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Abstract

Cancer is the term used to describe the abnormal and uncontrolled growth of tissues
in the body. It is caused by several factors and may manifest at any stage of life. It is one
of the major causes of death worldwide with more than 10 M deaths globally per year.
Radiotherapy is one of the major techniques for treating cancers. It utilizes high-energy
electromagnetic and particulate radiations in the form of x-rays, gamma rays, and charged
particles such as electrons and protons, etc. respectively for the treatment of cancers. Since
the radiations are associated with the induction of somatic and genetic changes in the living
organisms, it is required that the radiation dose be measured very precisely before
delivering it to the patient. For this purpose, several national and international agencies
have prescribed several standard protocols. The quantity of interest in radiation dosimetry

is the absorbed dose to water (Dw).

A wide variety of dosimeters are also available for measuring Dy directly or
indirectly. However, in economically weaker countries, the dosimetry systems pose an
additional burden on treatment due to their cost, availability, and periodic calibrations.
Hence a dosimetry system that overcomes these limitations and possesses some properties
of an ideal dosimeter is required. The presented research has introduced a chemical

dosimeter and a film dosimeter based on chlorophyll molecule as an active substance.

The chlorophylls have been extracted from plants commonly available in the region
using some common organic solvents. Chlorophylls have been extracted from mango,
hibiscus, pine, and spinach using acetone (80%), Dimethyl sulfoxide (DMSO), N, N
Dimethyl formamide (DMF), and ethanol. An optimum pair of plants and solvent has been
chosen based on chlorophyll yield and the seasonal availability of the plant. The samples
have been analyzed by Ultraviolet-Visible (UV-Vis) spectrophotometry. The absorption
spectra have shown two major peaks in the red region corresponding to 664 nm and in the
blue region corresponding to 434 nm. The chlorophyll concentrations have been
simultaneously determined by using the established algorithms. Two-way analysis of
variance (ANOVA) has been tested to determine the variations among the plant group and
solvent group for yielding and extracting the chlorophylls respectively. Based on the results



of ANOVA and practical considerations on the seasonal availability, mango, and acetone

(80%) have been considered as the optimal pair for further study.

This optimal pair has been tested for the radiation dosimetric properties under high-
energy x-ray and electron beam radiations from a medical linear accelerator (linac). The
radiation response, linearity, energy, and dose rate dependence have been tested. The
radiation-induced changes in the dosimeter have been quantified by UV-Vis absorption
spectroscopy by analyzing changes at 664 nm in the region corresponding to the absorption
maxima of chlorophyll-a (chl-a) in the red region of UV-Vis spectra. The dosimeter has
been found sensitive to a small therapeutic dose of 0.012 Gy. This dosimeter has shown a
good response in the therapeutic range of doses from 0.012 Gy to 2 Gy of 6 MV x-ray
beam. The dosimeter possesses linearity in the response up to the conventional therapeutic
dose of 2 Gy with a Pearson’s correlation coefficient value of 0.91. Beyond that, it shows

saturation in response.

The dosimeter exhibit energy and dose rate dependence. A maximum change of
5.8% in the response has been observed for 15 MV x-rays as compared to that for 6 MV x-
rays. Similarly, the energy dependence has been observed for the electron beams. The
flattening filter-free (FFF) x-rays have also shown response variations as compared to 6
MV x-rays. A variation of 1.2 % in the response of the dosimeter has been observed for 10
MV x-rays as compared to 6 MV x-rays. The results suggest that the dosimeter exhibits
small dependence on beam qualities. Similarly, the small energy dependence within 5% of
the response has been recorded for the electron beams. The dosimeter has been found to
exhibit a weak dose rate dependence also. The dosimeter is dependent on dose rates up to

3 Gy/min, beyond that its response has been found to be independent of the dose rate.

A two-dimensional (2D) film dosimeter has been synthesized for dose
determination in a plane. The casting method has been used to form the composite films.
Polyvinyl alcohol (PVA) has been selected for the formation of the composite films. 10 ml
of the PVA solution and 10 ml of the chlorophyll solution have been mixed thoroughly

using a magnetic stirrer to make a homogenous mixture. This mixture has been cast in Petri
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plates to form the films. This thickness of the films has been regulated by the volume of
the solution. The casted solution has been subjected to freezing and thawing cycles of 12
h and 30 min respectively for the preparation of the copolymer films. Six such cycles have
yielded films of optimal quality.

The films have been characterized by UV-Vis, photoluminescent (PL), Fourier
transforms Infrared (FTIR), flatbed scanning, x-ray diffraction (XRD), and field emission
scanning electron microscopy (FESEM) spectroscopy techniques. These techniques
confirmed the preparation and presence of the pigment in the PVA matrix. Along with
chlorophylls, small amounts of other pigments and chlorophyll degradation products have
also been detected in the films. The UV-Vis spectra show discrete peaks in the blue and
red regions of the spectra around 400 nm and 670 nm respectively. The shifts in peak
locations in the composites as compared to that in solvents have been due to high polarity
of the system and the formation of some inter-molecular transition levels in the composite.
The FTIR spectra show transmission peaks corresponding to different functional groups
present in chlorophyll, confirming the successful fusion of the chlorophyll to the PVA
matrix. The flatbed scanning, 3D surface analysis, and RGB analysis have further
confirmed the presence of green-coloured pigments in the composite films. The XRD
spectra have shown peaks at locations slightly shifted from that corresponding to pure PVA
with reduced sharpness. This indicates the reduction in crystalline nature with the infusion
of chlorophyll. Further, the surface morphology of the films has shown a discrete fusion of

chlorophyll on the PVA surface.

The film dosimeter has been irradiated under similar conditions as applied to the
liquid dosimeter. The dosimeter has shown a response toward the therapeutic dose of x-
rays from 0.25 Gy to 32 Gy. The quantification of the decrease in absorption at 670 nm
(A670) in the UV-Vis spectrum has been quantified as the measure of radiation-induced
changes. The dosimeter shows the linearity of response up to 1 Gy with a Pearson
correlation coefficient value of 0.96. It has been found to have energy dependence in the

electron and photon beams.



The radiation response of the composite films has been analysed by different
characterization techniques viz., PL, FTIR, XRD, and FESEM. The PL spectra indicate a
change in the physical properties of the films with increasing dose. The spectrum indicates
a change in the concentration of photoelectrons with increasing radiation dose. The FTIR
spectra have also shown a decrease in transmission intensity at 32 Gy due to possible
radiation-induced geometrical changes in the composite leading to a change in the dipole

moment of the composite structure.

The XRD spectra have also indicated the radiation-induced change in the composite
films leading to change in the orientations of the composite molecules and hence a decrease
in the intensity of the diffraction peaks. The peak intensities around the location of
maximum intensity have been found to decrease with increasing doses. The FESEM
images have also confirmed the radiation-induced structural changes with localized cracks
and pitting observed with increasing radiation dose. The highest level of pitting effect has

been observed at a 32 Gy dose.

The optimal storage conditions for chlorophyll solution have been tested at
temperatures of 5 °C and 20 °C in ambient light and darkness. The degradation rate constant
(k), half-life (tu2) and activation energy (E) have been calculated for chl-a and chl-b in the
solution. The E of chl-a has been 60.242 kJ/mol at 5 °C in dark and 36.174 kJ/mol at 20 °C
in light and that of chl-b was 110.9 kJ/mol at 5 °C in dark and 53.9 kJ/mol 20 °C in light.
The half-life and temperature quotient for chl-b have been higher than that for chl-a
indicating overall higher stability of the former. These parameters have suggested that the

chlorophyll solution and the films must be stored at 5 °C in darkness for a long and stable
life.

In the present study, the chlorophyll dosimeter has been contained in a
polypropylene (PPE) vial of 1 cc volume of a wall of 0.05 cm thickness. The dosimeter has
a finite volume, and the dose is perturbed by the density differences from water. Hence,
the non-water equivalence of the dosimeter correction factor (fw.cni), a wall correction factor

(Pwan), and volume averaging correction factors (Pv) have been calculated. The values of

Vi



correction factors: fwcn = 0.969, Pwan = 0.995 and Py, = 0.999 have been obtained. The
largest correction comes from the non-water equivalence of the dosimeter followed by
polypropylene wall and volume averaging respectively. These correction factors can be
utilized for the determination of Dy from dose to chlorophyll (Dchi).

The present study concludes that the proposed dosimeters can be tested and used
for clinical dosimetry of therapeutic x-rays and electron beam radiations.
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Chapter 1

Introduction

1.1 Introduction

The propagation of energy in the space and material medium is called radiation.
One form of radiation namely Electromagnetic (EM) radiation is one of the most common
sources of energy from natural and artificial sources. It ranges from very high-frequency
cosmic rays to low-energy radio waves. For a long, EM radiations have been used in
various human ventures. It has numerous applications in telecommunication, industrial
radiography, food safety, agriculture, medicine, etc. [1]. The radiations in the form of rays
and particles have several applications in academic research and development as well. The
ionizing radiations like the x-rays, gamma rays, and some particle radiations are

specifically used in diagnostic and therapeutic radiology.

The radiations are broadly classified as non-ionizing and ionizing. Non-ionizing
radiations don’t possess enough energy to produce ionization events in the atoms or
molecules and hence are not considered harmful to body tissue. The ionizing radiations, on
the other hand, deposit dose in the matter by the process of ionization and/or excitation.
The ionizing radiations are further classified in a wide variety. However, the region of
interest in the present study is the x-rays and the electron radiations produced from a
medical linear accelerator (linac), which are used for cancer treatment in radiotherapy [2].

The medicinal use of radiations is mainly of two types: radio-diagnostic and radio-
therapeutic. Diagnostic radiology is one of the most useful and interdependent branches of
medicine. It provides solutions to several other medical applications by providing
qualitative and quantitative information on a specific type of physiological condition [3].
The diagnostic use includes diagnostic x-rays radiography, computed tomography
scanning, x-ray angiography, gamma scanning, positron emission tomography (PET)
scanning, etc. [4]. These techniques mostly use kilovoltage x-rays and gamma rays in small

quantities. The radiation dose in such procedures is usually low in the ranges of a few mGy



to cGy. The therapeutic use of radiation is mainly in the treatment of benign and malignant

cancers.

.

electric field

direction
of
propagation

Figure 1.1 The illustration of the propagation of EM radiation is described by its
wavelength (L), amplitude (A), and direction of propagation. The electric and magnetic

fields are propagating perpendicular to each other and to the direction of propagation.

1.2 Cancer

Cancer is the term used to describe the abnormal and uncontrolled growth of cells
in the body. It has been a major cause of social and financial toxicity along with its
physiological and mental traumatic effects on the patients [5,6]. Cancer incidence is a
major concern worldwide. It is a major cause of death in developing nations. In the year
2020; 19.3 M new cancer cases have been detected worldwide with over 10 M cancer-
caused deaths. Breast cancer has been the leading cause of cancer followed by lung,
colorectal, prostate, and stomach. Cancer is the first to the second leading cause of death
in the western world while in India it is the third to the fourth-largest cause of death [7]. In
India as per Indian Council of Medical Research (ICMR) data, 11,57294 new cases of

cancer have been registered in the year 2018 and 7,24,821 cancer deaths have been reported



[8,9]. There has been an estimate that one out of nine Indians will develop cancer once in

their lifetime [9]. It has been reported as the second largest disease in India [10,11].

Cancers are caused mainly by gene alterations due to several different factors [12].
The genetic abnormalities leading to the development of cancers are of two types: growth-
promoting genes and growth-suppressing genes. If the growth-promoting genes are
excessive, they lead to cell proliferation and if growth-suppressing genes are defective in
activity or amount, they fail to halt the proliferative cells and lead to uncontrolled cell
replication. The growth-promoting genes are called oncogenes while the growth
suppressing genes are called tumour suppressor genes. The oncogenes cause the cancer
cells to grow rapidly in an undefined fashion with a rapid doubling time in several cases.
At a certain stage, these cells can metastasize, causing the spread of the disease to other
parts of the body. The treatment is given to these cancer cells [13]. The most common
means of treating cancer are surgery, chemotherapy, radiation therapy, and immunotherapy
[14]. For about 70% of cases, surgery, chemotherapy, and radiotherapy are combined to
achieve the intent of treatment. The specific kind of treatment choice depends upon the

tumour type, stage, volume, location, and general condition (GC) of the patient [15].

1.3 Radiation therapy

Radiotherapy is the technique of treatment of benign or malignant tumours by use
of ionizing radiations. The ionizing radiations can either be obtained from a radioactive
source or produced artificially in numerous types of generators [16]. Radiotherapy works
on the principle of radiation-induced DNA damage and eventual cell death [17]. Figure 1.2
illustrates the mechanism of radiation-induced cell killing. The use of radiation in therapy
is as old as the discovery of x-rays by Roentgen and the discovery of radioactivity by
Becquerel [18]. The first use of x-rays in medical therapy is generally attributed to Emil
Grubbé, a manufacturer living in Chicago who manufactured incandescent lamps and

Crookes tubes and treated a patient with breast cancer using the x-rays [19, 20].
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Figure 1.2 The mechanism of radiation-induced DNA strand break and cytoplasmic

changes leading to cell death [21].

Radiotherapy aims to deliver a maximum radiation dose to the tumours i.e., to
increase the tumour control probability (TCP) while simultaneously sparing surrounding
normal structure i.e., to keep the normal tissue complication probability (NTCP) as low as
reasonably achievable [23,24]. The NTCP and TCP curves (Figure 1.3) have a steep
gradient in the centre and hence necessitate the accurate determination of the dose to avoid
any radiation-induced damage to normal tissues [25]. This aim is achieved by a multistep
process involving the clinical and radiological diagnosis, identification of the target volume
and normal structure on the 2D or 3D radiological images, dose prescription to target,
treatment planning, treatment plan verification and finally the treatment delivery [26].

Earlier the radiations have been delivered using low energy kilo volt (kV) x-rays.
In the successive years, from 1930 to 1950, continuous scientifical progress has been made
to treat deep-seated tumours. The use of Radium based internal radiation therapy
(brachytherapy) has also been largely performed during this era. The development of
orthovoltage and super voltage x-ray tubes has also been a remarkable achievement. The

introduction of electron beam therapy has been another milestone in this era [16]. The
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evolution in radioactivity and induction of Co® radioactive source and the development of
modern linear accelerator (linac) technology has led to the evolution of high-energy x-ray

radiation therapy.

The megavoltage (MV) beams have been able to treat deep-seated tumours with
very less side effects. The linacs have the advantage of producing variable dose rates and
a range of electron and x-ray energies. Simultaneously the development of CT and MRI
changed the scenario of radiation therapy by providing three-dimensional (3D) localization
of the target. The 3D localization of the tumour and surrounding normal tissues proved to
be an efficient tool to achieve the goal of radiotherapy. The radiation beams could now be
placed more precisely to deliver the dose to the tumour with minimal damage to the normal
tissues. Radiation delivery can be of many types ranging from conventional 2D therapy to
three-dimensional conformal radiation therapy (3D CRT), intensity-modulated radiation
therapy (IMRT) and now the most modern intensity-modulated arc therapy (IMAT) and
particle therapy [22].

