. Here, we describe a radio-fluorogenic gel-based dosimeter that has
achieved 16 times higher sensitivity by incorporating surfactants and halogenides. The gel dosimeters were
prepared (DHR123)
a radiosensitizer. By comprehensively changing the type of additives for the sensitizer (three surfactants:

from dihydrorhodamine 123 and small amounts of nano-sized clay and
Triton X-100, sodium dodecy! sulfate (SDS) and cetyltrimethylammonium bromide, and three halogenides:
trichloroacetic acid, tribromoacetic acid and 2,2,2-trichloroethanol), the increase in sensitivity can be
explained by an increase in relative fluorescence quantum yield and an increase in radiation chemical yield.

These highly sensitive gel dosimeters also show dose rate independent sensitivity under irradiation at 0.64

rsc.li/rsc-advances

Introduction

In cancer radiotherapy, a three-dimensional (3D) dose distri-
bution is adjusted to the shape of a tumor. High-precision
radiotherapy that focuses high doses of radiation on tumors
and decreases the amount of damage to healthy tissues is per-
formed. To validate the complex dose distribution, a dosimetry
is required that is tissue equivalent and has high spatial reso-
lution in three dimensions.'”

Dihydrorhodamine 123 (DHR123) has been used as one of
the sensitive probes in the production of reactive oxidizing
species (ROS) in cells.* Non-fluorescent DHR123s are converted
to highly fluorescent forms, rhodamine 123 (RD123) in the
presence of ROS, such as OH radical; hence, the fluorescence
intensity is proportional to the amount of reacted ROS.
Recently, the DHR123 probe was applied to ionizing radiation
dosimeter,” since this DHR123 probe also work for ionizing
radiation induced ROS.® The fluorescence intensity increases
with the increase in the absorbed dose. While the fluorescence
distribution corresponding to dose distribution was maintained
in the hydro nano-clay gel matrix, DHR123 radio-fluorogenic
nano-clay gel (DHR123RFG) dosimeter produced two-
dimensional (2D) dosimetry with a 2D fluorescent scanner.
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and 0.77 Gy min~* using a 6 MV X-ray therapeutic beam from the medical linac.

This hydrogel dosimeter prepared mainly with water and
a small amount of gelling materials that is tissue equivalent
material is expected to be used as a verification method of dose
distribution in radiotherapy.

As a typical gel dosimeter,” there are Fricke gel*** and polymer
gel”™ dosimeters, and many radiosensitizers>'** have been
investigated because improving sensitivity is an issue, up to now.
On the other hand, there are not many reports in the gel dosimeters
utilizing fluorometry using radiosensitizers, although there are
several type of radio-fluorogenic gels.>?*” Thus, the purpose of this
study is investigation of sensitizer effects on DHR123RFG in detail.

The reaction mechanism of the DHR123RFG® is thought to be
the same as the radio-chromic hydrogels using leuco dye such as
leuco crystal violet and leuco malachite green,** although the
DHR123RFG is a specific gel dosimeter which uses the fluores-
cence characteristics. In the radio-chromic hydrogels, the sensi-
tivity enhancement is reported by the addition of a surfactant and
a halide. The surfactant in these phantoms helps to solubilize the
leuco-dye molecules, which are only sparingly soluble in water.>®
The halide increases the efficiency of product yield.** The dose rate
dependence of these addition effects was also discussed.** In this
study, we apply sensitizers to the DHR123RFG based on the
abovementioned research. Its sensitivity characteristics and dose
rate dependence are evaluated, and the mechanism of the sensi-
tization effect also is discussed.

Experimental

In the sample preparation, we used three different types of
surfactants; a non-ionic surfactant (Triton X-100 (Tx100)), an
anionic surfactant (sodium dodecyl sulfate (SDS)), and

This journal is © The Royal Society of Chemistry 2020
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a cationic surfactant (cetyl trimethyl ammonium bromide
(CTAB)), and three halogenide namely; trichloroacetic acid
(TCAA), tribromoacetic acid (TBAA), and 2,2,2-trichloroethanol
(TCE) as shown in Fig. 1. The prepared conditions were
summarized in Table 1, 2, and 3 for surfactant-dependent,
halogenide-dependent, or both respectively. Detailed prepara-
tion procedures are described in our previous report.®

Gel dosimeter irradiation was performed using a 6 MV X-ray
beam generated with a Varian Linear Accelerator (TrueBeam,
Varian Medical Systems, Palo Alto, USA). The radiation dose
ranges for all the prepared samples are 0-4 Gy. A dose rate of
4.66 Gy min~ ' was used for samples shown in Tables 1 and 2,
while two dose rates (4.66 and 0.77 Gy min ') were used for
samples shown in Table 3. Within one week of irradiation,
fluorescence measurements of the irradiated samples were
conducted using an F-4500 spectrofluorometer (Hitachi, Japan).
The exciting wavelength is 480 nm and the emission and exci-
tation slit widths were set at 1 nm and 20 nm, respectively, and
these parameters were kept constant for the measurements of
all samples.

