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Abstract:

Currently, gamma dosimetry linked to public health is gaining more and more importance in the field of medical diagnosis.
The use of different dyes, sensitive to radiation dose intensity, incorporated into different polymer biofilms has shown
promising avenues for radiation dosimetry. Accordingly, the hematoxylin biomolecule as a low-ray dose sensitive dye will be
integrated into a polyvinyl alcohol (PVVA) polymeric host film. Direct detection of hematoxylin color change after irradiation
with different y-ray doses (2, 4, 10, and 20 mGy) was apparent allowing visual estimation of radiation dose. The impact of the
different radiation exposures has been evaluated via FTIR, UV, optical, colorimetric, and SEM analysis. FTIR investigation
revealed an obvious chemical change with increased doses. SEM investigation showed significant morphological alteration of
PVA/HX films following radiation exposure. Moreover, the produced PVA/HX films displayed good pre- and post-irradiation
stability in both dark and light conditions. Furthermore, response behaviors, deduced from the different characterizations,
according to increasing y-ray intensities have been recorded to assess their dosimetric potential for the routine y-irradiation
process. Indeed, the UV-Vis response curve demonstrated a linear rise in absorbance as radiation doses increased (R = 0.992).
Similarly, the different varied parameters in the colorimetry study increased linearly with increasing y-ray doses. The
proposed novel dosimeter designed in nanoscale composite film might consequently offer an effective alternative for accurate
and direct assessment of y-ray low doses finding promising use in various medical applications.
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1.INTRODUCTION

Radiation dosimetry has gained increasing
attention in recent years. Its crucial objective was
always, the accurate detection and precise control of
different radiation treatments of materials and
industrial products using electron beams and gamma
rays [1,2].
The technique of radiation treatment is extensively
applied in different fields involving routine dosimetry
applications. These applied fields include Water
remedy, food irradiation, polymerization, medical
sterilization, and diagnostic radiology [3-7]. Different
levels of radiation dose are investigated. the variation
of the dose intensity classified as high, medium, or
low specifies the field of application of the radiation.
Currently, the accurate detection and assessment of
the delivered radiation dose represent an essential
requirement in many applications. The big challenge
remains today with low doses given the unavailability
of suitable dosimeters in this low range [8,9].
Different dosimetric solutions and alternatives for

various dose levels were studied and reported
recording rapid progress, including Geiger-Muller,
photographic films, and proportional counter [10,11].
Furthermore, standard solutions as new dosimetric
alternatives have appeared and their effectiveness has
been widely evaluated. Their property of color and/or
oxidation state change was at the origin of their high
dosimetric performance [12,13]. However, these
dosimetric solutions require severe conditions during
their manipulation and their detection of change
requires the presence of auxiliary instruments, in
particular ESR, IR, NMR, UV-Vis, and
thermoluminescence. These heavy instruments are
usually expensive and impractical for easy and quick
detection [14,15]. To address this challenge and
achieve this goal, radiation-induced physical changes
were the most effective approach. The key advantage
is the ability to easily detect and even quantify the
dose immediately upon analysis. As a result, this
technique is based on the direct exploitation of the
various changes resulting from the radiation dose.
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These changes could be physical, colorimetrical, and
optical, which are easily detected on the designed
dosimeter [16,17]. These changes in properties could
be ensured by different dyeing molecules
incorporated into different polymer matrices. The
polymer solution casting method was the appropriate
technique to prepare these nanocomposite films.
Therefore, choosing a polymer that is easy to cast and
able to interact with various host dyes while
preserving their chemical and physical properties is
fundamental for effective dosimeters [18,19].
Currently, functional polymers and polymer
composites provide polymers with high added value
and have proven their performance in many fields of
application [20-24]. Different polymers have been
studied as basic matrices of nanocomposite films
applied in radiation dosimetry. Among these
polymers are mainly polyamide, polyvinyl alcohol,
polymethyl methacrylate, polystyrene, polyvinyl
chloride, and cellulose acetate. These polymeric
matrices have shown their efficiency to incorporate
different classes of dyes and being effective as
sensors for dosimetry devices [25-27]. The most
widely used polymer via the casting method was
PVA. The incorporation of different dye molecules
into the PVA matrix has attracted great interest in
several research studies [28,29]. The benefit of using
PVA polymer as a matrix in the preparation of film
dosimeters lies in its availability, low cost,
biocompatibility, high water solubility, and ability as
an environmentally friendly material to accommodate
a large number of substrate hosts such as transition
metals and dyes [30-32]. Different host coloring
molecules were investigated in the PVA matrix to be
applied as g-ray dosimeters. Indeed, Akhtar et al.
have developed PVA films doped with a reactive dye
methyl orange and they studied their dosimetric
change after high irradiation processing [33]. AL
Zahrany et al. have explored the methyl red dye as a
sensing agent in PVA film studied as a radiochromic
dosimeter. Results revealed the performance of the
made film as a high-dose dosimeter up to 60 KGy
[34]. Recently, Al-Hazmy et al. studied the
performance of a new fluorescent dye based on boron
difluoride complex (DBDMA) as an indicator after
its incorporation in PVA film. Results showed its
dosimetric efficiency after vy-irradiation exposure
[35].