The output of the radiation source is one of the major factors determining the
treatment accuracy. To maintain the accuracy and consistency of radiation dose delivery,
the radiation sources need to be monitored and calibrated on regular basis in a well-defined
and standardized setup following well-established protocols. Currently, this task in
radiotherapy is performed following the guidelines of the American Association of
Physicists in Medicine (AAPM) Task Group (TG) 51 and International Atomic energy
Agency (IAEA) Technical report series (TRS) 398 respectively [27,28]. The air-filled
ionization chambers are the recommended radiation dosimeters for absolute and reference
dosimetry of therapeutic x-rays and electron beams. The thermo-luminescent dosimeter
(TLD), radiographic and radio-chromic films, solid-state diode detectors, and diamond
detectors are among the most used radiation dosimeters in relative dosimetry of the
therapeutic radiations [29,30]. The radiation effectiveness, accuracy, spatial dose accuracy
and precision, various dosimetric checks of the equipment and consistent accurate delivery

etc. are performed with the radiation dosimeters [31].
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Figure 1.3 The TCP (A) and NTCP (B) curves, the ratio of TCP to NTCP is called the
therapeutic ratio and determines the probability of tumour control at any level of normal

tissue reactions. [32]

In radiotherapy, the biologically significant amount of radiation dose is directly
delivered to the patient. Therapeutic radiations are known to cause radiation-induced
damage in tissues other than the tumour. Overdosing or underdosing of the tumour can also
have serious consequences in achieving the goal of therapy [23]. Hence it is vital to
determine the accuracy of the absolute dose and spatial distribution of the dose on the
patient. Further, the estimation of radiation dose is necessary for the safety of the radiation

workers operating the radiation source and the public in the vicinity of the radiation source.

1.4 Radiation Dosimetry
Radiation dosimetry in radiation therapy involves the estimation of the radiation

dose delivered to cancer patients. Dosimetry is as vital as the treatment itself and plays an



important role in the determination of the accuracy of radiation dose delivery. A radiation
dosimeter is a device used to measure either the absolute dose or able to derive the dose in
relative terms based on the effects produced in it because of the radiation interactions [32].
Several physical, biological, and chemical processes and phenomena can be utilized to
observe and quantify the radiation effects [33]. Also, it is now evident that gamma
radiations are capable of somatic changes in living organisms [34]. These changes if
quantified precisely can also be used to estimate the radiation effect and hence the amount
of radiation absorbed dose received by the organism.

The fundamental quantity in radiation dosimetry is the radiation absorbed dose. The
dose is defined as the mean energy (g) deposited in the unit mass (dm) of the medium. The
absorbed dose is a non-stochastic quantity [32]. The radiation dosimetry is generally
carried out in a phantom made up of some tissue equivalent material. Water is considered
one of the most common phantom materials due to its dosimetric properties nearly
equivalent to that of human soft tissues and its global availability [35]. The detector is
placed inside the phantom and connected to a measuring assembly. The ionization
produced by the radiation interactions inside the detectors is measured by the measuring
assembly (figure 1.4). The detectors along with the measuring assembly are collectively
called radiation dosimeters. The measuring assembly gives the measure of radiation
absorbed dose in terms of a meter reading or other type of signals depending upon the type
of detector used. The signal that is collected from the detector is multiplied by certain

correction factors to determine the dose to the sensitive volume of the detector (Dget).

The desired quantity is the dose at a reference point in the medium (Dmed) in the
absence of the detector. This conversion of Dget 10 Dmed iS @ crucial step requiring the
knowledge of several correction factors as per the conditions of cavity theory [36]. The
Dmed gives the actual dose deposited by the radiations in the medium and is the quantity of
interest. Unit of radiation absorbed dose is J/kg and the special unit is Gray.

D =% (1.1)

dm



The dose to water measured by a detector placed inside a water phantom is given
by:

Dmed = My%6" > Npw,qo % Ki (1.2)
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Figure 1.4 The IAEA TRS 398 based absolute dosimetry system applied in dosimetry

of radiotherapy beams.

Where, M‘ﬁ‘,‘sgr is the meter reading or the detector response in the user’s radiation
beam quality (Q). Nowqo is the absorbed dose to water calibration factor determined in a
reference beam quality (Qo) of cobalt-60 (Co%’) gamma rays under reference conditions in
the water phantom. “ki” is the general correction factor used to correct for the effect of the
difference in the value of an influence quantity between the calibration of a dosimeter under

reference conditions in the standards laboratory and the use of the dosimeter in the user
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facility under different conditions. [28]. The (IAEA) technical report series (TRS 398) [28]
has recommended water as the phantom medium for absolute dosimetry of medical x-ray
and electron radiation beams. The detector for absolute dosimetry is an ionisation chamber

connected to an electrometer.

Radiation dosimetry has enormous applications in radiotherapy. The absolute
dosimetry is used to standardize the radiation beams for delivering the known dose under
certain specific setup conditions. The reference dosimetry is performed to verify the beam
calibrations periodically. The relative dosimetry is performed in several ways to check the
accurate dose delivery. This may be performed using a single detector, a detector array or
a high resolution radiographic or radiochromic film dosimeter. The patient treatment plans
are verified to check the accuracy of various parameters in the complex treatments like

IMRT in a process called patient specific quality assurance (PSQA) [30].

The dosimetry system must possess at least one physical property characterizing
the quantity under observation. Other desirable characteristics should also be satisfied by
the dosimeter for better results and intended use. There are a variety of dosimetry systems
currently being used in various applications in radiotherapy. The air-vented ion chambers
are the most used instrument for reference and relative dosimetry. A class of dosimeters
ranging from ion chambers, radiographic and radio chromic films, solid-state detectors,
diamond dosimeters, chemical dosimeters like Fricke and its derivatives, optical fibres,
TLDs, and optically stimulated luminescent dosimeters (OSLDs) are employed in certain
specific applications in dosimetry of therapeutic radiations [29,37].

1.4.1 Requirements of a dosimetry system

The dosimetry systems in radiotherapy applications are expected to give radiation
response accurately at a point as well as in planar and three-dimensional measurements.
The ideal dosimeters are characterized by good accuracy, precision, and linearity. The
response of such a dosimeter shouldn’t be dose rate and energy dependence. In case of
multiple dependencies, it becomes very difficult to standardize the response of the
dosimeter and hence establish the calibrations. An ideal dosimeter is expected to have a



high spatial resolution especially in dosimetry applications involving small fields and high
dose gradients. IAEA and other researchers [29,32] have defined certain properties of an

ideal dosimeter as described below:

Sensitivity

Accuracy and precision

Linearity

Dose rate dependence

Energy dependence

Directional dependence

Spatial resolution and physical size

Readout convenience

© ©° N o gk~ w DR

The convenience of use

10. Cost-effectiveness

These parameters are explained in some detail in the context of the proposed

chlorophyll dosimeter.

1. Sensitivity: Sensitivity is the measure of output per unit absorbed dose by the
detector. It is the measure of the minimum amount of energy detected by the
dosimeter. The sensitivity determines the lower limit on detection of radiation dose
or energy. It is dependent on the detector area, several molecules of the active
substance in the dosimeter, and any shielding material. The noise is a determining
factor for sensitivity, as the inherent or readout noise can greatly affect the

sensitivity of the dosimeter.

Another parameter that is of special interest concerning sensitivity is the detector
response. The response is the relationship between the deposited amount of the
physical quantity (1) in the medium and the output (M) generated in the detector in
the form of voltage, current, or changes in absorbance, etc.

10



2. Accuracy and precision: These parameters are measures of uncertainty associated
with the measurements made with the dosimeter. Precision is specified by the
reproducibility of response under similar conditions of measurement. It is
determined from the data obtained with frequently repeated measurements under
the same setup conditions. High precision is associated with a small standard
deviation. The analogy of precision is an archer hitting the target. The true value is
the centre of the target with maximum points, while the arrow hitting the outer

circles increases the error and hence reduced precision.

The accuracy of a dosimetry measurement is the proximity of its expected value to
the true value of a measured quantity (1). The results of a measurement cannot be

absolutely accurate, and the inaccuracy is characterized by its uncertainty.

3. Linearity: The dosimetry system must possess linearity in terms that M should be
linearly proportional to I. However, beyond a certain limit, a non-linearity sets in.
These properties are dependent on the type of dosimeter and its physical
characteristics.

4. Dose rate dependence: While measuring the dose at different dose rates, the
dosimetry system must give the same response. The quantity, M/l should remain
constant at different dose rates. However, this condition is not met all the time and
some dosimeters may possess a dose rate dependence. Such dependence may be
useful in resolving different dose rates when such measurements are necessary to
carry out. However, to correct the dependence of the response on the dose rate,
appropriate correction factors can be incorporated.

5. Energy dependence: The response of a dosimetry system is generally a function
of radiation beam quality (energy). Since, the calibrations are performed at a certain
specific beam quality and used over a wide range, in such cases, the dosimetry
system requires correction factors.

6. Directional dependence: In an ideal dosimeter, M should not vary with the angle
of incidence of the radiation. The directional dependence is a property of the design

of the dosimeter. Many dosimeters possess directional dependence due to their
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construction, physical size, and energy of incident radiation. The dosimetry system
in radiotherapy is generally used in the same geometry as calibration and hence the
direction dependence if any is already corrected for. However, in some cases where
measurements are made at different beam angles, either correction factors are used,

or changes are made in the geometry of the dosimetry system.

Accuracy
and
precision

Covnvenience
of use

Cost
effectiveness

Radiation
Dosimeter

Dose Rate
Dependence

Readout
convenience

Energy
Dependence

Spatial
Resolution

Directional
Dependence

Figure 1.5 The properties of an ideal radiation dosimeter.
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7.

10.

Spatial resolution and physical size: The radiation dose is a point quantity, and
the dosimeter should allow the determination of the dose from a very small volume.
The position of the point where the dose is determined should be well defined in a
reference coordinate system.

Readout convenience: The readout system plays a significant role in determining
the properties of a dosimetry system. The direct reading dosimetry systems are
generally more convenient than the passive systems.

Convenience of use: The dosimeters must be used in several applications to attain
similar results. The system should possess the property of reusabilities like ion
chambers and solid-state detectors. However, some dosimeters like chemical
detectors are single-use and need replacement. In such cases, the easy availability,
stability, and rapid response of the readout system are desired.

Cost-effectiveness: The radiation dosimeters used in radiotherapy are of special
importance as these are used to determine the radiation dose delivered to cancer
patients. Along with the general requirements of an ideal dosimeter, these
dosimeters should also be cost-effective as the overall cost pose a burden on the

cost of treatment for the patient.

All these properties cannot be possessed by any single dosimeter. However, any

system used for dosimetry, depending upon its application must possess some of these ideal
properties. For example, the dosimeters used to discriminate different energies must
respond differently to different energies, while those designed to measure in low doses
must have sensitivity high enough that they can measure even the lowest doses under

consideration.

1.5 Review of Literature

Several chemical compounds have been investigated in past for their application in

radiation therapy dosimetry [38—40]. Fricke is one of the most used chemical dosimeters
and is also adopted as a secondary standard dosimeter in secondary calibration laboratories

[34]. Its derivatives have also been investigated by researchers to obtain better results and
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enhance its response [41]. The dosimeter solution contains hydrated ferrous ammonium
sulphate. The quantification of the radiation chemical yield (G) of Fe** against the radiation
absorbed dose is taken as the measure of radiation effect. The concentration of Fe3* is
measured using UV-Vis spectrophotometry by application of the Beer-Lambert law [42].
The Fricke dosimeter has a stable response, and the process of its manufacturing is easy,
robust, and cost-effective. However, this solution can only be used for point dosimetry.
The ingredients of Fricke are toxic, biohazardous in nature and capable of producing issues

of environmental pollution.

To overcome the limitations of measuring point dose only by the chemical
dosimeters, 2D films have been developed for dosimetry. Radiographic films are one of
the most basic film dosimeters. These are based on the ionization of silver halides as per
the Gurney Mott theory. The dose characterization is proportional to the degree of
blackening of the irradiated films [43]. Another type of film namely the radio-chromic film
is now extensively being used in radiation therapy due to its wide and stable response and
easy handling. These films contain leuco dyes, that polymerize on irradiation followed by
a change in colour. The degree of change in colour is a measure of radiation dose in these
films. These films can be handled in ambient light [43][44].

More recently, radio-chromic films have been developed based on a polystyrene
base containing a fluran leuco dye, perovskite, scintillator and a photoacid generator for
visualization of x-ray dose [45]. The device has been tested in a range of doses above 15
Gy and shown a good response. These films have been based on the change in colour of
the film from yellow to black with increasing radiation dose. Investigators have studied the
radio-chromic films for low-dose diagnostic x-ray dosimetry in the dose ranges of a few
mGy [46] and up to 5 Gy [47]. The film dosimeters have shown the dose-response
acceptable in clinical applications and shown stable response.

The development of new radiation detectors is a continuous process. The advances
in radiation delivery techniques have increased the treatment effectiveness and increased

the complexity of the delivery. This demands the adoption of a strict and sophisticated
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dosimetry procedure to be adopted to check the accuracy of complex treatments. There is
a growing demand for sophisticated detectors specific to delivery techniques. Radiation
dosimetry, hence, has become very complicated and demands very accurate, reliable, and
customised tools [48]. For example, a fibre optics detector can’t be used for the dosimetry
of large fields as it is designed for small fields and a 0.6cc farmer chamber is not suitable
for small field dosimetry [49]. However, a great advantage in terms of the Monte Carlo
(MC) simulation technique is that this technique can be used to calculate the desired
quantities and study the radiation effects at any setup conditions that may not be
experimentally possible. The MC simulations offer the highest level of accuracy and best
possible congruence with the physical and radiological properties of the materials and
radiation sources. MC simulations can be used for the characterization of any new

dosimeters against an ideal measurement condition [50].

The dosimetry systems viz. air-filled ionization chambers, TLDs, OSLDs, diode
detectors, optical fibre detectors, and chemical dosimeters like the 2D films and 3D gel
dosimeters have their respective uses in different aspects of radiation dosimetry. The
ionization chambers are versatile dosimeters having applications in most radiotherapy
dosimetry. The solid-state detectors are mainly used in small field dosimetry, machine
quality assurance (QA) and PSQA systems. Similarly, optical fibre detectors and
scintillators have applications in small field dosimetry. The films are utilized for small field
dosimetry, PSQA and machine QA owing to their high spatial resolution [30].

These dosimeters are mostly manufactured outside India, which hinders their easy
availability. In addition to this, an additional cost in terms of various taxes has to be paid
by the user which in the end has to be paid by the patient [6,51,52]. The maintenance of
these systems is another issue as the lack of authorized service stations forces the customer
to send this equipment to their original manufacturer overseas. This process adds the cost
to the end-user. Many of the dosimeters demand periodic calibrations, the procedure
adding cost to the user. Further, the dosimeters are mostly made up of inorganic materials,

posing an issue of environmental hazard at the end of life.
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The conventional dosimeters along with their technical shortcomings have cost-
related factors and their availability in the country. Hence, such a system is required that
can be prepared by medical physicists very easily and cost-effectively. Also, this system
must have no additional cost and third-party dependence for its operation and calibrations.
In this research, a novel dosimeter has been proposed for radiotherapy dosimetry. This
dosimeter shall be based on the naturally abundant chlorophyll molecules. The feasibility
of this molecule as a radiation dosimeter in therapeutic x-ray and electron beams shall be
studied.

Chlorophyll is one of the most abundant natural compounds which is responsible
for the green colour of plants. The name chlorophyll has been derived from Greek khloros
(green) and phyllon (leaf). The name chlorophyll was proposed by Pierre Joseph Pelletier
and Joseph Bienaimé Caventou in 1818 [53]. The central Magnesium (Mg?*) atom was
discovered in 1906. The chlorophylls are responsible for the green colour of leaves due to
their absorbance properties. These are alcohol soluble molecules and can easily be
extracted into alcohols. A detailed examination of chlorophylls was carried out by
Willstatter and Fischer. Willstatter has been the first one to isolate the chlorophylls [54].
The absorbance and quantification on that basis have been proposed by Mackinney who
successfully measured the absorbance coefficients of chlorophylls in a mixture and derived
the simultaneous equations for its quantification [55].