The yield of RD123 [G(RD123)] was calculated by using the
formula (1) wherein AI is the increasing rate of fluorescence
intensity per 1 Gy and @ is the relative fluorescence quantum
yield of RD123 calculated from the slope of the calibration curve
(No. 5.1 in Table 4). The effects of the sensitizer on relative
fluorescence quantum yield of RD123 also evaluate under
several condition as shown in Table 4 (No. 5.2 to 5.9).

~AI [int Gy']

G(RDI123) [umol J'] PRVEL
f

1)

Results and discussion

Effect of different surfactants and surfactant concentrations
on dose sensitivity

We evaluated the sensitivity of the DHR123RFG dosimeter by
linear fitting (Fig. S1-S8:1 the dose dependence of changes in
the fluorescence intensity). In all cases, good linearity was
observed under identical fluorescence measurement conditions
within the dose region of 0-4 Gy except for CTAB (No. 2.11).
Because the gels made with CTAB (No. 2.11) became clouded,
we did not irradiate. It is considered that CTAB clump together

o
Br
o) H
ILAOL ) CHs
CH3(CH2)1,O*§*ONa HaC(Hzc)n*'}‘@CHa
o) CHg
Tx100 SDS CTAB
o o)
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Fig.1 Chemical structure of surfactants and halogenide.
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Table 1 Prepared conditions of gels made with surfactant

Conc.
No. Surfactant [mM] DHR123 [uM] Nanoclay [wt%]
1 100 2.5
2.1 Tx100 0.25 100 2.5
2.2 Tx100 0.5 100 2.5
2.3 Tx100 1 100 2.5
2.4 Tx100 4 100 2.5
2.5 Tx100 38 100 2.5
2.6 SDS 0.25 100 2.5
2.7 SDS 0.5 100 2.5
2.8 SDS 1 100 2.5
2.9 SDS 2.5 100 2.5
2.10 SDS 17 100 2.5
2.11 CTAB 0.5 100 2.5

between clay layers and did not disperse because CTAB is
a cationic surfactant.

Fig. 2(a) and (b) show the effect of surfactant concentrations
of Tx100 and SDS on dose sensitivity, respectively. The values of
dose sensitivity with standard error, its ratio, and initial fluo-
rescence intensity are also listed in Tables S1-S3 in the ESLt
Fig. 2(c) and (d) shows the effect of surfactant concentrations on
relative fluorescence quantum yield of RD123 calculated from
the calibration curve which added surfactants. The right-hand
axis shows the ratio which is normalized by the slope of stan-
dard calibration curve (No. 5.1 in Table 4).

From these results, it was found that the sensitivity was
increased by up to about 2.5 times by Tx100 (0.25-4 mM), and by
further addition of Tx100 (38 mM), the sensitivity showed 7
times higher than the standard sample. It was also found that
the relative fluorescence quantum yield of the RD123 increased
with the increase in Tx100 concentration. This is a reasonable
explanation for sensitivity enhancement. In other words, the
RD123 which is produced by the radiation-induced reactions of
the DHR123RFG shows stronger fluorescence intensity by the

Table 2 Prepared conditions of gels made with halogenide

Conc.
No. Halogenide [mM] DHR123 [uM] Nanoclay [wt%]
1 100 2.5
3.1 TCAA 0.25 100 2.5
3.2 TCAA 0.5 100 2.5
3.3 TCAA 1 100 2.5
3.4 TCAA 5 100 2.5
3.5 TBAA 0.25 100 2.5
3.6 TBAA 0.5 100 2.5
3.7 TBAA 1 100 2.5
3.8 TBAA 5 100 2.5
3.9 TCE 0.25 100 2.5
3.10 TCE 0.5 100 2.5
3.11 TCE 1 100 2.5
3.12 TCE 5 100 2.5
3.13 TCE 50 100 2.5
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Table 3 Prepared conditions of 100 uM DHR123 and 2.5 wt% nanoclay gels made with surfactant and halogenide and irradiation condition

No. Surfactant Conc. [mM] Halogenide Conc. [mM] Dose rate [Gy min ']
1 4.64 or 0.77