It is worth noting that the reported dosimeters were
efficient against medium and high levels of gamma
ray. Furthermore, most detecting molecules are
synthetic dyes. The novelty and new aspect of this
study is the use of hematoxylin as a natural and
biocompatible substrate for a dosimeter sensitive to
low doses of gamma radiation. Hematoxylin is a
staining bioactive molecule widely applied in
histology thanks to its sensitivity to color change. It
is a natural product extracted from bloodwood trees,
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known for its excellent colorimetric and biological
properties [36,37].

The current research study sought to create a highly
sensitive, practical, cost-effective, and non-toxic
gamma radiation dosimeter. Direct detection of
hematoxylin color change after irradiation will allow
visual estimation of radiation dose. After the
optimization study of the parameters of synthesis of
the nanocomposite thin film, the impact of the
different radiation exposures will be evaluated via
FTIR, UV, colorimetricc and SEM analysis.
Furthermore, response behaviors, deduced from these
characterizations, according to increasing y-ray
intensities were recorded in order to assess their
dosimetric potential for the routine y-irradiation
process.

2. MATERIALS AND EXPERIMENTAL
METHODS

2.1. Materials

The Hematoxylin natural product (C16H1406) used as
matrix reinforcement for dosimetric doped films, and
cellulose acetate polymer host (CA, MW= 95-114
kDa with a hydrolysis degree of 75-85%), were
Sigma Aldrich products (St. Louis, USA). Their
general structures are presented in Figure 1. For the
synthesis of the different casted films, ultrapure water
(Milli-Q® Direct, Darmstadt, Germany), was used as
a solvent.
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Figure 1. Chemical structures of a) the cellulose

acetate and b) the hematoxylin biomolecule.

2.2. Characterization of Film Nanocomposites
Different techniques of characterization were
performed to characterize the various casted
nanocomposite films and to evaluate the impact of
the g-ray exposures. Indeed, the detected chemical,
physical colorimetric, and optical changes following
increased radiation doses will be beneficial for the
evaluation of the dosimetric performance of the
designed films.

Chemical characterization via FTIR analysis using
the attenuated total reflection (ATR) method was
performed to record the various infrared spectra of
raw and irradiated films. An infrared
spectrophotometer apparatus (Agilent
Technologies/Gladi-ATR, Santa Clara, CA, USA)
was used. The different infrared spectra were
recorded at a range of 4000 to 400 cm™' and a
resolution fixed at 4 cm™'. UV absorption
measurements of the different film labels were
carried out using a UV-visible spectrophotometer
(Shimadzu, UV-2501PC, Kyoto, Japan).
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Wavelengths were varying in the range of 200 to 800
nm.

A Universal Testing Machine (Zwick Testing
Machine Ltd., Leomister, UK) was used for the
mechanical measurements. Samples were cut before
tests in a rectangular form of 5 x 40 mm.
Experiments were carried out under a fixed crosshead
speed at 5 mm/min. Mechanical measurements were
accomplished by evaluating the tensile strength of
raw and irradiated samples following the standard
ASTM D638. The temperature during tests was fixed
at 22 °C with 65% of relative humidity. Five
replicates were applied for each sample measurement
and the averages were calculated.