Chlorophylls have a tetrapyrrole ring with a central Mg?" and a long chain of
hydrophobic phytol in its structure. The chlorophylls exist in six different forms namely
chlorophyll a, b, c, d, e, and f. The chlorophyll a (chl-a) is a major photosynthetic pigment
found in all plants capable of photosynthesis. Chlorophyll b (chl-b) is found as an accessory
pigment in higher plants and in yellow-green algae. The chlorophylls c, d, e, and f are found
in various algae. The chlorophylls in vivo are responsible for various properties of plants.
Also, they are predictive of physiological behaviour. The chlorophylls are also used to
study the effect of various factors on plant physiology in vivo. The chlorophylls are
distinguished by their appearance with chl-a appearing bluish-green, chl-b bright green,

chlorophyll ¢ (chl-c) yellowish-green, chlorophyll d (chl-d) bright forest green, and
16



chlorophyll f (chl-f) emerald green [56,57]. The differences arise due to the structural

differences among these molecules.

The chlorophylls are energy harvesting and transducing molecules in the
photosynthesis process. The chl-a and chl-b molecules are present approximately in 3:1
respectively in the higher vascular plants in the sunny areas [58]. These molecules absorb
the energy of light photons from the sun in the blue and red regions of the spectrum and
transduce it further in the chain to initiate a light reaction. This process ends up giving
glucose and oxygen; both of which are essential components of life on earth. The
delocalizednelectron clouds and the central magnesium atom of the chlorophylls are
responsible for the pattern of radiation absorption. The transitions between the highest
occupied 7 electron orbital and lowest unoccupied 7 electron orbitals cause the red band.
The transitions between the orbital just lower than the highest occupied n electron orbital
and the lowest unoccupied m electron orbital cause the absorbance in the blue region
[59,60].

CH CH, o
H.C
g CH, -
3
H,C* CH, CH,
H,CO
0 ) 3 \" O O \"
O-Phytyl ~ O-Phytyl o
Chlorophyll a Chlorobhyll b

Figure 1.6 Chemical structure of chl-a and chl-b molecules. (From:

https://www.sigmaaldrich.com)
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Chlorophylls can be easily extracted in non-polar solvents [61,62]. Its response to
ionizing radiations motivates the studies of this molecule as a radiation dosimeter. There
have been a few attempts to develop a chlorophyll dosimeter in past also. J. Ramirez-Nino
[63,64] has studied in detail the effects of UV and gamma radiations on the optical
properties of chlorophyll and carotene. They found that the optical absorbance of
chlorophyll solution decreased with increasing the dose of gamma radiation. The same
author [65] studied the radiation effects on the chlorophyll solution embedded in a SiO>
gel matrix prepared by sol-gel technique. The authors expected a free radical reaction
involving cleavage of C=C and C-H bonds and then a polymerization reaction following
the high-dose radiation exposures. They irradiated the matrix in a dose range of 1 cGy —
1000 Gy of gamma radiations followed by optical absorption measurements at 300 —
1000A and observed a change in the opacity of the spectra. The opacity changes in the
solution have been found higher than that in the matrix most probably due to reduced free
radicle formation in the matrix. Saturation has been observed in opacity changes after a

certain dose of gamma radiation.

Nouh and Abutalib, [66] have studied the effects of UV and gamma rays on
chlorophyll and carotene by using an optical absorption readout for its quantification. A
study by Abdelrazak et al., [67] has shown the effects of gamma irradiation on some
physical properties of chlorophyll-Polymethylene methacrylate (PMMA) copolymer films.
In this study, the chlorophyll extracted in ethanol from spinach leaves was cast in PMMA
to make films of about 2 mm thickness. The whole setup has been done in a light-tight
environment. The addition of chlorophyll to PMMA resulted in an enhancement of the
thermal stability of PMMA. The films have been irradiated to a gamma-ray dose range of
20 kGy - 100 kGy followed by readout methods using FTIR, UV-Vis absorption
spectroscopy, and galvanometric measurements. They found the sensitivity of these films
towards photon radiation doses by observing a decrease in optical absorbance and FTIR

transmission intensities with increasing radiation dose.

Hassan et al.,[68] have studied the dosimetric properties of chlorophyll polyvinyl
alcohol (PVA) composite films. The authors have extracted chlorophyll from spinach with
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90% acetone. Copolymer films have been prepared using a combination of compositions
of PVA, chlorophyll and chitosan. The films were irradiated to a gamma dose of 50 - 500
kGy. They have found an optimum response in spectroscopic studies. A linear response
has also been observed in a dose range of 1-100 kGy. The fading of this copolymer under

the effect of light and oxygen is rapid and hence requires immediate readout.

In the liquid state, the chlorophyll can be utilised as a point dosimeter, however, its
composite with polymer as a film will be for planar dose determination. This dosimeter
will be beneficial in several applications ranging from industrial radiography, laboratory
research and radiotherapy dosimetry. The major advantage of using chlorophyll polymer
composites is that chlorophyll is available everywhere unambiguously and can be

standardized in terms of dosimetric properties.
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Figure 1.7 Energy level diagram of chlorophyll showing the ground state and first and
second singlet excited states. The absorption of light causes an excitation to first and

second singlet excited states respectively, and the conversion to the ground state occurs
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through the emission of heat or fluorescence radiation in red and blue regions. The third

singlet excited state is a long-lived state [69].

Chlorophyll dosimeter will be beneficial in radiotherapy applications due to its
global availability and similar nature throughout the plant species. This dosimeter will be
an alternative to commercially available, high-cost dosimeters, which are currently in use
for radiotherapy dosimetry. This dosimeter will require only a few reagents for preparation
and once prepared it can be used in a wide variety of applications ranging from relative
dosimetry to in-vivo dosimetry, PSQA and machine quality checks etc. Since the dosimeter
will require a single time calibration against the secondary standard detector, which can be
performed in-house, so the calibration and maintenance cost will also be negligible. This
dosimeter will benefit cancer patient care, providing a low-cost, efficient and viable system

for the determination of radiation dose.

The aim of this research is to develop a radiation dosimeter based on chlorophyll
as an active substance. A thorough investigation of chlorophyll solution will be done for
dosimetric properties in radiation beam under different conditions of energy ranges, dose
and dose rates of x-rays and electrons. The composite of chlorophyll with suitable polymers
will be prepared to make a physically suitable 2D film dosimeter. This film will be
investigated under similar conditions of irradiation as for the chlorophyll solution. The
qualitative and quantitative analysis shall be done by UV-Vis spectroscopy, FTIR
spectroscopy, flatbed scanning, XRD, SEM and PL spectroscopy.

1.6 Research objectives:

The aim of this research is to develop a chlorophyll-based chemical dosimeter for
therapeutic radiations. For this purpose, leaves from Spinacia oleracea (Spinach),
Mangifera indica (Mango), Pinus (Pine) and Abroma augusta (Hibiscus), will be used. For
extraction, Acetone (80%), Ethanol, Dimethyl sulfoxide (DMSQO) and N, N dimethyl

formamide (DMF) will be tested. The extracted chlorophyll solution will then be tested
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under x-rays and electron beams of a medical linear accelerator for its radiation dosimetric

behaviour.

A 2D film for planar dose determination has also been synthesized. This film will
also be characterized under similar conditions of dose, dose rated and energy ranges of x-
rays and electron beams from the medical linear accelerator. Methods for the preparation,
storage and handling of these films will be given. For quantification of chlorophyll content
in solution and to check the radiation effects on chlorophyll in solution and in the film,
different analytical methods viz. UV-Vis spectroscopy, PL spectroscopy, FTIR
spectroscopy and XRD and SEM will be analysed. The focus is to develop a cheap and
convenient point dosimeter and 2-D dosimeter for radiation beam dosimetry.

The following objectives will be studied in this research:

1. To extract chlorophyll from different plants using different solvents to achieve
maximum yield.

2. Study the radiation dosimetric properties of chlorophyll solution in radiation
therapy beams.

3. Synthesis and characterization of a chlorophyll-polymer composite.

4. Radiometric analysis of chlorophyll-based composites in a range of energies,
dose rates and dose in different radiotherapy beams.

5. Standardize the preparation procedure and storage conditions of chlorophyll
solution and chlorophyll based composites.

6. Application of Monte Carlo methods to study the effects of therapeutic x-rays

and electron radiations on chlorophyll based dosimeter.
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Chapter 2
Methodology

2.1 Introduction

The current research work is based on the development of the chlorophyll molecule
as a radiation dosimeter for measurement of radiation dose delivered by therapeutic x-rays
and electron beam radiations. The dosimeter has been prepared from the chlorophyll
extracted from plants. The radiometric analysis has been done under the x-rays and electron
beam radiation from a medical linac. A detailed methodology has been established for this
work. The process of making a chlorophyll solution includes the selection of plant and
solvent and a suitable method of chlorophyll extraction. A detailed process for the
preparation of chlorophyll polymer films has been given and the characterization of these
films has been performed. The radiometric analysis of the chlorophyll solution and the co-

polymer films has been presented.

A Monte Carlo simulation technique has also been applied for the determination of
the correction factors for non-water equivalence of the vessel wall, volume averaging, and
non-water equivalence of the dosimeter material (chlorophyll). The chlorophylls are
present in several different forms as has been elaborated in chapter 1. These chlorophylls
are commonly found in higher vascular plants. In the present study, the chl-a molecule has
been studied for its radiation dosimetric properties. The detailed process of preparation of

radiation dosimeter has been presented in the following sections:

2.2 Extraction of chlorophylls

chlorophyll extraction has been a very wide subject and several processes have been
studied for chlorophyll extraction from different plant species. In the present study, based
on the selected plant species and available resources, solvent extraction techniques have
been employed for chlorophyll extraction. These techniques require conventionally used
lab reagents and follow a very simple methodology and reduce the financial burden too.

The first objective of the present study was to determine the optimal combination of plants
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and solvents which yield maximum chlorophyll content to carry out the process further.

The consideration has been given to its consistency and availability throughout the year.

2.2.1 Selection and preparation of leaves

The process of leaf selection has been based on a well-defined methodology [1].
Four plants namely Mangifera Indica (mango), Hibiscus, Pinus (pine), and Spinacia
Oleracea (spinach) have been selected based on their availability and diversity. The leaves
have been selected considering the amount of sunlight it receives, location in the plant, and
age of the leaves. The selected plants were all dioicous except mango, which is monoicous.
These plants were easily available in this region and rich sources of chl-a and chl-b. The
plants from a sunny environment have been selected. Relatively young leaves of the plants
have been selected from the central part of the plants. The leaves of the nearly the same

size from one single plant of each mentioned species have been obtained.

The selected leaves have been washed under running tap water to remove dust and
other external factors present on their surface. The leaves have been dried with paper wipes
and kept in aluminium foil at 4°C until required for chlorophyll extraction. The leaves have
been cut into small pieces of almost equal size and processed for chlorophyll extraction as
per the methods described in the proceeding sections.

2.2.2 Selection of chemicals

The chlorophyll molecule is non-polar and hydrophobic in nature and needs very
less or nearly non-polar solvent for its extraction from the thylakoid membrane of the
leaves. Less polar solvents like acetone, Dimethyl sulfoxide (DMSO), N, N
Dimethylformamide (DMF), ethanol, methanol, and petroleum ether, etc. have been widely
used for the extraction of these pigments. This observation has been considered for the

selection of the solvents.

Four organic solvents viz. acetone, DMSO, DMF, and ethanol have been selected.
Ethanol is a polar protic solvent while the other three are polar aprotic solvents. Acetone
has been diluted by v/v addition of 20% water to obtain acetone (80%). The ethanol has

the highest polarity followed by acetone, DMSO and DMF respectively. The CaCOs3 has
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been used to neutralize the acidity of acetone and DMF and hence to prevent the acid-
induced degradation of the chlorophylls in the solution [2]. All the chemicals have been
obtained from Loba Chemicals, Chennai, India. The reverse osmosis (RO) treated water
with total dissolved solids less than 3 ppm has been obtained from the local laboratory.

2.2.3 Extraction in acetone (80%) and DMF

The extraction of chlorophyll in acetone (80%) and DMF has been carried out by
following the technique of Porra et al., [3]. 100 mg of leaf pieces with 10 mg of CaCO3
have been ground in a mortar pestle grinder with dropwise addition of the solvent (acetone
/ DMF). The grinder has been immersed in a dish containing ice to prevent thermal
degradation during extraction. The slurry has been obtained and filtered through Whatman
number 1 filter paper; the residue is then discarded. The total volume of the solution has
been made to 10 ml by adding the solvent. The filtrate thus obtained has been centrifuged
under temperature-controlled conditions at 4 °C at 5000 rpm. The samples obtained have

been stored at 4 °C in the darkness until analysed.

2.2.4 Extraction in DMSO

The chlorophyll extraction in DMSO has been carried out by following the strategy
of Barnes et al., [4]. 100 mg of leaf pieces have been immersed in 10 ml DMSO and kept
in an oven maintained at 65 °C for variable time till full discolouration of the leaves has
been obtained. The full decolourization has been obtained within 1 h for hibiscus and
spinach while it took around 3 hr for mango and pine leaves. The solution has been filtered
through Whatman number 1 filter paper. The solution has been kept at room temperature

considering the freezing point of DMSO, in the dark until analysed.

2.2.5 Extraction in ethanol

In ethanol, chlorophyll extraction has been done by following the methodology of
Ritchie et al., [5]. 100 mg of leaf pieces have been immersed in ethanol and kept at normal
room temperature until the full discolouration of the leaves has achieved. The solution has
been filtered through Whatman number 1 filter paper and stored at 4 °C until required for
analysis. The time for full decolourization has varied from 1 h to 4 h depending on leaf
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thickness and hardness. The concentrations of chl-a and chl-b have been determined by the

equations given by respective research groups.

Grinding of
leaves

Storage in light
and air tight
ontainer

UV-VIS
spectrophotometry

Figure 2.1 The process of chlorophyll extraction from the leaves.

2.2.6 Sample analysis

2.2.6.1 UV-Vis spectrophotometry
Ultraviolet-Visible (UV-Vis) absorption spectroscopy has been the technique used

for qualitative and quantitative analysis of chemical species. The process involves the
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excitation of the bound electrons of the chemical entity and the wavelength absorption
maxima peak can be correlated with the presence of any functional group. The electronic
transitions may involve the z, ¢ and n electrons, depending upon the type of chemical
species. The analytical range of wavelength lies in the region between 150 — 1000 nm in
different techniques of UV-Vis absorption spectroscopy. It has numerous applications in

chemical analysis both quantitatively as well as qualitatively.

In the present study, the extracts have been analysed by UV-Vis spectrophotometry
using Shimadzu 1800 spectrophotometer (Shimadzu corp., Kyoto, Japan). The scanning
range of 400 — 750 nm with 0.5 nm pitch has been set on the instrument. The data have
been analysed in UV Probe software (v 4.2; Shimadzu corp., Kyoto, Japan). The equations
given by different researchers have been used for the determination of chlorophyll contents
in these solvents (Table 3.1). Analysis has been performed to obtain an optimum pair of

plant and solvent that yield maximum chlorophyll content and shows consistent results.

Figure 2.2 The UV 1800 UV-Vis spectrophotometer used in this study.
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The data of chlorophyll concentrations has been tested for two-way analysis of
variance (ANOVA) for the null hypothesis that there is no statistically significant
difference between the combinations of plant species and solvents for chlorophyll
extraction. Also, the absorption spectra of chlorophyll extracts have been analysed and
interpreted so that the absorption pattern can be used as a base to determine any radiation-

induced changes in the chlorophyll solution.

Table 2.1 The equations used to determine the chlorophyll concentrations in-vitro.

Solvent | Equation (concentrations/ pg/ml) Reference

Acetone | Chl-a=12.25 A (663.6) - 2.55 A(646.6) Porra et al.,
(80%) Chl-b =20.31 A (646.6) - 4.91 A (663.6) (1989) [3]
Chl-tot = 17.76 A (646.6) + 7.34 A (663.6)

DMF Chl-a=12.0 A (663.8) - 3.11 A (646.8) Porra et al.,
Chl-b = 20.78 A (646.8) - 4.88 A (663.8) (1989) [3]
Chl-tot = 17.67 A (646.8) + 7.12 A (663.8)

DMSO Chl-a = 14.85A(664.9) - 5.14 A (648.2) Barnes et al.,
Chl-b =25.8 A (648.2) - 7.36 A (664.9) (1992) [4]
Chl-tot = 7.49 A (664.9) + 20.34 A (648.2)

Ethanol Chl-a=13.70 A (665) - 5.76 A (649) Ritchie et al.,
Chl-b =25.8 A (649) - 7.60 A (665) (2006) [6]

Chl-tot =Ca + Cb
“ A = Absorbance at respective wavelengths given in the brackets.