4.1 Tx100 38

4.2 Tx100 38 TBAA 0.5

4.3 Tx100 38 TBAA 1

4.4 SDS 17

4.5 SDS 17 TBAA 0.5

4.6 SDS 17 TBAA 1

presence of Tx100, and the sensitivity also increased. When 0.25
to 2.5 mM of SDS was added, there was no increase in the
sensitivity (gel 2.6 to 2.9 in Table 1); however, on the addition of
17 mM SDS, the sensitivity was found to increase by 8 times (gel
2.10 in Table 1). Unlike in Tx100, from Fig. 2(d), the relative
fluorescence quantum yield of RD123 only got higher by adding
17 mM SDS, while other samples (gel 5.6, 5.7 in Table 4) one did
not change, and it agrees with above dose sensitivity results. In
generally, it is considered that the relative fluorescence
quantum yield changes due to two factors, the aggregation
effects of the fluorescence dyes and the solvent effect. In the
former, the surfactant prevents the aggregation of dyes, and
increase the quantum yield of RD123 as reported in the litera-
ture using another fluorescence dye.**** In the latter case, the
surfactant increases the relative fluorescence quantum yield by
giving the different environment than simple aqueous solution
such as micelles.*® These phenomena show the different
degrees of effect depending on the dye, but an increase in
quantum yield of fluorescent dyes using surfactants and clay
has been reported.*

To confirm the sensitizing effects of surfactants in detail, we
compared the surfactant concentration dependence of (black
square) and relative fluorescence quantum yield (red square)
which normalized the value of standard sample (Fig. 3). Relative
fluorescence quantum yield is higher than relative dose sensi-
tivity in both surfactants. Thus, it was suggested that radiation
chemical yields decreased by addition of surfactants.

Table 4 Prepared conditions of the calibration curve

Conc.
No. Additive [mM] RD123 [puM] DHR123 [uM]
5.1 0.026-0.21 100
0.25-2.1
5.2 TBAA 1 0.21 100
5.3 Tx100 0.95 0.21 100
5.4 Tx100 3.8 0.21 100
5.5 Tx100 38 0.21 100
5.6 SDS 1 0.21 100
5.7 SDS 2.6 0.21 100
5.8 SDS 17 0.21 100
5.9 0.026-0.21 0
0.25-2.1

28800 | RSC Adv, 2020, 10, 28798-28806

To discuss in more detail, the effects of surfactant concentra-
tions on G(RD123) [umol J '] were shown in Fig. 3. G(RD123)
calculated using formula (1). On both surfactants, G(RD123) was
reduced to one-sixth by the addition of 0.25 mM; therefore, it is
considered that the surfactants that inhabit reaction of DHR123
with hydroxyl radicals, gets the final production efficiency of
RD123 lower. Although, for the Tx100, G(RD123) did not depend
on surfactant concentration in a range 1-38 mM, for the SDS,
G(RD123) made with 17 mM increases to 0.125 pmol J~*. This
observation showed that a high concentration of SDS did not
inhibit the reaction of DHR123 with water decomposition radicals
and it effectively increased the relative fluorescence quantum yield
of RD123. On the addition of 17 mM SDS, the relative fluorescence
quantum yield increased rapidly; hence, the higher dose sensitivity
is attributed to the process that involves the interaction between
DHR123RFG and surfactant. It was an interesting result because,
in LCV gel dosimeters, the effect of the presence or the absence of
surfactant on dose sensitivity was not discussed due to the low
solubilities of LCV.**

The measurement results of the calibration curve with and
without non-fluorescent DHR123 are shown in Fig. 4 (compar-
ison between No. 5.1 and No. 5.9 in Table 4). The fluorescence
intensity of RD123 varied greatly depending on the presence or
absence of DHR123, which revealed that DHR123 acts as
a quencher of RD123. Since the DHR123 gel dosimeter after
irradiation also include an excess of DHR123 (100 uM order)
with respect to RD123 (several pM order), it is considered that
the quenching effect of DHR123 on the sensitivity of the gel
dosimeter is large. In other words, as shown in the Fig. 5,
a nonfluorescent uncharged compound, DHR123, has a low
solubility in water, so the two surfactants become efficient
DHR123 dispersants, thereby reducing their role as quenchers.
And it is speculated that an increase in sensitivity has occurred.
Clay-dispersed hydrogel and water cannot be considered as the
same solvent, but SDS and Tx-100 do not contribute to the
improvement of the quantum yield of RD123 alone in the
studies of investigating the influence of the surfactant of
DHR123 in the aqueous solution.*® Therefore, it is also possibly
caused that the dye aggregates due to the presence of clay.