The surface morphological evaluation of raw and
irradiated film samples was performed via Scanning
Electron Microscopy (SEM) analysis. A JEOL SEM
device of JSM type-5400 LV (JEOL Ltd., Akishima,
Japan). Measurements were carried out with an
acceleration voltage of 5 kV and selected
magnifications varied from 100 to 2000x%. In the aim
to obtain micrographs with good resolution, the
surface conductivity of samples was improved by
applying a thin layer coating of gold before analysis.
Colorimetric evaluation via the determination of the
different color characteristics of raw and irradiated
film  samples was performed using a
spectrocolorimeter (3-NH-YD 5010). The
colorimetric device operates in the visible wavelength
spectrum in the range varying from 380 to 780 nm.
The following Kubelka—Munk equation 1 was used to
determine the different color strength (K/S) values
[38].

B _l1-my*

5 2wl

K represents the absorption coefficient; S is the
scattering factor and RA is the spectral reflectance of
the film sample at Amax [39].

The different parameters L*, a*, and b* which
represent the CIELab coordinates of the PVA/HX
nanocomposite films were measured under a standard
observer of 10° and the D65 as standard illuminant.
The various AE values between raw and irradiated
samples which represent the color total difference
were deduced from these CIELab coordinates. L* is
the lightness coordinate, a* and b* are the redness-
greenness and the yellowness-blueness axis,
respectively [40,41].

AE color total difference was calculated according to
the following Equation 2.

AE = J(L +=L0)* + (a » —a0)? + (b » —b0)2

where (L*, a*, b*) and (L0, a0, b0) are the measured
CIELab coordinates for the raw and irradiated
PVA/HX film samples, respectively. The average
limit of the distance AE between two CIELab
coordinates is the value above which the human eye
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cannot differentiate. Many limits of AE depending
mainly on color saturation have already been reported
in various research works [42,43].

2.3. Preparation of PVA/HX Nanocomposite
Films

PVA/HX casted films were synthesized according to
the method reported previously by our research group
[44]. Firstly, a bulk aqueous solution containing 5%
PVA was prepared and heated at a constant
temperature of 80 °C under vigorous stirring. two
hours later, the solution became transparent and was
cooled to ambient temperature. At this time a solution
of hematoxylin was prepared by dissolving 0.02 g of
HX in 10 mL of distilled water. The last prepared
solution was then added to the viscous PVA solution
and the mixture was stirred without heating to avoid
the negative impact of heating on HX properties.
After 30 min, each 20 ml of the prepared solution
was transferred to glass petri dishes and kept to dry in
the dark for 3 days at room temperature. Then the
films were delicately peeled from the dishes and a
thickness numerical instrument was used to
determine their thickness measurements. Three
separate measurements from different locations on
the films are taken. The average film thickness was
around 100 pm. The film labels were then stored at
room temperature in dark black envelopes protected
from light and UV rays to prevent their possible
degradation and to reach the thermal equilibrium
required for their subsequent application under
adequate conditions.

3. Results and Discussion

3.1. Direct perception of color change after
irradiation

The irradiation exposure of the different thin film
labels exhibited a clear color change which is directly
perceived with eyes. Rebllts in Figure 2, show a
gradual color deviation that increases with the dose of
the y-ray treatment. The exposed samples revealed a
gradual degradation of color with the intensity of the
g-ray dose from a purple to a dark reddish-brown
shade. The change in color toward brown is due to
the oxidization of the hematoxylin to hematein form
[45]. This process is called ripening. These gradual
deviations in shade detected after increased
irradiation doses of very low intensity confirm the
high sensitivity of these designed dosimetric films.
Therefore, the PVA/HX films can be used as efficient
dosimeters for the accurate control of the y-ray
exposure in diagnostic radiology.

3.2. Evaluation of the post-irradiation stability
The PVA/HX nanocomposite films treated with 20
mGy were kept in the light and dark under standard
laboratory conditions (temperaf#®e 22 and 65%
humidity) for 30 days. Using a UV
spectrophotometer, the absorbance was determined at
different storage periods at 575 nm. The results in
Figure 3 showed no significant change in film
stability over the testing period. Excellent stability
was validated for films stored in light and dark,
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throughout the 30-day storage period. These results
were more effective than those of other dosimeters
using other dopped polymeric casted films as gel or
solution [46,47], which demonstrated poor stability,

4mGy

0 mGy 2 mGy

particularly when kept in the light. This could be
related to the film-like casting which allows greater
crystalline characteristics.