2.2.6.2 FTIR spectroscopy

The Fourier transformation infra-red (FTIR) spectroscopy is a characterization
technique used to determine the presence of various functional groups present in the
sample. The technique has been used for qualitative as well as quantitative analysis of
various chemical samples. The IR radiations are directed at the samples that produce
atomic vibrations of molecule group-specific wavelengths of the IR spectra. The
transmitted radiation is detected by an interferometer as a function of time. This data is
then fed to the computer. The Fourier transform is applied to this data to transform it from
the time domain to the frequency domain. The transformed data is plotted as a spectrum of
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absorbance or transmittance versus wavenumber and shows peaks corresponding to the

functional groups present in the sample under examination.

The characterization in FTIR is done in the range of wavelengths from 0.78 to 100
pm or 12800 to 10 cm™ wave number. However, the most useful range is between 4000
and 600 cm™. IR spectroscopy is used for elucidation of compounds and quantification
analysis. The IR is only possible in the species where a difference in energy due to the
vibrational and rotational states is present allowing IR radiation absorption. The IR
absorption causes vibrations in specific molecular bonds, this absorbed energy is consumed

and hence missing from the spectra and gives the corresponding peaks.

Hmil

Figure 2.3 The Shimadzu 8400 S FTIR spectrometer used in this study.

The FTIR spectroscopy of samples obtained from the optimum pair of plant and
solvent has been performed in the present study. Shimadzu 8400S FTIR spectrometer
(Shimadzu corp., Kyoto, Japan) has been used in this study. The liquid samples have been

analysed against air reference in a range of wavenumbers from 4000 cm™ to 600 cm™.
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2.3 Preparation of polymer films

2.3.1 Selection of polymer

The selection of the polymer has been based on its density, cost, preparation
procedure, miscibility with chlorophyll acetone (80%) solution and oxygen barrier
properties. Polyvinyl alcohol (PVA) is nearly equivalent to human tissues, less expansive
and miscible with acetone. Hence, it has been selected for the preparation of the copolymer
composite with chlorophyll. It is a synthetic chain polymer of cross-linked carbons. It is
water-soluble in nature having the chemical formula [CH2CH(OH)]s. Polymerization of
polyvinyl acetate forms this polymer, which is followed by partial hydrolysis of the ester
in the presence of an alkaline catalyst. it is colourless and odourless in nature.

In the present study, the PVA has been obtained from Loba Chemicals, Chennai,
India. A white crystalline powder is obtained with a degree of polymerization of 1700-

1800 and viscosity of 25-32 cps. The polymer has a density of 1.19 g/cm?®.

2.3.2 Preparation of chlorophyll polymer composite

The polymer solution has been prepared in RO-treated deionized water. 200 ml
water has been heated up to 60 °C in a glass beaker on a heating plate. 50 mg of the PVA
powder has been added slowly with continuous stirring on a magnetic stirrer to avoid the
formation of lumps. The temperature during the stirring has been set in a range from 93 to
97 °C for about 5 h until it became clear.

The solution has been allowed to cool to room temperature. 10 ml 1 nmol chl-a
solution has been added to 10 ml of the polymer solution and stirred continuously at the
room temperature. The stirring has been performed to prepare a homogenous mixture. The
casting method with freezing and thawing cycles has been employed to prepare the
composite films. The technique has been reported to produce films of optimal quality and
strength [7]. 10 ml volume of the mixture has been poured into glass dishes of equal
diameter. In this way the thickness of the films has been regulated. The plates have been
placed on a uniformly levelled flat surface to allow uniform distribution and settlement of

the solution.
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Several cycles of freezing at -15°C and thawing at room temperature (20°C) have
been applied to form the composite. The composites have been kept in a refrigerator in
absolute darkness for freezing. The thawing has also been performed in absolute darkness
at room temperature. In this way, the effect of light has been controlled.

2.3.3 Characterization of the copolymer films
Along with the UV-Vis and FTIR spectroscopy, the following methods have been

applied for the characterization of the copolymer films.

2.3.3.1 Flatbed scanning

The flatbed scanner is a simple office scanner containing a source of white light, a
reflection plate covering the scanner bed. The flatbed scanning is based on the principle of
measurement of the transmitted light. A light source is used to flash the sample and the
reflected light is directed through an arrangement of mirrors to a lens. This lens splits the
light into three components. These components are further detected by a charged coupling
device (CCD). The CCDs convert the light signal into electrical charges. The electrical
charges corresponding to each colour component are further processed to obtain the final
image. This technique is applicable for two-dimensional samples e.g., thin films such as
radiographic and radio-chromic films used in radiology and radiotherapy [3,8].

In the present study, an EPSON 12000XL flatbed scanner has been used. It is an
A3 flatbed colour scanner. It has a resolution of 6400 dpi and a colour depth of 16 bits per
pixel. The scanner has a colour CCD line sensor to detect the light and convert it to an
electrical signal. The scans of the chl-PVA films have been acquired at 240 dpi resolution
in reflection mode. The images have been processed in the ImageJ software (National
Institute of Health, USA), which is open-source software for various types of image
analysis. Enhance Local Contrast filter has been applied over the central region of the
interest of the image. The RGB analysis has been performed over this region. The RGB

data has been used to determine the luminescence and grayscale values.

37



Figure 2.4 The EPSON 12000XL flatbed scanner used in this study.

2.3.3.2. Photoluminescence (PL) spectroscopy

PL spectroscopy has widely been used to determine the absorption and emission
behaviour of chemical compounds. The PL spectroscopy consists of the measurement of
emission and absorption (excitation) spectra of any sample. The basic principle of PL is
photon stimulated emission of other photons from any matter. The process is a non-
destructive and non-contact method of characterization. In this method, the molecule is
excited from its ground state (Eo) to the excitation states E1, Ez etc. E1 further consists of
several vibrational and rotational energy states. The transition from higher vibrational
energy states to the E; is non-radiative, while the deexcitation from E: to Eo is radiative,

emitting energy corresponding to the fluorescence energy of the molecule.

The excitation spectrum is recorded for any fixed wavelength corresponding to the
maximum emission intensity in the emission spectra. The spectrum is recorded over a range
of excitation wavelengths. It shows that at the excitation peak, the emission maxima have
maximum intensity. On the other hand, the emission spectrum is recorded over a range of
emission wavelengths keeping the excitation wavelength fixed at the value yielding the

highest emission.
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In the present study, the modifications in photoluminescent properties of PVA films
with chlorophyll solution have been studied. Perkins Elmer LS55 (Xe source)
luminescence spectrophotometer (PerkinElmer, Inc., USA) has been utilized in the present
study. The emission spectra have been acquired in the range of 400 — 800 nm at an
excitation wavelength of 320 nm. The excitation spectra have been recorded over a range

of 200 — 450 nm for an emission wavelength of 550 nm.

2.3.3.3. X-ray diffraction (XRD) spectroscopy for crystallographic study

XRD is one of the most employed characterization techniques for studying the
crystallinity of the samples. It is employed for several different forms of samples. The x-
rays in the range 0.1 — 2.5 A are employed in XRD. These x-rays undergo coherent
interaction with the matter. The technique is based on the principle of constructive
interference of monochromatic x-ray after interaction with the crystalline samples. The
coherent scattering of the x-rays diffracted from the sample is recorded for structural
analysis. In this technique, for the desired diffraction of the x-rays, it is required that the
size of the object is in the range of the wavelength of the x-rays. The technique is based on

Bragg’s law for the determination of the crystalline properties of the sample.

Figure 2.5 The Bruker x-ray diffractometer utilised for XRD analysis of the samples.
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In the present study, the Bruker XR diffractometer (Bruker UK limited, UK) has
been used to determine the crystalline properties of the chl-PVA composite films. The films
have been exposed to the monochromatic x-ray of 1.5406 A wavelength from the Cu Kal

filter. The diffraction data have been obtained in a range of 20 from 10° to 80°.

2.3.3.4. Scanning electron microscopy (SEM) for morphological study

The SEM works on the principle of electron interactions, scattering and
backscattering of the electrons on the surface of the samples. After interaction of the
primary electron beam, the secondary electrons, diffracted electrons, and backscattered
electrons are produced. These electrons are utilised for the visualisation of the samples
under investigation. The secondary electrons are used for image formation and detection
of morphology and topography, while the backscattered electrons are useful in producing
contrast in the composition of elements in the sample. It is a destructive method of sample

analysis.

Figure 2.6 The JOEL SEM equipment utilised for sample analysis.
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In the present study the SE microscopy of the chl-PVA films has been performed
using a JEOL FESE microscope (JEOL USA). The energy dispersive X-ray spectrometry
(EDX) has been performed for elemental analysis for all the sample on this instrument. The
samples have been gold coated before spectroscopic analysis.

2.4 Radiometric analysis

2.4.1 Dose calculation system

Monaco treatment planning system (TPS) (Elekta AB, Stockholm, Sweden;
Version 5.11) has been used for calculation of radiation dose for the setup utilized for
irradiation. The radiation dosimetry for all the x-ray beams has been performed at 95 cm
SSD, 5 cm depth for a 10x10 cm? field size. The computed tomography (CT) scan images
of the slab phantom (PTW dosimetry, GmbH, Germany) have been acquired on Optima
580 W CT simulator (Wipro GE Healthcare, USA). The phantom has a slot for placement
of the chlorophyll dosimeter ampules. The CT data has been assigned a CT number to
relative electron density (RED) calibration to make the dosimetric calculations more

accurate in the regions of inhomogeneity and mediums of density other than water.

The monitor units (MU) corresponding to different doses have been calculated on
this phantom in the TPS. The dose calculations have been performed by the Monte Carlo
dose calculation algorithm with a standard uncertainty of 0.25 per calculation. The MU
obtained have been delivered to the dosimeter on the linac. For electron beams, the dose
calculation has been performed at 95 cm SSD, 1.5 cm depth for a 10x10 cm? applicator in
the slab phantom.

2.4.2 Radiation delivery system

The radiometric analysis of the chlorophyll solution has been done on VersaHD
medical linear accelerator (Elekta AB, Stockholm, Sweden). This linear accelerator (linac)
is installed in the department of radiotherapy at Dr Rajendra Prasad Government Medical
College Kangra at Tanda, Himachal Pradesh, India. The accelerator is a “C” arm geometry

capable of delivering high-energy x-ray and electron radiations. The x-ray energies with
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flattened (FF) beams of 6, 10 and 15 MV and the flattening filter-free (FFF) beams of 6

MV and 10 MV are available in this accelerator.

# Electron Beam
& ¥ Target
-';4 L —————— Primary Collimator

¥ Flattening filter
~————————— Monitor 1on chambers

» Mirror

SSD

» Photon Beam

—® Secondary Collimators (Jaws)

_ " Multileaf collimators (MLCs)

Water Phantom

Chlorophyll polymer composite

Figure 2.7 Setup conditions for irradiation of chlorophyll and chlorophyll-based

polymer composite films dosimeter under x-ray beams from a medical linear accelerator.

The x-ray beams have been calibrated for a dose of 1 cGy for 1 MU at the depth of
maximum dose at 100 cm SSD and 10x10 cm? field size. For electron beams the calibration
has been performed for a dose of 1 cGy for 1 MU at a reference depth calculated as per the
protocol of IAEA TRS 398. The maximum dose rate for the flattened beams is 600
cGy/min, for 6 MV FFF is 1400 cGy/min and for 10 MV FFF is 2200 cGy/min. The dose
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rates are variable from 50 cGy/min to the maximum values. This linac is also capable of
delivering electron radiations of energy 4, 6, 8, 10, 12 and 15 MeV. The maximum dose

rate for electron beams is 600 cGy/min.

2.4.3 Irradiation setup

2.4.3.1 X-ray beams

The radiation dosimetry of x-ray beams has been performed in the source to axis
distance (SAD) setup. The source to surface distance (SSD) has been kept at 95 cm and a
field size of 10x10 cm? was formed by a pair of jaws and multileaf collimators (MLCs).
The depth of measurement has been kept at 5 cm. All the measurements have been
performed in a solid water slab phantom (figure 2.8 a). The therapeutic range of x-rays
from 6 MV to 15 MV at a fixed dose rate of 600 cGy/min have been used for irradiation of
the dosimeter in a range of therapeutic doses from 0.06 Gy to 32 Gy. The effect of dose,

dose rate and energy on the dose-response has been studied.

2.4.3.2 Electron beams

The radiation dosimetry for electron beams has been performed in an SSD setup in
a similar way as for x-ray beams. The field has been defined by an applicator of 10x10
cm?. The electron beams have been operated at a 600 cGy/min dose rate to deliver a dose
of 2 Gy. The irradiation has been performed at 95 cm SSD and 1.5 cm depth (figure 2.8 b).

2.4.4 Characterization of chlorophyll dosimeter
The properties of ideal dosimeters discussed in chapter 1 have been studied for
chlorophyll dosimeters. The setup conditions and irradiation procedure has been discussed

in the proceeding sections.

2.4.4.1 Accuracy and precision

The accuracy of a radiation dosimeter is paramount requirement in radiotherapy.
The accuracy gives the tendency of the dosimeter to measure the radiation dose as it is.
Since there is no standard of the chlorophyll dosimeter yet, therefore the present study has
determined the accuracy and precision of this dosimeter. Ten samples have been irradiated

to a 2 Gy dose. The precision has been determined by calculating the standard deviation of
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the absorbance values. The average value with its standard deviations has been considered
as the measure of accuracy and precision for this dosimeter respectively.

Figure 2.8 The irradiation setup for x-rays (a) and electron beam radiations (b).

2.4.4.2 Dose linearity

The dosimeter has been tested in a range of therapeutic doses from 0.12 Gy to 32
Gy in the geometric progression of number 2. 6 MV x-ray beams have been delivered to
study the dose linearity. The dose range has been selected to incorporate the extremities of
therapeutic doses. The Pearson correlation coefficient has been determined. The slab
phantom has been used and setup conditions are maintained as 10x10 cm? field size at 95
c¢cm SSD and 5 cm depth.

44



2.4.4.3 Dose rate dependence
The dose rate dependence has been checked by measuring the absorbance at 664
nm at different dose rates. 2 Gy dose of 6 MV x-rays at different dose rates from 100

cGy/min to 600 cGy/min has been delivered.

2.4.4.4 Energy dependence

The energy dependence has been checked by measuring the absorbance at 664 nm
at different beam qualities of x-ray and electron beams. 2 Gy dose of range of energies
available in the linear accelerator has been delivered. The dose rate has been fixed at 600

cGy/min dose rate while checking the energy dependence.

2.5 Monte Carlo simulations

2.5.1 MC simulation of the linac

The Elekta VersaHD linac has been under investigation in the present study. The
x-ray target has been made up of Tungsten (90%) and Rhodium (10%) of 0.01 cm thickness
fitted on a copper plate. The Agility collimator head of the linac consists of a thick
tungsten-made primary collimator, beam flattening filter, mirrors, eighty pairs of multileaf
collimators (MLC) and a pair of independently moving jaws. These components have been
simulated for a 6 MV x-ray beam. The simulation has been done using the BEAMnrc
(National Research Centre, Canada) [9] user code of the electron gamma shower (EGSnrc)

toolkit. The simulation has been performed on a Dell Alienware 14 laptop.