Next, comparing Tx100 and SDS, SDS contains Na' counter
ions. However, this Na' ion has low reactivity with water
decomposed radicals,*” and is considered not to participate in
the reaction of DHR123. Nonionic Tx100 and anionic SDS have
different micellar structures. It has also been pointed out that

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) and (b) Effect of surfactant concentrations on dose sensitivity ((a) Tx100, (b) SDS) (c) and (d) effect of surfactant concentrations on the

relative fluorescence quantum yield ((c) Tx100, (d) SDS).

SDS, which produces highly polar micelles, has a higher H;0"
concentration.* It is presumed that there is a good influence on
the reaction yield or fluorescence quantum yield due to the
change in pH. It is necessary to control each component of
RD123 and DHR123, and to investigate the effect of adding
a surfactant for further consideration. Moreover, when these
two surfactants have different dispersion effects, it is supposed
that adding both surfactants at the same time is also
effective.’®%

Effect of different halogenides and halogenide concentrations
on dose sensitivity

From Fig. 6(a)—(c), we can see that three types of halogenide,
TCAA, TBAA, TCE worked as a sensitizer of the DHR123RFG.
Gels became clouded when added more than 5 mM TCAA or
TBAA and it was hard to experiments. In contrast, in terms of
TCE, the gel was clear when added even 50 mM. On the other
hand, it has been found that the addition of excess halogenide
didn't contribute to the increase in sensitivity. The sensitivity
got to the highest when added 1 mM TCAA, TBAA or 0.5 mM
TCE. The maximum values of increasing rate were respectively
1.82, 1.95, and 1.69. We evaluated the relative fluorescence
quantum yield when added halogenides to examine the mech-
anism of increasing sensitivity in the same way as in the
previous section. Fig. 6(d) shows the effect of TBAA on relative

This journal is © The Royal Society of Chemistry 2020

fluorescence quantum yield (in the left-hand axis) and the
relative value which normalized the relative fluorescence
quantum yield of the standard sample (No. 1) (in the right-hand
axis). The relative fluorescence quantum yield did not change by
the addition of TBAA. We confirmed that TCAA also did not
change the relative fluorescence quantum yield (not shown in
this paper). It is considered that gels made with halogenide do
not have a sensitizing effect of increasing the relative fluores-
cence quantum yield. In general, halogenides are known to
increase the sensitivity through two mechanisms,***" one is
through an increase in the acidity and the other is through the
formation of halogen radical (‘X). Because the pH of gels did not
change in present conditions, the former did not contribute to
the increasing the sensitivity. Therefore, it is thought that the
main mechanism for the increase in sensitivity in the
DHR123RFG is the formation of halogen radical. It is known
that the hydroxyl radicals show high reactivity but least effi-
ciency in generating RD123 since hydroxyl radicals show lower
selectivity and attack various parts of DHR123 (ref. 6). Because
the redox potential of the ClI" radical and Br’ radicals are lower
than that of hydroxyl radical,*” these halogen radicals show
higher selectivity than hydroxyl radicals and better efficiency in
generating RD123. According to the above discussion, the main
reaction of the DHR123 fluorescent gel dosimeter made with
halogenide involves three reactions shown in Fig. 7.

RSC Adv, 2020, 10, 28798-28806 | 28801
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(1) The hydroxyl radical scavenging reaction by DHR123 (k,),
(2) the hydroxyl radical scavenging reaction by halogenide (k,),
(3) the oxidation reaction of DHR123 by halogen radical (k3)
produced by the second reaction. It is considered that the
higher the concentration of halogenide, the faster the rate of the
second reaction (k) than that of the first reaction (k;) and the
production quantity of halogen radical gets larger. Therefore,
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Fig. 4 Fluorescence intensity as a function of RD123 concentration
for calibration curve.
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the oxidation reaction of DHR123 occurs more easily and the
production quantity of RD123 gets larger. However, in the case
of adding excess halogenide, it is presumed that other minor
reactions, such as the reaction of halogenides occur against the
reaction of DHR123 with a halogen radical (k;). As a result, the
production quantity of RD123 decreased a little. Considering
each rate constant, for example, in terms of TCE, the reactivity
with hydroxyl radical is reported. The following showed the rate
constants of DHR123 (ref. 6) and TCE®*” with hydroxyl radical in
eqn (2) and (3) respectively.