10 mGy 20 mGy

Figure 2. The color change in PVA/HX films after direct exposition to various y-ray doses.
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Figure 3. Study of the stability of the PVA/HX
nanocomposite films at Amax of 430 nm, stored at
room temperature in both light and dark conditions.

3.3. UV-visible absorption assessment

The UV-visible absorption study of the PVA/HX
film, comprising 0.02 g of HX biomolecule, was
carried out over the wavelength range of 200-700
nm. The spectra at different y-ray doses are shown in
Figure 4, where the absorption peak of the untreated
film at 575 nm exhibited a gradual shift with
increasing applied y-ray dose.

—— 20 mGy

—— 10 mGy
—a— 4 MGy
2 mGy

0 mGy

Absaorbance

0 T T T T T
520 540 560 580 BOO 620 640
Wavelength (nm)

Figure 4. Absorbance spectra of PVA/HX
nanocomposite films before and after exposition to
varied y-ray doses.

3.4. Response curve
The response curve of the nanocomposite PVA/HX
films treated with various gamma-ray amounts is
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displayed in Figure 5. The response curves were
created using the change in absorbance for each unit
thickness, AA.mm™, as a function of the dose
received. At 575 nm, the absorbance values A0, and
Aifor the unirradiated and irradiated films are
represented by the formulas AA = A0 - Ai. With a
significant coefficient of linear regression of R =
0.9826, the resulting curve displays a linear rise in
absorbance according to increasing g-ray doses. This
outcome is critical for the use of the PVA/HX
produced films as very sensitive dosimeters,
especially at extremely low radiation intensities.

05 -
04 1 s 4
R2=0.9826 .

03 1

0.2 A

AA(mm1)
9

0.1 A

’ 0 ; 1IO 1I5 llo 2I5
Absorbed dose (mGy)

Figure 5 . Dose-response curve for PVA/HX films

irradiated with different y-ray doses according to the

UV-Vis absorption capabilities at Amax

3.5. Infrared spectroscopy analysis

The effect of gamma rays on the structure of
hematoxylin during increasing treatment times is first
demonstrated by infrared spectroscopy (Figure 6).
The modifications occurring, resulting from the
oxidation process, are highlighted by the following
FTIR spectra of the samples studied. Thus, the
control sample of hematoxylin, which has both
hydrogen bond donors and acceptors located to favor
intramolecular hydrogen bonding, exhibits a slightly
broadened O-H stretching absorption in the range of
3500 to 3600 cm™ In the case of treated
hematoxylin, these bands decrease slightly with
increasing y-ray doses. This gradual decrease with
increasing radiation levels is due to the oxidation of
the hematoxylin to the hematein structure [45].
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Figure 6. FTIR spectra of HX, PVA film, control
PVA/HX film, and the different irradiated PVA/HX
samples.

3.6. SEM morphology evaluation

SEM analysis was performed on untreated and
irradiated PVA/HX films with increased vy-ray
doses, to study their effects on surface morphology
and microstructure. The PVA base film [48] and the
untreated PVA/HX films are shown in Figure 7; these
films have perfect structural integrity and are free of
cracks. The good incorporation and dispersion of the
guest molecule HX revealed a homogeneous film
without solid phase separation thus allowing a
smooth micro-appearance surface. The irradiated
samples exhibited modified morphologies and the
presence of aligned stripes on the surface. As the
dose of g-rays applied increased, the obvious
alterations in surface morphology intensified and the
stripes became more pronounced and deeper. This
implies that PVA/HX film is sensitive to low doses of
y-rays, making it an effective dosimeter for
diagnostic purposes. This method has previously
been used on PVA films with other synthetic guest
molecules and gave comparable results before and
after radiation exposure.

3.7. Spectrocolorimetric evaluation

For effective dosimeters, a directly
perceptible change in color shade or intensity after
radiation exposure is a crucial practical characteristic.
To assess and measure the color deviation of
PVA/HX films following their irradiation
with various low y-raydoses, a colorimetry
investigation was carried out. Table 1 summarizes the
average variation in CIELab parameter values L, ax,
b*, K/S (color intensity), and AE (total color
difference) for pristine and treated PVA/HX-
produced films.