2.5.2 MC simulation of the chlorophyll dosimeter

To obtain accurate correction factors by MC, an accurate MC model of the radiation
generator i.e., the linac and the radiation dosimeter must be achieved. Similarly, the
dosimetry vessel has been modelled in the DOSXYZnrc code. Appropriate densities have
been given to different regions of the dosimeter, modelled in a water phantom. The
simulations have been performed to determine the correction factors for volume averaging

and non-water equivalence of the dosimeter vessel wall and the dosimetry material.
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Chapter 3

Analysis of Chlorophyll extraction and storage conditions

3.1 Introduction

The chlorophylls have been extracted from four different plant species using four
solvents of varying polarities. A total of sixteen combinations of plant and solvents yielding
the chlorophylls have been tested for consistent and higher yields of chl-a and chl-b. A
feasibility study on the seasonal availability of selected plant species and ease of handling
of the solvents has also been studied. The chlorophylls have been quantified by UV-Vis
absorption spectroscopy. The absorbance spectra have also been studied and compared
among different combinations of plant species and solvents. FTIR spectra of the
chlorophyll samples from different plants have also been analysed to confirm the presence

of pigments in the solution.

Literature [1] shows that chlorophylls are affected by the storage conditions of
temperature and light. The thermal degradation and photodegradation have been studied
and quantified by measuring the chlorophyll concentrations over a period of one month
under different conditions of light and temperature. A comparative analysis of the

absorption spectra has also been presented.

3.2 Analysis of chlorophyll extraction

The chl-a and chl-b has been obtained in the range of 0.574 pg/mg — 7.338 ug/mg
and 0.122 pg/mg — 2.915 pg/mg respectively. The highest amount of chl-a was obtained
from pine in acetone (80%), while the highest amount of chl-b was from mango leaves in
ethanol. Table 3.1 gives the detailed results of chlorophyll concentrations while figure 3.1

presents the comparative analysis of chlorophyll extraction.
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Table 3.1 Chlorophyll concentrations pg/mg (of fresh leaves’ weight) were obtained in

different solvents from selected plants.

chl-a chl-b chl-tot | chl-a/b
Mango 6.562 2.161 8.723 3.037
Pine 7.338 2.223 9.561 3.301
Spinach | 5.586 1.707 7.293 3.272
Hibiscus | 3.887 1.567 5.453 2.481
Mango 4.157 1.205 5.362 2.777
Pine 1.513 0.399 1.912 3.794

Acetone (80 %)

DMSO
Spinach | 2.973 1.053 4.026 2.824
Hibiscus | 3.786 1.518 5.304 2.494
Mango 6.162 2.915 9.078 3.460
Pine 0.724 0.344 1.068 2.837
Ethanol
Spinach | 5.307 2.707 8.014 3.481
Hibiscus | 2.348 0.857 3.205 2.738
Mango 2.663 0.751 3.414 3.546
Pine 3.819 1.040 4.860 3.672
DMF

Spinach | 2.957 1.160 4117 2.550
Hibiscus | 0.574 0.122 0.696 3.105

The chl-a content from mango and spinach in acetone (80%) and ethanol and that
in DMSO and DMF respectively was comparable. The chl-a from hibiscus leaves in
acetone (80%) and DMSO were comparable while the same from spinach was in similar
ranges in DMSO and DMF. Also, a significantly similar amount of chl-b was obtained
from pine and mango in acetone (80%) while that in ethanol from mango and spinach was

also in similar ranges.
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The chl-a/b ratio has been obtained in the range of 2.481 — 3.794, with the highest
value for pine in DMSO and the lowest for hibiscus in acetone (80%). Fig. 3.2 gives the
variations of the chl-a/b ratio with solvent polarity. There was no clear trend of chl-a/b
variations with solvent polarity. Table 3.1 gives the chl-a/b values for the extractions
obtained in this study. It can be deduced that the chl-a/b ratio is highest for pine in all
solvents except in ethanol and lowest for hibiscus in all solvents except in DMF showing

that plants grown under similar natural conditions can have variable chlorophyll fractions.
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Figure 3.1 The comparative analysis of the chlorophyll extraction from different plants

in different solvents.

3.2.1 Spectrum Parameters

The UV-Vis absorbance spectra of all the tested combinations have been obtained
and analysed. Irrespective of the plant species and the solvent, all the spectra show some
common features and characteristics of the mixture of pigments in the solution. The spectra
show absorption beaks in the blue and red regions around 434 nm and 664 nm respectively.

These peaks are the result of the delocalised m electron system in the chlorophyll

49



macrocycle [2]. The red and blue absorption peaks called Q band and B band/Soret band
respectively are characteristics of chl-a, the absorption of chl-b is obtained around 647 nm
and 660 nm and gets merged in the spectra due to the higher concentration of chl-a. Other
than the absorption peaks in the red and blue regions, small absorption in the yellow-green
region has also been observed. This absorption indicates the presence of xanthophylls and
pheophytins in the solution [3] However, the absorption values have been less than 10 %
of the red maxima absorption, indicating the insignificant effect of these pigments on the

overall spectra [4,5].
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Figure 3.2 Variations of chl-a/b ratio with solvent polarity. The connecting lines are for

representations only not as a trendline.

The variation of the spread of the absorption peak in the red region with solvent
polarity has also been studied. The highest value of full width at half the maxima (FWHM)
of the red absorption peak has been obtained in ethanol followed by that in DMSO. In

acetone (80%) and DMF, the values are relatively smaller indicating a more sharply peaked
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spectrum of the chlorophylls. The FWHM values have been observed to be dependent on
the solvent polarity, with a more polar solvent such as ethanol having a broader peak. The

findings are supported by similar trends reported by other investigators [4,6].

The ratio of the Soret band to the Q band called the soret ratio has also been
analysed. The soret ratio has been found in the range of 1.683 — 2.249 in acetone (80%),
1.950 - 2.063 in DMSO, 1.719 - 2.125 in ethanol and 1.734 - 2.047 in DMF. The lowest
value was 1.683 for pine in acetone (80%) while the highest was 2.738 for hibiscus in
DMSO. However, there has not been any clear trend, the soret ratio has been found to
increase with increasing polarity except for higher polarity in ethanol extractants. Table
3.2 shows these variations.

Table 3.2 The solvent and plant-wise values of chlorophyll spectrum characterization by
soret ratio and FWHM of the red peak absorption.
Soret ratio FWHM

Solvent | Mango | Pinus | Spinach | Hibiscus | Mango | Pinus | Spinach | Hibiscus

acetone | 1900 | 1.683 | 1.704 | 2249 | 23.85 |23.32|2344 |2527
(80%)

DMF 2.009 |1.734|1.798 2.047 22.10 | 22.24 | 24.58 21.03
DMSO |2.063 |1.979 | 1.950 1.978 27.78 |27.33|27.31 29.58
ethanol | 1.951 |1.719 | 1.904 2.125 29.83 |30.01|27.31 29.91

3.2.3 Choice of Solvent and Plant Species

From the ANOVA results we observed that the differences concerning varieties of
solvents for extraction of chl-a are insignificant at the 5% level as the calculated F-ratio of
2.542 is less than the F-critical value of 3.863. Similarly, a difference for varieties of plants
on chlorophyll extraction is also insignificant as the calculated F-ratio of 2.310 is smaller
than the F-critical value of 3.863. Similarly, for chl-b extraction, the differences for the
varieties of solvents are insignificant with the calculated F-ratio of 2.241 less than the F-

critical value of 3.863 and for the varieties of plant species, the F-ratio of 1.260 is smaller
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than the F-critical value of 3.863 showing insignificant differences. The ANOVA results

are presented in table 3.3.
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Figure 3.3 The UV-Vis absorption spectra of the chlorophyll solution from different

plants in different solvents.

From table 3.1, however, pine has yielded the highest amounts of chlorophylls in
acetone (80%), but table 3.3 shows that its results are not consistent throughout the range
of solvents used. Also, it is evident that spinach and mango show comparatively similar
amounts of chlorophylls in the range of solvents used in this study. The spinach leaves
have the minimum variations of chlorophyll contents among the selected plants. To obtain
the chlorophylls throughout the year from the same species, the seasonal availability of the

leaves must also be ensured.
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In this study, higher chlorophyll contents have been obtained in acetone (80%), and

mango leaves have yielded consistently higher amounts of chlorophylls in all the solvents.

The selection has been based on the availability of mango leaves throughout the year.

Hence, the combination of acetone (80%) and mango has been selected for all further

experiments of chlorophyll dosimetry.

Table 3.3 (a) ANOVA results comparing selected plant species and solvents for extraction

of chlorophylls.

Plant Species

Mango Pinus Spinach Hibiscus
Pigment chl-a chl-b | chl-a chl-b | chl-a chl-b | chl-a chl-b
Sum 19.544 | 7.033 | 10.300 |4.006 | 20.235 |6.627 |10.135 |4.064
Average 4.886 1.758 | 2.575 1.002 | 5.059 1.657 | 2.534 1.016
Variance 3.304 0.941 |10.221 |0.763 | 2.135 0.573 | 3.094 0.460
Standard Error | 0.909 | 0.485 |1599 |0.437 |0.731 |0.378 |0.880 | 0.339

Table 3.3 (b) ANOVA results comparing se selected solvents for chlorophyll extraction.

Solvents
acetone (80%0) DMSO ethanol DMF
Pigment chl-a chl-b | chl-a chl-b chl-a chl-b | chl-a | chl-b
Sum 23.373 | 7.658 |12.429 |4.175 14542 |6.824 |9.871 | 3.073
Average 5.843 1.915 | 3.107 1.044 3.635 1.706 | 2.468 | 0.768
Variance 2.215 0.107 | 1.374 0.222 6.437 1.680 |7.944 |0.215
Standard Error | 0.744 0.163 | 0.586 0.236 1.269 0.648 | 1.409 | 0.232
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3.2.4 Analysis of the FTIR spectra of chlorophyll solution

The FTIR spectra of mango, pine, hibiscus, and spinach leaf extracts in acetone
(80%) have been acquired with reference to air blank. The spectra are presented in figure
3.3. several peaks in the functional group and fingerprint regions have been obtained
corresponding to different chemical functional groups present in the solution. Figure 3.3

shows the details of the peaks and corresponding functional groups.
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Figure 3.4 The FTIR spectra of leaf extracts obtained from different plant species in
acetone (80%).

All these functional groups have been found to be present in the chlorophyll

molecules. The presence of these functional groups in the FTIR spectra confirms the
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presence of the chlorophylls in the solution obtained from different plant species in acetone
(80%). Similar observations have been made by Li et al.,, [7] in determining the
chlorophylls and pheophytins in commercial green tea samples. Similarly, Munawaroh et
al., [8] have also observed the same for the chlorophyll extracts from Spirulina species.
These researchers have identified the functional groups in the single bond, double bond

and fingerprint regions that correspond to the same regions as observed in the present study.

In another study by Chang et al., [9] the chlorophyll extracts from wormwood and
purple cabbage for the dye-sensitized solar cells have been investigated. The study has
shown that different functional groups characterizing the chlorophylls can be observed at
3425 cm?, 2930 cm?, 1721 cm?, 1644 cm?, 1450 cm?, 1261 cm™, and 1045 cm
corresponding to the same set of functional groups as observed in this study. The FTIR of
the samples confirms and characterizes the presence of the chlorophylls obtained from

different plants in the solution.

3.3 Analysis of storage conditions

The chlorophylls are highly sensitive to thermal and photodegradation and hence
demand careful handling. The determination of correction factors for the effect of light and
temperature on chlorophylls is important, otherwise, it may affect the results of radiation-
induced chlorophyll degradation. The mango leaves and 80 % acetone have been selected
for the analysis of the effects of light and temperature on chlorophyll degradation. This

selection has been based on the results of section 3.2.

The chlorophyll has been extracted from mango leaves in acetone (80%) following
the method explained in chapter 2. The extracted chlorophyll has been stored in four
different conditions i.e. In low temperature, room temperature, dark and ambient light. The
room temperature and the low temperature have been set at 20£0.5 °C and 5+0.5 °C
respectively. Ambient light condition is obtained by scattered and shady sunlight entering
the room from windows. For dark conditions, the chlorophyll solution has been stored in

light opaque polypropylene vials.
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The chlorophyll concentrations have been analysed for a period of one month. The
degradation of the chlorophylls has been found to follow the first-order thermal Kinetics
[10-12]. The thermal and photo degradation rate constants (k) have been determined using
the Arrhenius equations of first-order thermal kinetics [13]. The activation energy (Ea) has

also been determined from the Arrhenius plot. The following equations have been used.

ac _
== —kC (3.1)

Integrating equation (3.1)
Cc
In (C—) = —kt (3.2)

Here, C is the concentration of the chlorophyll at any time t, C, is the initial
concentration. The degradation rate constant k has been determined from the slope of
In(C/Co) vs t graph. The activation energy (Ea) corresponding to the difference of the two
temperatures has been determined from the Arrhenius plot. The half-life of the chlorophylls
in the chemical reaction has also been determined. The half-life equation for the first-order

kinetics has been used as follows:

_ e
tzl = (3.3)

The chlorophylls have been found to degrade under the effect of temperature and
light. Such degradations affect the chlorophyll content and produce a change in UV-Vis
absorbance spectra. The x-rays are also associated with the production of chlorophyll by-
products after irradiation. In such a case, the presence of any temperature and light-induced
degradation products may produce errors in the quantification of radiation-induced changes
in the chlorophyll dosimeter. Hence, the thermal and photodegradation kinetics of the
chlorophylls have been studied to determine an optimal storage condition for the long shelf

life of the chlorophyll extracts.
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3.3.1 Temporal analysis of chlorophyll contents

The effect of temperature on the degradation of chlorophyll extracts over a storage
duration of 720 h (one month) has been investigated. The initial concentrations of chl-a
and chl-b at different storage conditions have been obtained to be within 1.2 % and 0.5 %
of the mean values, respectively. The degradation of chlorophylls in samples exposed to
ambient light has been found to be higher than those in the dark. Similarly, the samples at
ambient temperature have degraded by larger amounts than those stored at low
temperature. The chlorophyll concentrations of the samples stored at low temperature in

dark have been found most stable over the observation period of 720 h.
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Figure 3.5 The degradation pathways of chlorophyll in vitro under the effect of different
biochemical and physical conditions.
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The samples stored at ambient temperature in dark were relatively stable as
indicated in figure 3.6. The catalytic action of light has been observed in speeding up the
degradation reaction manifolds. The spectra have been found to be dependent on the
storage conditions with observable spectral changes over the temporal range. The
chlorophyll concentrations have been analysed temporally by taking the chlorophyll
concentrations obtained after 12 h of extraction as base values. For one month of storage,
chl-a and chl-b contents have been varied maximum by 8% and 0.9% respectively for
samples stored at 5 °C in darkness. Maximum degradation has been found to occur at 20
°C in ambient light. For the samples stored at 20 °C in dark, the maximum content

degradation has been found to be 20% and 35.8% for chl-a and chl-b respectively.
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Figure 3.6 The temporal variations of total chlorophyll concentration stored at different

conditions of light and temperature.

For samples stored in light, at 5 °C the degradation was rapid, and the maximum

content decrease of chl-a and b was 67.5% and 51.3 % respectively at 720" h. At 20 °C in
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light, the degradation was maximum of all the conditions, and the contents decreased by
90 % and 90.4 % respectively for chl-a and chl-b. It has been observed that light acts as a
catalyst by initiating the photodegradation reaction of the chlorophylls that adds to the
thermal degradation. A change in colour in both the samples kept in light was observed
from initial bright green to olive (intermediate) and brown (at 720 h) as shown in figure
3.7.

3.3.2 Spectral analysis

The spectra of all the samples stored under different conditions have been analysed
for differential absorbances at discrete locations of the visible spectrum. The red maximum
absorbance peak has been obtained at 664 nm. The spectrum was gradually raising at the
lower wavelength side of the spectral peak and rapidly falling to the higher wavelength
side. An increase in the blue region around 434 nm has been observed. These two peaks in
the red and blue region are attributed to the delocalization of the m electron cloud of the
chlorophyll macrocycle. A shift in the peak location from 434 nm to 414 nm has been

observed with chlorophyll degradation.