DHR123 + 'OH — DHR-OH", k; = (3.2 £ 0.1)
x 10°M st (2

CCI;CH,0H + ‘OH — product, k; = 4.2 x 108 M~'s7! (3)

Comparing these two rate constants, k; is 100 times larger
than k,, the ratio of scavenging hydroxyl radical by TCE (0.5
mM) is 0.06%. It showed a low value and the reaction of TCE
with hydroxyl radical rarely occurs. On the other hand, experi-
mental results show the sensitivity enhancement by addition of
TCE. Thus, we considered that the rate constant of DHR123
with hydroxyl radical is about 10° M™* s, since RD123 which
had a similar structure with DHR123 with hydroxyl radical re-
ported 1.6 x 10° M~' s7.° In this case, the ratio of the

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Main mechanism of sensitivity increase by adding surfactant.

scavenging hydroxyl radical calculated with TCE (0.5 mM) using
the rate constant k; = 10®* M~ ' s is 95%, therefore DHR123
can react with only 5% of the hydroxyl radical. This rate
constant is thought to be appropriate because the dose sensi-
tivity did not change despite adding more than 0.5 mM TCE.
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Clay

Dispersion and high sensitivity

Effect of both surfactants and halogenides on dose sensitivity

Fig. 8 show the dose sensitivity of DHR123RFG dosimeter made
with surfactant and halogenide (TBAA) and the relative sensi-
tivity of it normalized by standard sample (No. 1). Gels made
with both surfactant and halogenide show higher sensitivity
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Fig. 7 The production reaction of RD123 in DHR123 fluorescent gel dosimeter.

than gels made with surfactant only (No. 2.5 and 4.1). It can be
observed that the gel made with Tx100 and TBAA which showed
maximum sensitivity showed 11 times higher than the standard
sample (No. 1) while the gel made with SDS and TBAA which
showed maximum sensitivity showed 16 times higher than the
standard sample (No. 1).

The fluorescence intensity, Ir, can be expressed by the
formula (4) wherein ¢ is a molar extinction coefficient, ¢ is
a concentration of the fluorescent substance, d is an optical
path-length (1 cm), I, is an intensity of excitation light, and & s
a relative fluorescence quantum yield.

Iy x e xexdxIyx & (4)

It is considered that the anticipated increasing rate of
sensitivity, Al;, can be expressed by formula (5) wherein Ac is the
increasing rate of the production concentration of RD123 by
adding halogenide and A® is the increasing rate of the relative
fluorescence quantum yield of RD123 (considering inhabitation
of reaction by surfactant) by adding surfactant.

Al; < Ac x Ad; (5)

The increasing ratio of dose sensitivity by adding halogenide
(TBAA) is 1.72 (£0.05) in 0.5 mM and 1.95 (+0.05) in 1 mM
(Table S27); the increasing ratio of dose sensitivity by adding
surfactant is 6.36 (£0.45) in 38 mM Tx100 (average of relative
dose sensitivity of No. 2.5 and No. 4.1 in Tables S1 and S3}) and
9.96 (+0.29) in 17 mM SDS (average of relative dose sensitivity of
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No. 2.10 and No. 4.4). From the calculated anticipated Al; using
these values and the formula (5), the increasing ratio is 1.72 x
6.36 =10.9in 0.5 mM TBAA and 12.4 in 1 mM TBAA. Comparing
the measured value, 7.93 + 0.55 in 0.5 mM TBAA (No. 4.2), 11.2
+ 0.8 in 1 mM TBAA (No. 4.3), and the calculated value, the
calculated value was close to the measured value.

In the case of SDS, the anticipated AIf which was calculated
using the formula (5) like in Tx100, the increasing ratio is 17.1
in 0.5 mM TBAA and 19.4 in 1 mM TBAA. Comparing the
measured value, 14.7 £ 1.0 in 0.5 mM TBAA (No. 4.5), 16.2 + 0.8
in 1 mM TBAA (No. 4.6), and the calculated value, the calculated
value was close to the measured value, as well as in Tx100.
Therefore, the effect of surfactants and halogenides on the dose
sensitivity can be expressed by the formula (5), and it showed
that the contributions of the surfactant and the halogenide did
not interfere with each other.