The variation of the CIELab color parameters
according to the radiation dose exposed to the
PVA/HX films is depicted in Figure 8. L* decreased
with higher doses meaning that the films got darker.
The color parameters a* and b= increased in absolute
value with the dose intensity, this means that the
tones of the films deviated towards more reddish and
more bluish shades.

Egypt. J. Chem. Vol. 67, SI: M. R. Mahran (2024)

LU X1,000° 10um 0204 24 32 SBET

IOVU . X1,088  10um 0904 24 31 SEL

Figure 7. SEM micrographs of the nanocomposite
films; (a) PVA film, (b) PVA/HX untreated film, (c)
PVA/HX treated film with 2 mGy, (d) PVA/HX
treated film with 4 mGy, PVA/HX treated film with
10 mGy, PVA/HX treated film with 20 mGy.

Table 1. Mean values of the CIELab parameters Lx,
ax, b, the AE and K/S values for untreated and g-
irradiated PVA/HX films.

y-ray L+ a* b* AE K/S
dose
0 52.61 10.92 -3.32 - 5.45
4 54.1 11.25 -4.48 15.689 5.64
10 56.01 11.82 -6.27 17.920 5.91
20 58.96 12.61 -8.6 21.448 6.29

We observed a linear change with an excellent
correlation of R=0.99 for all these color coordinates.
Due to their linear dependency with increased
radiation dose, the color coordinate variables a*, b,
and L* <can be explored separately as
accurate dosimetry indices in the low dosage region
of 0 to 20 mGy. Figure 8 shows that the total color
difference AE levels increase as g-ray dosages are
applied. We observed a linear change in determined
AE with increased radiation exposures. Similarly, the
color strength factor K/S grew with alinear
manner with increasing g-ray exposure. Colorimetry
analysis highlighted the significance of the created
nanocomposite ~ PVA/HX filmas an  accurate
irradiation sensor and its prospective use as a new
dosimetric system in the area of g-ray radiology for
diagnostic purposes.
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Figure 8. CIELab color parameters (L*, a* and b*), total color difference (AE), and color strength (K/S) values
for PVA/HX films irradiated from 4 to 20 mGy.

Conclusion

Detecting or quantifying y-ray doses to tissues or
organs is crucial for risk prediction, but often difficult
to detect directly. Thus, developing an efficient
dosimetry method to handle low radiations in g-ray
diagnostic  radiography remains a significant
challenge nowadays. In this study, we designed a
new dosimetry system based on a PVA/HX
nanocomposite  film.  Following exposure to
progressively low doses of gamma radiation, the
generated film demonstrated remarkable sensitivity in
several chemical, physical, morphological, and
colorimetric characterizations. Indeed, the results
revealed a gradual rise in the absorption capability of
the PVA/HX nanocomposite films as the applied
dose increased. This was due to the oxidation of
hematoxylin to the hematein structure caused by the
g-rays irradiation. The resulting response curve
determined by UV-visible absorptions demonstrated
a linear rise in absorbance upon the increase of low-
doses of y-rays. The infrared chemical analysis
validated the influence of applied radiations on the
nanocomposite PVA/HX by revealing a gradual
decrease in the OH band confirming thus the
oxidation of the hematoxylin to the hematein
structure with the augmentation in the irradiation
level. SEM investigation revealed significant
morphological alteration of PVA/HX films following
irradiation, demonstrating their great sensitivity to
very low gamma radiations. Furthermore, the
produced PVA/HX films showed remarkable pre- and
post-irradiation stability in both light and dark
conditions for 2 to 30 days after exposure to low
gamma radiation. The colorimetry study yielded the
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most significant findings since it indicated a clear
observable change in color after increased irradiation
exposure levels. This change in the colorwas
quantified by calculating the different colorimetry
parameters, the total color difference, and the color
strength. All of these metrics increased linearly with
the progressive augmentation of the y-ray doses.
These findings support the potential benefits of using
PVA/HX thin films as highly sensitive dosimeters for
routine medical diagnostic monitoring.
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