The absorbance at 414 nm increased gradually with time, which indicates the
presence of chlorophyll degradation products like pheophytins and chlorophyllides. In the
region between 500 — 560 nm, the absorbance was nearly 10 % of the absorbance of major
red peak of the spectrum. The absorbance values in this region increased with time and
were more than 10 % and a small peak was observed at 535 nm at 720 h. These changes
have been attributed to the presence of xanthophyll in the solution. The small peak around
457 nm due to chl-b, has been found to shift towards the lower wavelength side after 12 h
for the samples stored at 20 °C in light. This change has been associated with the presence

of chl-b degradation products.
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Figure 3.7 Trend of the change in colour of chlorophyll solution over one month time.

The samples stored at 20 °C and light have been found to degrade rapidly. The
spectra reflected those changes over the period. The absorbance in the region between 500-
560 nm shows the absorbance of less than 10 % up to 36 h, however, a gradual increase in
absorbance values in this region of the spectra has been observed after that period as shown
in figure 3.8. A change in the sample colours from green to olive was noted after 36 h of
storage in the samples stored at 20 °C in light (figure 3.7). The absorbance in the blue
region around 414 nm increased very rapidly after 36 h of storage in these samples. At 720
h the blue peaks had completely disappeared, and a region of continuous high absorbance
was formed indicating complete degradation of chlorophylls of these samples. This
observation has been supported by the change of the colour of the solution from initial

green to brown at the end of the study.

The samples stored at 5°C temperature and dark have shown the highest stability.
The spectra of these samples after 12 h of preparation have shown absorbance in the blue
region around 414 nm and 434 nm which then varied by very small fractions throughout
this study. The absorbance peak at 414 nm has low absorbance as compared to that at 434
nm. The absorbance in the green-yellow region was less than 10 % of the red maxima and
the peak at 462 nm was stable. The increased absorbance at 414 nm predicts rapid
degradation of chl-a as compared to chl-b due to the presence of the electron-withdrawing
CHO group at the C7 location in chl-b [14,15].
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The samples stored in the darkness in both temperature conditions retained their
green colour throughout the experiment. The colour change is attributed to the replacement
of the central Mg?* atom with an H atom, also, the colour change follows the first-order

kinetics and is found to be dependent on pH values [10,16].
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Figure 3.8 Variations observed in the UV-VIS absorbance spectra of chlorophyll samples
over a period of one month at 20°C in the dark (a), 20°C in light (b), 5°C in dark (c) and
5°C in light (d) storage conditions.
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3.3.3 Kinetic Analysis

The kinetic analysis of chlorophyll samples has been carried out to determine the
rate constants, activation energy, temperature quotient and half-lives. The linear regression
of equation (3.2) has been performed by using the least square method. The k and
coefficient of determination (R?) have been deduced from the degradation data. The
representative curves for chl-a and chl-b are presented in Figures 3.9 a, b respectively. The
plots have shown a good agreement between experimental and model parameters for
samples stored in the light as determined by the range of R? values between 0.933 and
0.991. However, for the samples stored in dark, the R? values were less indicating that the
chlorophyll concentrations are affected by very small amounts in the samples stored at 5
°C in darkness. The R? values for the samples stored at 20 °C in light were higher than
those at 20 °C in dark indicating that the first-order kinetics of the thermal degradation is

catalysed by light.

The Ea values for 5 °C to 20 °C temperature gradient in dark and in the presence of
ambient light have been determined from the Arrhenius plots. The values of E, for chl-a
are 60.242 kJ/mol and 36.174 kJ/mol respectively in the dark and light, the corresponding
values for chl-b were 110.909 kJ/mol and 53.937 kJ/mol. This indicates that the
degradation of chl-b requires as much as twice the activation energy of chl-a when storage
temperature changes from 5 °C to 20 °C in the dark. The results of the present study have
shown that the chl-a degrades more rapidly than chl-b under the effect of temperature and
light, but it has also been noted that the effect of light on chl-b degradation is relatively
higher. [17]

The k values of 6.41 x 107, and 1.55 x107 for chl-a at 5 °C in dark and light
respectively have been obtained. These values represent a slow reaction rate for the
samples stored in dark. A similar effect of light has been observed for chl-b. The k value
of 2.430 x10 for chl-a sample stored at 20 °C in dark and respective value of 1.760 x10*
for chl-b shows that the degradation of chl-b is slower than that of chl-a. Table 3.4 presents

all the kinetic analysis factors calculated for the dataset. These observations are supported
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by the change in the UV-Vis absorbance spectra over the time and changes in sample

colour.
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Figure 3.9 Thermal and photodegradation kinetics of chl-a and (a), chl-b (b) under
different storage conditions.
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The chemical half-life of these molecules had been determined in the solution
stored under different conditions. The highest half-life of 45782.510 h has been obtained
for chl-b at 5 °C in dark, followed by 10811.840 h for chl-a at 5 °C in dark. The lowest
half-life values have been observed for the solution stored at 20 °C in light. The values are
suggestive of a shelf time of at least six months under the storage condition of 5 °C in dark.
The degradation of chlorophylls is affected by temperature and light. Light acts as a
reaction catalyst in thermal degradation. The samples stored at ambient temperature in light
have shown a maximum variation of Chl concentration over the observation period,
followed by samples stored at low temperature in light. The degradation of chlorophyll
with temperature follows first-order kinetics and chl-b is more stable than chl-a towards
the thermal changes [13, 18].

Based on the results of kinetic analysis, it has been concluded that the low-
temperature storage in dark keeps the chlorophyll concentrations most stable. Other
researchers have also suggested low-temperature storage for the longer shelf life of leaf
extracts [19]. Researchers [20] have compared different extraction methods and suggested
temperature storage of 4 °C for least chlorophyll changes up to 21 days. Similar conditions
have also been suggested for the storage of chlorophyll extracts in dimethyl sulfoxide
solution [5]. Hence, the present study suggests a storage condition of 5 °C in dark for the
chlorophyll extracts and other related products.
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Table 3.4 The rate constants k (x1073; h™') and coefficients of determination (R?) for photo and thermal degradation of
chlorophyll in mango leaves, obtained from chemical analysis and plot of In(C/Co) vs observation time are given along with Ea

and ti.
chl-a chl-b

Storage k (x103; h1) |R? Ea twz (h) k (x103; h'l) | R? Ea tuz (h)

condition (kJ/mol) (k3/mol)

5°C, dark 0.064 £0.039 | 0.205 10811.84 | 0.015 = | 0.007 45782.51
60.242 |0 0.058 110.909

20°C, dark 0.243 £0.049 | 0.707 2852.458 | 0.176 £ 0.059 | 0.828 3938.336

5°C, Light 1.550+0.059 | 0.985 447192 | 1.010 +0.085 | 0.933 686.284
36.174 53.937

20°C, Light 3.450+£0.156 | 0.979 200912 |3.33+£0.182 | 0.971 208.152
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[1]

[2]

[3]

3.4 Conclusion

The analysis of chlorophyll extraction from four different plants has been achieved in four
different solvents. These comprise a combination of polar protic and aprotic solvents. All
the solvents have been capable of extracting chlorophylls from the selected plant species.
An optimum pair of solvent and plant has been chosen based on the chlorophyll extraction
efficiency and the availability of plant species throughout the year. The ANOVA results
have shown the statistically insignificant effect of different solvents and plants in yielding
chl-a and chl-b. A combination of mango and acetone (80%) has been found most suitable
for the purpose of this study as acetone (80%) is highly efficient in chlorophyll extraction
and mango leaves are available throughout the year. The variation of soret ratio and the
FWHM of the absorbance peak in red region of the spectra with peak corresponding to 664
nm has been observed to increase with increasing solvent polarity. These parameters have
been found to increase with increasing solvent polarity. Further, the optimal storage
conditions have been tested for the chlorophyll extracted from mango leaves in acetone
(80%). It has been found that storage at the low temperature of 5 °C in absolute darkness
is most suitable for stable chlorophylls for up to six months.
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Chapter 4

Synthesis and characterization of the chlorophyll-PVA composite films

4.1 Introduction

Measurement of the radiation dose in two dimensions requires a planar dosimeter.
For this purpose, the film dosimeters have been found efficient detectors with good
sensitivity and the highest resolution. The film dosimeters based on inorganic detectors
such as Silver lodide (Agl) and some leuco dyes have been used widely in medical imaging
and dosimetry [1]. In the present study, a chlorophyll-based liquid dosimeter has been
developed for point dosimetry of the therapeutic x-rays. A free-standing thin film of
chlorophyll with PVA (chl-PVA) for measuring the radiation dose in a two-dimensional
plane has been prepared. The preparation methods employ different conditions of heat,
temperature, and humidity. The method for film preparation has been explained in chapter
2. Various characterization techniques have been employed to study the different properties
of these films. The presence of chlorophylls, morphology and physical properties of chl-
PVA composite films have been determined by UV-Vis, PL, flatbed scanning, SEM, and
XRD analysis. This chapter presents the characterization of the chl-PVA thin films.

4.2 Preparation of composite films

The free-standing thin films of chl-PVA have been prepared by the casting
technique. The freezing and thawing cycles of 12 hours and 30 minutes respectively have
been applied. Freezing at -15 °C and thawing at 20 °C have been performed. The films
prepared by this technique have been found to have significant improvement in the
mechanical properties of PVA composites [2]. The reproducibility of the preparation
procedure has been checked over time by preparing samples at different times using same
methodology. These films have been packed in light-tight aluminium foil to prevent any
light-induced chemical changes in the film. However, it has been shown by other

investigators that the composites of chlorophyll with PVA form a stable product and can
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be kept photostable for up to six months [3]. The films have been stored at temperatures
less than 5°C in darkness until required for irradiation and analysis. The films have been
characterized for the confirmation of preparation and identification of the nanoparticles
and functional groups in them. The composite film obtained in this study is shown in figure
4.1 below.

The chl-PVA film has been a mixture of chl-a and PVA. The density of chl-a is
1.079 g/cm? and the density of PVA is 1.19 g/cm?®. Since the amount of chl-a in the film is
in the range of nmol, hence the effective density of the films is nearly the same as that of
PVA. This density value is in the range of most of the human tissue substitutes used in
radiation dosimetry applications. The ICRU [4] has proposed the use of a wide range of
such substitutes for these applications. It is expected that the radiological properties of the
film shall be like that of soft tissues in the therapeutic range of radiations where the major

mode of photon interactions is Compton scattering [5].

Figure 4.1 The chl-PVA composite film during the freeze and thaw cycles (a) and the dried
films (b).

70



4.3 Analysis of UV-Vis absorbance

UV-Vis spectroscopy is a very useful technique as it provides the information of
absorbance, transmittance, and reflectance of the polymer materials. The UV-Vis
spectrophotometry of the free-standing thin films has been performed on a UV-2600
spectrophotometer (Shimadzu Corporation, Japan). The scanning range has been set from
200 nm to 900 nm at a resolution of 1 nm. PVA due to its distinct physical and optical
properties is an important polymer. Researchers have obtained a characteristic absorbance
peak at 194 nm in the UV-Vis spectra of the PVA water solution [6]. The peak has been
attributed to the carbonyl groups (C=0) of PVA. In the present study, due to technical
limitations, the spectra have been acquired from 200 nm to 750 nm. However, the falling
tail of the peak can be seen in the UV-Vis absorbance spectrum of PVA film. The

absorbance spectra are presented in figure 4.2.
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Figure 4.2 The UV-Vis absorption spectra of PVA film and chl-PVA composite film.

71



The absorbance spectra for chl-PVA composite films show absorbance in the red
region around 670 nm. The spectrum is characterised by the soret peaks in the blue region
around 400 nm. The hypsochromic shift of the soret peak and a bathochromic shift of the
red absorbance peak have been noted in the spectrum as compared to that in the acetone
(80%) solution reported in chapter 3. The peak indicates the presence of the chl-a
molecules in the films. Similar observations have been reported for chl-PMMA [7], chl-
PVA [3,8] and PVVC-PANI composite films [9]. The presence of distinct absorption bands
in the UV-Vis spectra of the composite films confirms the structural modifications in the
PVA matrix on the incorporation of chlorophyll. This further insists that the addition of
chlorophylls does not result in changing the optical band gap of PVA, rather it creates new
inter-band levels. Researchers [10] have studied the chlorophyll-doped ethylene-vinyl
alcohol composite films. They observed a pattern like that obtained in the present study.
Distinct absorption peaks have been reported for the composite at 615, 540, 510, 460 and
300 nm.

Observations have been made for the chl-a chitosan composite films and the effect
has been attributed to the presence of two different conformations of chl-a in the film [11].
Further, the authors [11] have suggested different interactions amongst chl-a, chitosan
composite films that involved a change in the coordination of chitosan chains due to the
symmetry of the porphyrin ring of chl-a in the films [12]. The shift in absorbance maxima
at 670 nm can be attributed mainly to two factors; 1. The formation of chl-PVA conjugate
resulting the close interactions of chlorophyll with PVA and a reduction in chlorophyll
chain length [3], 2. The absorbance maxima in the red region are due to m-n* transitions
and shifts to higher wavelengths with increasing solvent polarity [13,14]. As the polarity
of PVA prepared in water is higher than that of acetone (80%) hence the shift in peak

location is obtained.

Another absorbance peak has been obtained at around 459 nm. This peak has been
attributed to the presence of xanthophylls and chl-b in the film [13,15]. A small peak has

been observed in the green-yellow region of the spectrum around 540 nm. Further, the soret
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ratio for the film is in the range of 1.2- 1.5, the values are an indicator of the conversion of
the chl-a to pheophytin-a in the film system. Similar observations have been reported by
Hata et al., [16] for photosynthetic pigment-doped silica-surfactant nanocomposites. The
authors further suggested that the pheophytin-a should be used as a photosensitizer due to
its higher positive redox potential. Researchers have confirmed such conversions of

chlorophylls to pheophytins under the effect of temperature and oxygen [17,18].

4.4 Analysis of FTIR spectra

The FTIR spectroscopy of the samples has been performed to study the formulation
of the composite film and to understand the interactions between PVA and chlorophyll.
The FTIR has been performed on Shimadzu IR 8400 FTIR spectrometer (Shimadzu corp.,
Kyoto, Japan). The spectra show peaks at different locations in the single bond, double
bond, and fingerprint regions. The spectra have been dominated by the presence of the
functional groups occurring in the PVA films. Figure 4.3 presents the FTIR spectra of pure
PVA film and chl-PVA composite film.

Characteristic peaks have been obtained at 3267 cm™ due to OH stretching
confirming the presence of hydroxyl in the sample, 2935 cm™ due to symmetric and
asymmetric stretching of C-H bond, 1660 cm™ due to C=0 stretching, 1538 cm™ due to
stretching amide (NH), 1426 cm™ due to CH. bending, 1328 cm™ due to CHs bending
vibrations, 1077 cm™ is assigned to C=0 stretching, 932 cm™ due to CH. rocking and 827
due to C-C skeletal vibrations. The change in peak intensities indicates interactions
between chlorophyll and PVA matrix. These interactions have caused a shift in the location
of the C=0 stretching peaks from 1660 cm™ (PVA) to 1645 cm™ (chl-PVA) because of the
increased conjugation in the composite. The intensity of the peak at 827 cm™ has been

found reduced due to the overlapping of the C-C skeletal vibrations.