Dose rate dependence of DHR123RFG prepared by improved
conditions

Table 5 shows the dose rate dependence of the sensitivity of
DHR123RFG prepared by improved conditions. The relative
sensitivity is normalized by the sensitivity at 4.66 Gy min~' in
each condition. The standard error of dose sensitivity of all
samples was under 8%, it was thought that there is dose rate
dependence if the difference between the sensitivity at 4.64
Gy min~" and 0.77 Gy min~" is more than 10%. In gels made
with Tx100, gel made without TBAA (No. 4.1) and with 0.5 mM
TBAA (No. 4.2) showed dose rate dependence, however, a gel

(b)

800 120
= 2
5 600 - T I =
E T 1152
> : 5
= 9
T 4007 ; 1108
o fa
@D o
8 g
8 200} 15 %
0 0
No.1 No4.4  No45  No46
17/0 17/0.5 171
SDS/TBAA [mM]

Fig. 8 Effect of surfactant and halogenide, TBAA concentrations on dose sensitivity ((a) Tx100, (b) SDS).
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Table 5 Influence of Tx100, TBAA, and the both, on the dose sensitivity in different dose rates

No. Surfactant and additive Dose rate [Gy min '] Dose sensitivity [a.u.] Ratio

1 0 0 4.64 38.23 £1.78 1.02
0.77 38.94 £ 2.27

4.1 38 mM Tx100 0 4.64 217.1 £ 7.15 1.15
0.77 250.5 £ 11.65

4.2 38 mM Tx100 0.5 mM TBAA 4.64 303.2 £ 21.06 1.20
0.77 364.6 £ 19.72

4.3 38 mM Tx100 1 mM TBAA 4.64 426.4 £+ 31.67 1.02
0.77 434.3 £+ 14.29

4.4 17 mM SDS 0 4.64 381.0 £ 16.17 1.04
0.77 394.9 £ 10.82

4.5 17 mM SDS 0.5 mM TBAA 4.64 561.2 + 36.40 1.06
0.77 597.0 £ 33.46

4.6 17 mM SDS 1 mM TBAA 4.64 617.7 £ 28.63 1.04
0.77 643.4 £ 2.25

made with 1 mM TBAA (No. 4.3) did not show dose rate
dependence. It was found that the increase in the concentration
of TBAA improves the dose rate dependence. This phenomenon
also described in the report that the dose rate dependence of
LCV gel dosimeter is improved by increasing the concentration
of TCE.® In gels made with SDS, all gels did not show dose rate
dependence regardless of addition of TBAA. In conclusion,
DHR123RFG dosimeter made with 1 mM TBAA and 38 mM
Tx100 (No. 4.3) and made with 1 mM TBAA and 17 mM SDS (No.
4.6) showed approximately 10 or more times higher sensitivity
than standard sample (No. 1), and gels made under these
conditions can measure the dose even from 0.01 Gy because the
detection limit of the standard sample is 0.1 Gy and with dose
rate independence radiological properties.

Conclusions

In this study, the influence of surfactants and halogenide on the
dose-response of the DHR123 radio fluorogenic nano clay gel
dosimeter was investigated. A good linear dose-response was
observed within the dose range of 0-4 Gy in all the prepared
conditions except for CTAB. It was found that changing the
surfactant sensitizes the dosimeter up to the maximum 8 times
(in case of addition of 17 mM SDS). By changing the halide, the
sensitivity of the dosimeter is sensitized up to the maximum of
1.95 times (in case of addition of 1 mM TBAA). The addition of
surfactant and halide increased the sensitivity up to 16.2 times
(in case of addition of 1 mM TBAA and 17 mM SDS). Under this
condition, it can be used without dose rate dependence within
the range of 0.77 and 4.67 Gy min". This gel dosimeter is the
most sensitive gel dosimeter capable of measuring absorbed
dose in the order of 0.01 Gy. This dosimeter is particularly
useful for verifying the complex dose distributions in tissue-
equivalent materials that are not suitable for pinpoint phys-
ical dosimeters. For example, we have reported the application
to brachytherapy which has a dose distribution having a steep
dose gradient by using normal DHR123 fluorescent gel dosim-
eter without sensitizer.** Despite the problem of establishing a 2
or 3-dimensional measurement method that maintains the

This journal is © The Royal Society of Chemistry 2020

highly sensitive characteristics of this gel dosimeter, it is ex-
pected that further applied research on the measuring medical
radiation doses and its distribution will proceed.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by MEXT KAKENHI Grant Number
JP17K07013.

References

1 J. Seco, B. Clasie and M. Partridge, Phys. Med. Biol., 2014, 59,
R303-R347.
2 B. Farhood, G. Geraily and S. M. M. Abtahi, Appl. Radiat. Isot.,
2019, 143, 47-59.
3 N. MacDougall, W. G. Pitchford and M. A. Smith, Phys. Med.
Biol., 2002, 47, R107-R121.
4 A. Gomes, E. Fernandes and J. L. F. C. Lima, J. Biochem.
Biophys. Methods, 2005, 65, 45-80.
5 T. Maeyama, A. Kato, A. Mochizuki, N. Sato, Y. Watanabe and
S. Mizukami, Sens. Actuators, A, 2019, 298, 111435.
6 M. Wrona, K. Patel and P. Wardman, Free Radical Biol. Med.,
2005, 38, 262-270.
7 Y. Watanabe, L. Warmington and N. Gopishankar, World J.
Radiol., 2017, 9, 112-125.
8 L. J. Schreiner, J. Phys.: Conf. Ser., 2004, 3, 9-21.
9 T. Maeyama, N. Fukunishi, K. L. Ishikawa, K. Fukasaku and
S. Fukuda, J. Phys. Chem. B, 2017, 121, 4238-4246.
10 T. Maeyama, N. Fukunishi, K. L. Ishikawa, K. Fukasaku and
S. Fukuda, J. Radiat. Res., 2016, 57, 318-324.
11 T. Maeyama, N. Fukunishi, K. L. Ishikawa, T. Furuta,
K. Fukasaku, S. Takagi, S. Noda, R. Himeno and
S. Fukuda, Radiat. Phys. Chem., 2014, 96, 92-96.

RSC Adv, 2020, 10, 28798-28806 | 28805


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra02717k

Open Access Article. Published on 04 August 2020. Downloaded on 6/17/2026 5:25:31 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

12 C. Baldock, Y. De Deene, S. Doran, G. Ibbott, A. Jirasek,
M. Lepage, K. B. McAuley, M. Oldham and L. J. Schreiner,
Phys. Med. Biol., 2010, 55, R1-R63.

13 T. Maeyama, Y. Ishida, Y. Kudo, K. Fukasaku, K. L. Ishikawa
and N. Fukunishi, Radiat. Phys. Chem., 2018, 146, 121-125.

14 T. Furuta, T. Maeyama, K. L. Ishikawa, N. Fukunishi,
K. Fukasaku, S. Takagi, S. Noda, R. Himeno and
S. Hayashi, Phys. Med. Biol., 2015, 60, 6531-6546.

15 H. Tachibana, Y. Watanabe, S. Mizukami, T. Maeyama,
T. Terazaki, R. Uehara and T. Akimoto, Brachytherapy,
2020, 19, 362-371.

16 S. Hayashi, F. Fujiwara, S. Usui and T. Tominaga, Radiat.
Phys. Chem., 2012, 81, 884-888.

17 Y. Watanabe, S. Mizukami, K. Eguchi, T. Maeyama,
S. I. Hayashi, H. Muraishi, T. Terazaki and T. Gomi, Phys.
Med., 2019, 57, 72-79.

18 A. Aliasgharzadeh, A. Mohammadi, B. Farhood, V. Anaraki,
M. Mohseni and H. Moradi, Radiat. Phys. Chem., 2020, 166,
108470.

19 M. Vaiente, W. Molina, L. C. Silva, R. Figueroa, F. Malano,
P. Pérez, M. Santibafiez and J. Vedelago, J. Appl. Clin. Med.
Phys., 2016, 17, 402-417.

20 W. Li, ]J. Nie, R. Hu, R. Zhao, W. Zhu, X. Chen, D. Li, L. Wang
and L. Hu, Chem. Commun., 2019, 55, 9614-9617.

21 P. A. Sandwall, B. P. Bastow, H. B. Spitz, H. R. Elson,
M. Lamba, W. B. Connick and H. Fenichel, Bioengineering,
2018, 5, 53.

22 J. M. Warman, L. H. Luthjens and M. P. de Haas, Phys. Med.
Biol., 2011, 56, 1487-1508.

23 J. M. Warman, M. P. de Haas and L. H. Luthjens, Phys. Med.
Biol., 2009, 54, 3185-3200.

24 T. Yao, A. Gasparini, M. P. D. Haas, L. H. Luthjens,
A. G. Denkova and J. M. Warman, Biomed. Phys. Eng.
Express, 2017, 3, 027004.

25 ]. M. Warman, M. P. de Haas, L. H. Luthjens, T. Yao,
J. Navarro-Campos, S. Yuksel, J. Aarts, S. Thiele, J. Houter
and W. In Het Zandt, Polymers, 2019, 11, 1729.