It is the intensity of the peaks that differentiate the addition of chlorophyll to the
PVA film. Researchers [19-21] have confirmed the presence of chlorophylls by
characteristics peaks at 1528 cm™, 1346 cm™, medium intensity peak at 1326 cm™ and a

low-intensity peak at 740 cm™. Li et al., [22] studied the FTIR of some commercial tea leaf
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samples and Chang et al., [23] studied the natural dyes for application in dye-sensitised
solar cells and obtained the bands around 1650, 1525, 1458, 1039 cm™ assigned to similar
functional groups as obtained in the present study. Broad and low-intensity bands in the
region from 2500 to 2100 cm™ have been observed in the present study, the investigators
have assigned these bands to C=C stretching [24]. Hassan et al., [8] have evaluated the
FTIR of chl-PVA composite films. They have assigned the bands at 1684 cm™ to the C=0
of the keto group, 1608 cm™ to C=C or C=N and the band at 1632 cm™ to macrocycle
mode, indicating the 5 coordination of the central Mg atom. The presence of chlorophylls

has been found to affect the spectra with small shifts in the peak locations. [7,25]
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Figure 4.3 The FTIR spectra of pure PVA and chl-PVA composite thin film.
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4.5 Analysis of PL spectra

Photoluminescent spectroscopy is the technique used to study the excitation and
emission properties of composite films. The PL spectroscopy has been performed using a
Perkin Elmer LS55 fluorescence spectrophotometer. Emission and excitation spectra of the
composite films have been acquired. The emission spectra have been acquired in the range
of wavelengths from 400 nm to 800 nm at an excitation wavelength of 320 nm. The
excitation spectra have been acquired in the range of 200 to 450 nm at an emission
wavelength of 550 nm. The emission spectra show peaks at 442 nm and 687 nm. In the
excitation spectra, three peaks have been observed. The central peak has been at 400 nm
while two small peaks at 235 and 266 nm have been observed. The peaks can be attributed
to the chl-a present in the film. Figure 4.4 shows the photoluminescent (emission and

excitation) spectra of chl-PVA composite films.

The trends from figure 4.4 indicate that there are strong interactions between
chlorophylls and PVVA. The addition of chlorophyll to PVA has resulted in the modification
in the energy levels of the composite. The interactions resulted in the change in the
electronic excitation and emission behaviour of PVA. There has been a shift in the emission
maxima towards a higher wavelength as compared to that for pure chlorophyll. The
emission peak at 688 nm has been attributed to the optical transitions of the first excitonic
state of chl-a present in the PVA composite film. Abdelrazek et al., [7] have made similar
observations for a chlorophyll PMMA polymer composite film. Soltaninejad et al., [26]
have studied the bio composite properties of PVA/ZnO/Agl/chlorophyll nanocomposite
films and reported that the addition of chlorophyll to these films resulted in shifting of the

absorbance peak and a decrease in the peak intensity.
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Figure 4.4 The photoluminescence spectrum of chl-PVA thin-film composites.

The researchers have analysed the PL spectra of pure chlorophylls [27]. They
observed the emission for chl-a and chl-b at 670 nm and 650 nm respectively. The
excitation maxima have been found at 440 nm and 460 nm respectively for chl-a and chl-
b. However, due to the conjugate formation with PVA the emission and excitation peaks
have been found to be shifted from these locations. The excitation maxima have been
obtained at 400 nm for chl-a in the PVA matrix. Researchers have analysed the PL
properties of pure PVA and its doping with some materials. Karthikeyan et al., [28] have
observed the absorption and emission spectra of pure PVA and SiO2 doped PVA
composite. They reported a broad emission band from 360 to 480 nm centred at 410 nm
for pure PVA. The addition of silica increases the spread of the peak and shifted it toward

a higher wavelength side that corresponds to the characteristic peaks of silica. This effect
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has been attributed to LUMO-HOMO transitions. In the present study, a similar effect has

been observed.

4.6 Flatbed scanning

Flatbed scanning is a conventional technique of reading the radiation-induced
colour changes in radio-chromic films. This technique is widely used for dose estimation
and further analysis of the images for 2D dose determination. The flatbed scanning has
been performed on an EPSON 12000 XL flatbed scanner. The resolution has been set to
256 dpi.

Figure 4.5 The flatbed scanning image of the chl-PVA composite film (a), and the region

of interest chosen for RGB analysis in ImageJ (b).

The images of the films have been analysed in ImageJ software (NIH, USA). The
RGB filter has been utilized to analyse the scanned images. The RGB analysis has been
done in the central region of interest of the images. The intensity profiles have also been
plotted along the central axis of the film. The RGB analysis shows the content of red, green,
and blue colours in the film. The grayscale value of the image has been determined using

the RGB values by the average method. Equation (4.1) gives the formula to determine the
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image greyscale. Similarly, the RGB values have been used to determine the luminescence

of the image using equation (4.2).
Greyscale=(R+G +B)/3 (4.2)
luminescence = 0.299R+0.587G+0.114B (4.2)
The following RGB values of the chl-PVA composite film have been obtained.

Table 4.1 The RGB analysis of the composite film.

Mean Minimum | Maximum | Std. Dev
Red 185.0625 | 180.1072 | 189.7679 3.066903
Green 198.2119 | 194.0357 | 202.2679 2477134
Blue 63.56456 | 56.9643 69.4286 3.93333
Grayscale 148.9463 | 143.7024 | 153.8214 3.150911
Luminescence | 160.6092 | 156.4143 | 164.5997 2.511535

The values presented in table show that the film has the highest fraction of green
colour followed by red and blue. This is due to the presence of green-coloured pigments

i.e., chl-a and in the film.
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Figure 4.6 The 3D surface mapping of the RGB analysis of the ROI selected in the
chl-PVA composite film.

4.7 Morphological study of the composite films using SEM

In general, the field emission scanning electron microscopy SEM gives information
about the presence of voids, the presence of aggregate, the homogeneity of the composite,
and the distribution of the nanoparticles within the matrix, and the possible orientation of
nanoparticles [29]. The SEM has been performed to study morphology, presence, and
distribution pattern of the nanoparticles i.e., chlorophyll molecules in the composite films.
The SEM images of the pure PVA films exhibit a smooth and uniform surface. Small cracks
and pores have been observed on the surface along with some protruding nodules. The
composite film formed by the addition of the chlorophyll solution to the PVA solution has
shown a rough and uneven surface. The chlorophylls have randomly distributed in the PVA

matrix and caused changes in the morphology. The chlorophylls have been seen to enhance
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the pores and cracks on the surface of the PVA matrix. The average size of the

nanoparticles has been noted to be in the range of 100 nm.

100nm JEOL 5/17/2022
SEM WD 9.8mm 14:28:36

Figure 4.7 The SEM images of chl-PVA films (x 70000) showing the chlorophyll
distributed over the PVA matrix

The energy dispersive x-ray spectroscopy (EDS) of the pure and chlorophyll doped
PVA film have also been performed. The EDS maps show the distribution of carbon (C)
and oxygen (O) in the matrix. The EDS maps of the chl-PVA composite show uniform
distribution of carbon (C), oxygen (O) and nitrogen (N) in the film. Based on the EDS
spectra the elemental analysis has been carried out and the relative weight percentage of
different elements has been determined in the composite. The composites contained C
(81.95 %), N (0.00 %), O (15.29 %), and Mg (2.76 %).

80



4.8 Crystallographic study from XRD spectra

The x-ray diffraction (XRD) spectroscopy of the pure PVA and chl-PVA composite films
has been performed to study their crystalline properties. The pure PVA films show a
distinct peak at 20 = 19.9°. Two additional small intensity peaks at 20 =29.01° and 40.81°
have been observed. The results are consistent with other researchers [25,30,31]. The side
peaks at 20 =29.01° and 40.81° have been attributed to the diffraction profile of pure water
as observed by investigators for biodegradable PVA [32].

f 500nm ! f 500nm !
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Figure 4.8 The EDS spectra and EDS mapping of the elements in the chl-PVA composite
film.

The absence of any sharp peaks indicates the amorphous nature of pure PVA films.
The addition of chlorophyll to PVA produces a shift in the major peak towards the lower
20 side corresponding to a 20 value of 19.3°. Two small peaks also appear at 20 = 17.2°
and 20 = 14.42°. The intensity of the central peak for chl-PVA at 20 = 19.3° has a higher
intensity than that for pure PVA at 19.9°. The peak full width at half maxima (FWHM) is
also larger than that of pure PVA. The peak intensity and FWHM indicate the increase in

amorphous nature of the films with the addition of chlorophyll solution [28].

The d-spacing corresponding to the characteristic peak of pure PVA at 19.9° has
been 4.45, while that corresponding to the band at 29.01° has been 3.05. Such a pattern
indicates a semi-crystalline nature of PVVA. Researchers [33] have studied the XRD pattern
of pure PVA and obtained a similar pattern. The peaks at 19.9° have been attributed to the
reflections from (101) and (101) planes of PVA. Researchers [10] have studied the
composite of ethylene-vinyl alcohol and chlorophyll and observed that the diffraction
curves get shifted to the lower 20 side with a broader peak indicating the amorphous nature

of the composite.
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Figure 4.9 The XRD spectra of pure PVA and chl-PVA composite films. The values

of 20 corresponding to the peaks are indicated in the figure.

Recently researchers [34] have determined the impact of chlorophyll addition on
wheat gluten films and shown that the chlorophyll addition reduces the crystalline nature
of gluten films by broadening the peak. Similarly, [35] have studied the chlorophyll films
from noni leave and confirmed the presence of Mg(N(CN2)2) from an intense peak around
20 =28.7°.

4.9 Conclusion
The chl-PVA composite films have been prepared by casting method using freeze
and thaw cycles. Six cycles of 12 h cooling at -15°C and 30-minute thawing at 20°C have
resulted in the polymer composites being of optimal quality. The composite film has been
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[1]

characterised by UV-Vis absorption spectroscopy, PL spectroscopy, FTIR spectroscopy,
flatbed scanning, FE SEM analysis and XRD analysis techniques. The flatbed scanned
images of the film have shown green coloured texture of the film with the distribution of
chlorophylls in the PVA matrix. The green colour gives the primary presence of
photosynthetic pigments. Further, the absorbance peaks at 670 nm and 460 nm confirm the
presence of chlorophylls. The hypsochromic shift in the soret peak and bathochromic shift
in the red peak of chl-a have been noted. The excitation spectra at an emission wavelength
of 550 nm have shown a major peak at 400 nm and the emission spectra have shown a peak
at 687 nm when excited by light of 320 nm wavelength. The spectra characterise the

interactions of the chl-PVA matrix and resulting changes in the energy levels and band gap.

The FTIR spectra of pure PVA and chl-PVA composite film have shown almost
similar peaks. However, there has been a difference in the peak intensities and location of
peaks at 1683 nm (PVA-blank) and 1647 (chl-PVA). The SEM images of pure PVA show
a uniform and smooth pattern with minor cracks on the surface. The Addition of
chlorophyll solution has been non-uniform and aggregate formation has been observed. It
indicates the physical interaction of chlorophyll molecules with the PVA matrix without
the participation of hydrogen bonding. The XRD spectra show the semicrystalline of pure
PV A with a broad peak corresponding to 20 = 19.9°. The addition of chlorophyll shifts the
peak towards the lower 20 with a broader peak. The addition of chlorophyll solution to
PV A makes it more amorphous. The characterization of the composite film shows that the
pure PVA film has been prepared and the incorporation of chlorophylls into PVA has been
achieved.
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Chapter 5

Radiometric analysis of chlorophyll solution and polymer composites

5.1 Introduction

The chlorophylls (a and b) have been extracted from the mango leaves in acetone
(80%) for studying the radiation dosimetric properties of the proposed dosimeter. The
changes in the absorption spectra with radiation dose have been quantified as a measure of
the radiation dose. The chemical dosimetry solution has been found suitable for point
dosimetry. The chlorophyll solution has been embedded with PVA to form a 2D composite
film. The films are two-dimensional and useful for planar dose verification. Both, the
chlorophyll solution, and the polymer composite film have been studied for the effects of
therapeutic x-ray radiations from a medical linac. The effects of the range of therapeutic
dose, dose rates and energies on these dosimeters have been studied. The detailed results
for the chlorophyll solution and the polymer composite film are presented in the following

sections.

5.2 Radiation dosimetric properties of chlorophyll solution

5.2.1 Physical properties of the dosimeter

The chlorophyll solution obtained in acetone (80%) contained 86.899 nmol/ml chl-
a and 30.483 nmol/ml chl-b. The effective density of 1 ml of the solution has been found
to be 0.941 kg/m? while the effective density of the chlorophylls has been 1.073 kg/m?.
The chemical composition and nature of the chlorophylls are similar to the haemoglobin
molecules found in human blood except for the presence of the central Mg?* atom in the
former [1]. The density is nearly equivalent to that of water and human soft tissues. It is
expected that the dosimeter shall possess radiological properties like the soft tissues in the
therapeutic range of x-rays [2,3]. This dosimeter is expected to be suitable for dosimetry
of therapeutic x-rays and electron beams.
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5.2.2 UV-Vis absorption spectra

The UV-Vis absorbance spectroscopy has been performed to characterize the
radiation dosimetric properties of the chlorophyll dosimeter. The absorbance spectra have
shown a pattern like that observed in chapter 3. A broad and strong absorbance has been
observed in the red region of the spectrum peaked around 664 nm. Other peaks in the blue
region around 434 nm and 460 nm have been observed. These peaks are a result of the
delocalized & electron cloud of the chlorophyll molecules [4]. The peaks at 664 nm and
434 nm have been attributed to chl-a while that at 460 nm have been due to chl-b (figure
5.1). The green-yellow region of the spectrum has shown absorbance of less than 10% of

the red absorbance maxima. It indicates negligible amount of xanthophylls in the solution

[5].
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Figure 5.1 The UV-Vis absorption spectra of the chlorophyll dosimeter irradiated to
therapeutic range of doses. The dose-response has been observed by A664.
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A decrease in the absorbance values at 664 nm and 434 nm have been observed
with an increase in radiation dose of 6 MV x-rays. This decrease indicates the degradation
of chl-a molecules in the solution. This decrease in the absorbance at 664 nm has been
further studied to characterize the chlorophyll dosimeter. There has not been any significant
change in the absorbance in the green-yellow region of the spectra. The effect of radiation
dose has been attributed to the fact that the x-rays are associated with the production of
free radicals in the solutions, these free radicals can initiate a polymerization chain reaction
most likely at the C=C and C=0 bonds. These bonds are in large numbers in the chlorophyll
molecules and hence the possible changes due to the absorbed x-rays can be expected at
these bonds. Similar observations have been reported by the authors [6] for the chlorophyll
solution obtained from spinach in ethanol. However, in contrast to the present study, the

dose studied in that research has been in the range of kGy.

5.2.3. Accuracy and Precision

The chlorophyll solution has been found sensitive to the tested therapeutic range of
doses and energies. It has shown a response towards the lowest dose of 0.12 Gy of 6 MV
x-rays. A decrease in the absorbance at 664 nm (A664) has been observed with increasing
radiation dose, at different beam qualities and dose rates. The dosimeter has shown a good
response in the therapeutic range of x-rays. The precision of the dosimeter has been tested
by irradiation of several samples of the same batch under the same conditions of irradiation
setup, temperature, light, and humidity. 2 Gy of radiation dose has been delivered to each
sample to estimate the precision of this dosimeter. The samples have been analysed by UV-
Vis spectrophotometry to estimate the radiation effects.

The average value of the absorbance at 664 (A664) is 6.391 with a standard
deviation of 0.015 (table 5.1). The plot of the distribution of A664 values around the
average has been presented in figure 5.2. The precision of the dosimeter has been within
0.3 %. This value of precision is good enough to use in the clinical dosimetry of therapeutic

x-rays and electron beam radiations.

91



€44
@ A664
® True Value
6.42
5 !
<
P 6.4
Q
=
®
= 1.5 2.5 3
o 6.38
0
<
6.36

634
Dose (Gy)

Figure 5.2 The precision of the chlorophyll dosimeter for a dose of 2 Gy of 6 MV x-rays

delivered under the same setup conditions.

Table 5.1 The values of A 664 obtained from continuous irradiation of the chlorophyll
dosimeter. The precision has been calculated from the standard deviation.