26 T. Maeyama, A. Mochizuki and T. Takanashi, J. Phys.: Conf.
Ser., 2019, 1305, 012045,

28806 | RSC Adv, 2020, 10, 28798-28806

View Article Online

Paper

27 T.Maeyama and S. Hase, Radiat. Phys. Chem., 2018, 151, 42—
46.

28 S. Babic, et al., Phys. Med. Biol., 2009, 54, 6791.

29 K. Jordan and N. Avvakumov, Phys. Med. Biol., 2009, 54,
6773-6789.

30 J. Vandecasteele, S. Ghysel, S. H. Baete and Y. De Deene,
Phys. Med. Biol., 2011, 56, 627-651.

31 A. T. Nasr, K. Alexander, L. J. Schreiner and K. B. McAuley,
Phys. Med. Biol., 2015, 60, 4665-4683.

32 H. Tajalli, A. Ghanadzadeh Gilani, M. S. Zakerhamidi and
M. Moghadam, Spectrochim. Acta, Part A, 2009, 72, 697-702.

33 A. Mishra, P. K. Behera, R. K. Behera, B. K. Mishra and
G. B. Behera, J. Photochem. Photobiol., A, 1998, 116, 79-84.

34 D. Nagaraja, R. M. Melavanki, N. R. Patil and R. A. Kusanur,
Spectrochim. Acta, Part A, 2014, 130, 122-128.

35 M. Grabolle, M. Starke and U. Resch-Genger, Langmuir, 2016,
32, 3506-3513.

36 S. Freire, J. Bordello, D. Granadero, W. Al-Soufi and M. Novo,
Photochem. Photobiol. Sci., 2010, 9, 687.

37 N.S. R. D. NIST, Chemical Kinetics Database, Version 7.0, Web
Version, Release 1.6. 8, Data version 2015.12, National.

38 P. Pallavicini, Y. A. Diaz-Fernandez and L. Pasotti, Analyst,
2009, 134, 2147.

39 Z. Shi, J. Chen and X. Yin, J. Air Waste Manage. Assoc., 2013,
63, 694-701.

40 H. H. Mai, H. M. Solomon, M. Taguchi and T. Kojima,
Radiat. Phys. Chem., 2008, 77, 457-462.

41 A. T. Nasr, K. Alexander, L. J. Schreiner and K. B. McAuley,
Phys. Med. Biol., 2015, 60, 4665-4683.

42 D. A. Armstrong, R. E. Huie, W. H. Koppenol, S. V. Lymar,
G. Merényi, P. Neta, B. Ruscic, D. M. Stanbury, S. Steenken
and P. Wardman, Pure Appl. Chem., 2015, 87, 1139-1150.

43 J. C. Xie, E. A. B. Katz, K. M. Alexander, L. J. Schreiner and
K. B. McAuley, J. Phys.: Conf. Ser., 2017, 847, 012041.

44 Y. Watanabe, T. Maeyama, A. Mochizuki, S. Mizukami,
S. I. Hayashi, T. Terazaki, H. Muraishi, H. Takei, T. Gomi
and T. Shimono, Phys. Med. Biol., 2020, DOI: 10.1088/1361-
6560/ab98d2.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra02717k

	Sensitivity enhancement of DHR123 radio-fluorogenic nanoclay gel dosimeter by incorporating surfactants and halogenidesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02717k
	Sensitivity enhancement of DHR123 radio-fluorogenic nanoclay gel dosimeter by incorporating surfactants and halogenidesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02717k
	Sensitivity enhancement of DHR123 radio-fluorogenic nanoclay gel dosimeter by incorporating surfactants and halogenidesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02717k
	Sensitivity enhancement of DHR123 radio-fluorogenic nanoclay gel dosimeter by incorporating surfactants and halogenidesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02717k
	Sensitivity enhancement of DHR123 radio-fluorogenic nanoclay gel dosimeter by incorporating surfactants and halogenidesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02717k
	Sensitivity enhancement of DHR123 radio-fluorogenic nanoclay gel dosimeter by incorporating surfactants and halogenidesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02717k
	Sensitivity enhancement of DHR123 radio-fluorogenic nanoclay gel dosimeter by incorporating surfactants and halogenidesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02717k
	Sensitivity enhancement of DHR123 radio-fluorogenic nanoclay gel dosimeter by incorporating surfactants and halogenidesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02717k

	Sensitivity enhancement of DHR123 radio-fluorogenic nanoclay gel dosimeter by incorporating surfactants and halogenidesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02717k
	Sensitivity enhancement of DHR123 radio-fluorogenic nanoclay gel dosimeter by incorporating surfactants and halogenidesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02717k
	Sensitivity enhancement of DHR123 radio-fluorogenic nanoclay gel dosimeter by incorporating surfactants and halogenidesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02717k