True Value | Standard Percentage
Dose (Gy) | A664 (Avg.) Deviation variationg
6.393
6.412
6.386
6.384
6.418
2 6.375 6.391 0.015 0.002
6.364
6.366
6.422

6.393
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5.2.4 Dose linearity

The dosimeter has been found sensitive toward small doses of 0.12 Gy of 6 MV x-
rays. Figure 5.1 shows a decrease in OD at 664 nm for the tested therapeutic x-ray doses.
It is clear from figure 5.3 that the chlorophyll dosimeter once standardised shall be feasible
for application in the conventional radiotherapy fractionation of 2 Gy per fraction. The x-
ray dose versus absorbance follows a linear response up to 2 Gy. The observations are
indicative of the dosimetric potential of this device (figure 5.2). Beyond 2 Gy, saturation
in the response of the dosimeter has been observed. Figure 5.3 shows the dose linearity
plot for the dose-response up to 2 Gy. The dose-response in the full dose range has been
illustrated in figure 5.4. The response saturation has been observed with a small increase

in absorbance at higher doses.
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Figure 5.3 The dose linearity region of the chlorophyll dosimeter. The dose, A664

linearity has been observed up to 2 Gy.

A null hypothesis that there is no statistically significant relationship between the
absorbed dose and absorbance has been tested and Pearson’s Correlation coefficient (R)

has been calculated. A correlation coefficient of 0.91 has been obtained for the tested data.
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A P-value of 0.003 has been obtained. The results show that there is a statistically

significant small negative relationship between the absorbed dose and the absorption

values.

5.2.5 Energy Dependence

The dosimetry solution is dependent on the tested range of therapeutic x-rays and
electron beam energies. Differences in the OD values at 664 nm have been observed at
different beam energies as indicated in figure 5.5. The response has been normalized to 6
MV x-rays. The highest decrease in the OD values has been noted for 15 MV x-ray with a
decrease of absorbance by 5.8 % to that of 6 MV x-rays. A minimum change of 1.2 % has
been observed for 10 MV x-rays. It has been found that the changes in OD for FFF x-ray
beams have been less than that for the flattened counterpart, indicating its higher sensitivity
towards the flattened x-ray beams.
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Figure 5.4 The radiation response of the chlorophyll dosimeter in the tested range of

therapeutic doses.
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The dosimeter has also shown dependence on the electron beam energies. The data
indicated in figure 5.5 (b) shows the behaviour of the dosimetry solution in electron beams.
The response has been normalized to a 15 MeV electron beam. It has been found that the
8 MeV beam shows minimum variations with the radiation dose as compared to the
unirradiated sample. Its response to 4 MeV has varied by 4.7 %. The electron energies
shows nearly similar response show nearly close responses and are most closely associated

with the response at 4 MeV.
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Figure 5.5 The energy dependence of the chlorophyll dosimeter in the therapeutic range
of x-rays (a) and electron beams (b).

The dosimeter has shown sensitivity towards all the tested x-rays and electron
energies showing its usefulness in the range of therapeutic x-ray energies. This behaviour
encourages the investigation of chlorophyll dosimeters at even smaller doses and low-
energy photon beams in diagnostic radiology and brachytherapy ranges. The diagnostic
radiology and brachytherapy photon beams have been found to have higher linear energy
transfer (LET) [7] and hence are expected to produce larger changes in the absorbance at

the same doses as tested in the present study.

5.2.6 Dose rate dependence

The chlorophyll dosimeter studied in this work has been tested at different dose
rates of 6 MV x-ray beams. Different absorbance values at 664 nm have been observed for
the samples irradiated at five different dose rates. The decrease in OD values at 664 nm

against the pristine sample has been consistent up to 200 cGy/min, however, very small
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changes have been observed afterwards up to 600 cGy/min dose rate. The trend presented
in figure 5.6 shows that the dose rate effect is more pronounced at lower dose rates than
that at higher dose rates. However, the associated uncertainties as depicted in figure 5.6,

indicates that the dosimeter response is independent of dose rates above the therapeutic
dose rate of 300 cGy/min.

A decrease of 4.04 % in the absorbance has been observed from pristine samples to
the sample irradiated at 100 cGy/min for a dose of 1 Gy. The absorbance value at 100
cGy/min was 6.690, which has been decreased to 6.562 + 0.142 at the dose rate of 600
cGy/min. This 5.9 % change in absorbance is small but significant and has indicated that
the proposed dosimeter can be used to distinguish two different dose rates. The change in
absorbance at 400 cGy/min has been less than 1 %, showing that the dosimeter at higher

dose rates shows a similar effect at a given dose.
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Figure 5.6 Effect of different dose rates utilized to deliver 1 Gy dose of 6 MV x-ray
beam to the chlorophyll dosimeter. The figure presents the mean + standard deviation

(indicated by bars) for all energies compared against 600 cGy/min.
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5.2.7 Determination of absorbed dose to water using chlorophyll dosimeter

Following the testing of the dosimeter for radiation dosimetric properties, the
chlorophyll dosimeter has been used to measure the radiation dose. In the present study,
the dosimeter has shown linear response up to 2 Gy of the therapeutic dose. The statistical
analysis of the dosimetric data has been performed. The following relationship between the
absorbed dose to chlorophyll (Dcni) and the A664 (O.D.) has been obtained.

Deni = -3.465 x O.D. + 23.888 (Gy) (5.1)

The fundamentals of radiation dosimetry rely on the cavity theory and the concept
of electronic equilibrium in the cavity. The Bragg Gray cavity theory considers the
dosimeter as a small cavity made entirely of the detector material [8]. The presence of the
container having electron density different from that of the detector material can perturb
the fluence reaching the detector material. This causes a change in the response of the
dosimeter with a wall as compared to that without the wall. The effect of the container wall

on the x-ray dose in the dosimeter has been discussed by several investigators [9,10].

The correction factors for different wall materials such as PMMA and polyacrylate
are in the range between 0.999 — 1.001. These correction factors have been shown to have
insignificant effects at higher energies of x-rays due to negligible differences in the energy
absorption coefficients [10,11]. In the current study, the sample vials used were those of
polypropylene having a density of 0.92 g/cm®. The walls are expected to cause small
changes in the dose-response in the dosimeter and these must be corrected by employing

Monte Carlo simulations.

Considering the effects of these factors and using the correction factors determined
using the MC simulations (Chapter 6), the following equation can be used to calculate the

dose from chlorophyll to water
Dw = Dchi X Pwail X Py X fwcni (GY) (5.2)

Where Pwan, Py, and fwcn , are the wall correction factor, volume averaging

correction factor and non-water equivalence of the chlorophyll correction factor
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respectively. The values of these factors have been determined in chapter 6 and can be

utilized for dose calculation.

5.3 Radiation Dosimetric properties of chl-PVA composite films

The chlorophyll-PVA composite films have been prepared by the casting method.
Those films have been characterized by various characterization techniques. The films
have been studied for their radiation dosimetric properties under a range of doses from
therapeutic x-rays from a medical linear accelerator. The radiation response on these films
has been analyzed by different characterization methods. The proceeding sections give a

detailed report of the findings of the radiation dosimetric properties of the composite films.

5.3.1 UV-Vis spectrophotometry

The UV-Vis spectrophotometry of the chl-PVA composites has been performed in
a range of wavelengths from 250 to 750 nm. The films have been aligned in a standing
position with their plane perpendicular to the incident UV-Vis beams. The spectra have
been characterized by several peaks in the red, green, yellow, and blue regions of the visible
radiations. However, due to the static nature of the red absorbance maxima around 670 nm
and its characteristic correspondence to the chl-a molecule, the absorbance at this peak
(A670) has been related to the radiation absorbed dose. The irradiation of the composite
film has been carried out under 6 MV x-rays in a dose range from 0.25 to 32 Gy. The A670
has been found to decrease with the absorbed dose. This decrease has been attributed to the
decrease in the chl-a concentrations in the composites as has been observed for the
chlorophyll dosimeter. The absorbance spectra have been presented in figure 5.7 indicating
the decrease in the absorbance with increasing dose.
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Figure 5.7 The UV-Vis absorption spectra of the composite films show the change in
absorbance with radiation dose at around 670 nm.

5.3.2 Flatbed scanning

The films have been scanned on the flatbed scanner and the RGB analysis was done
to determine the effect of radiation dose on it. The results of the RGB analysis are presented
in table 5.2. There has been a decrease in the grayscale and luminescence values of the
films with increasing doses from 0 to 2 Gy. However, saturation in the response has been
observed at doses above 2 Gy up to 32 Gy.

100



Table 5.2 the RGB analysis of the chl-PVA films irradiated up to 32 Gy.

0 cGy 200 cGy | 800 cGy | 3200 cGy
RED 216.53 | 185.06 |198.37 | 198.05
Green 226.49 |198.21 |212.64 |213.19
Blue 129.46 | 63.56 74.20 71.30
Greyscale 190.83 | 148.95 | 161.77 |160.84
Luminescence | 191.02 | 160.61 |172.98 | 172.88

The 3D surface analysis of the film has been performed to analyse the distribution
and relative intensity mapping of the green colour in the film. The green colour has been

found to decrease with increasing radiation dose from 2 Gy to 32 Gy. The mapping is

presented in figure 5.8.

Figure 5.8 The 3D surface analysis of the chl-PVA films at 2 Gy and 32 Gy doses shows

a decrease in the green colour content in the film.
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5.3.3 Dose linearity

The film dosimeter has been tested for dose linearity over the range of doses as
mentioned in the preceding section. The dosimeter has shown a similar response as that of
the chlorophyll dosimeter. There has been a decrease in A670 up to 4 Gy dose. Beyond
that, the saturation in the response has been observed. The linearity in the response has
been observed up to 1 Gy dose with a Pearson’s correlation coefficient of 0.96, indicating
a significant and small negative correlation between the absorbed dose and A670. Up to 2
Gy dose, the correlation coefficient of 0.89 has been obtained indicating a non-significant

correlation between the dose and A670.
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Figure 5.9 The dose-response up to 32 Gy of therapeutic dose shown by the chl-PVA

films.

5.3.4 Energy dependence

The chl-PVA film dosimeter has been found to be dependent on the radiation beam
energies of x-rays and electron beam radiations. The radiation response for x-rays and
electron beam radiations has been evaluated by irradiating the dosimeter to 2 Gy dose of 6
MV, 10 MV and 15 MV x-rays and 6 MeV, 10 MeV, and 15 MeV electron beam radiations.
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The response of x-rays and electrons has been normalized to 6 MV x-rays and 6 MeV
electron beams respectively. The absorbance has shown an increase of response by nearly
3 % for 10 MV x-rays while for 15 MV there has been a decrease in the absorbance by
nearly 8 %. A similar trend has been observed for electron beam radiations. These
observations are suggestive of the energy dependence of this dosimeter. It further shows
that the dosimeter has a better response at higher energy X-rays and electron beam
radiations (figure 5.10 a,b)

The energy dependence is more pronounced in the electron beams. The effects may
be due to the particle nature of the electron beams and its interaction pattern with the
chlorophyll molecules in the film.
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Figure 5.10 The energy dependence of the chl-PVA film dosimeter for x-ray beam
energies (a) and electron beam energies (b).

5.4 Characterization of the radiation effects on chlorophyll solution

The chl-PVA dosimeter has been characterized for the radiation dosimetry of
therapeutic x-rays and electron beam radiations. The dosimetric effect has been attributed
mainly to the radiation-induced degradation of the chl-a molecules in the solution. The
effects have been studied by the UV-Vis absorption spectra and 2D flatbed scanning by
RGB analysis. Further, the radiation-induced changes in the dosimetry films have been
characterized by other analytical techniques viz. PL spectroscopy, FTIR spectroscopy, X-
Ray diffraction, and SEM. A brief description of these techniques has been presented in

the proceeding sections.

5.4.1 PL spectroscopy
The PL spectroscopy of the composite films irradiated in the range of dose has been

performed and excitation and emission spectra have been acquired. The excitation spectra
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have been recorded at 550 nm with excitation wavelengths varying from 200 to 450 nm.
The emission spectra have been acquired for an excitation wavelength of 320 nm over a
range from 400 to 800 nm. Excitation spectra have shown bands at 235 nm, 266 nm, and
400 nm. The emission spectra have shown peaks around 442 nm, and 688 nm in the blue
and red regions of the spectra. The emission intensity at 688 nm has shown a decrease with
increasing radiation dose up to 32 Gy. However, no fixed trend has been noted in the

excitation spectra (figure 5.11).

The decrease in the peak intensities with increasing radiation dose indicates that
there is a radiation-induced decrease in the photogenerated charge carriers’ recombination,
especially in the energy band gaps corresponding to the m — m* transitions. With increasing
radiation dose, the number of electron-hole pairs losing the ability to recombine leading to

PL quenching also increases.
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Figure 5.11 The excitation and emission spectra of the chl-PVA dosimeter.
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5.4.2 FTIR spectroscopy

The FTIR peaks of the chl-PVA irradiated to different radiation doses have been
analyzed over a range of wavenumbers from 400 cm™to 4000 cm™. The peak intensities at
different locations are a result of the conjugation of chl-a and PVA in the chl-PVA
composite films. The x-ray dose may cause structural changes in the composition,
geometry and polarity of the composite film that may result in changing polarities of
different bonds which eventually affects the relative locations and intensities of the FTIR
peaks. In the present study, there have been consistent peak locations at different radiation
doses, attributed to different groups as explained in chapter 4. However, it has been noted
that the peak intensities for the bands corresponding to 32 Gy have shown decreased

transmission as compared to 2 Gy.
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Figure 5.12 The FTIR spectra of chl-PVA composite films irradiated to different doses
of 6 MV x-rays.
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5.4.3 X-Ray Diffraction analysis

The crystallographic analysis of the irradiated chl-PVA composite films has been
performed. Major peaks around 19.39°, 17.22°, 14.42°, 23.31°, and 40.24° of 26 have been
obtained. There has been a decrease in the peak intensity around all the peaks with
increasing radiation dose. These changes are attributed to the change in the chemical state
of the molecule that may cause changes in the orientation of the molecules in the composite
leading to a change in the peak intensities. From figure 5.13 it can be deduced that the
diffraction signal is coming from the (101) plane of PVA. However, due to radiation-
induced changes in its orientation, the same plane diffracts the x-rays differently and hence
causing the decrease in the intensity. The peaks at the lower 20 side have indicated that the
changes have been induced in the orientations of the planes of chlorophyll molecules also
producing small changes in the intensity around these peaks.
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Figure 5.13 The XRD spectra of the chl-PVA composite films irradiated to different
doses of 6MV Xx-rays.
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5.4.4 SEM analysis

The morphological changes caused by the therapeutic radiations on the chl-PVA
films have been studied by SEM analysis. The un-irradiated SEM images have shown the
distribution of chl-a on the PVA matrix. The chl-a molecules are randomly distributed on
the PVA matrix making it rough and uneven in morphology. The molecules have been
found to produce cracks and pores in the PVA matrix. With increasing the radiation dose
from 2 Gy to 32 Gy, there has been increasing localized pitting and cracks especially
focused on the regions containing the chlorophyll molecules. The radiation-induced pitting
effect has been an effect of the localized radiation-induced destruction of the composite

film. Figure 5.14 shows the pitting effect of the x-rays on the chl-PVA composites.

-
— 100nm JEOL 5/17/2022
X 75,000 5.0kV SEI SEM WD 9.8mm 14:49:24
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Figure 5.14 The SEM images of the chl-PVA composite films irradiated at 2 Gy(a) and 32
Gy (b) dose of 6 MV x-rays. The radiation-induced damage can be visualized in the film
irradiated at 32 Gy.

The radiations are associated with the production of free radicals and ion pairs in
the matter [12]. Certain materials possess the properties of photoluminescence, emitting
light on radiation absorption. The radiation-induced changes in the materials form the
basics of the radiation dosimeter [13-15]. If the radiation-induced effects are consistent
and can be quantified simply, that material can be used as a radiation dosimeter. However,
the applications of the radiation dosimeters vary widely and hence a wide variety of
dosimeters are in use [16-18].

The current research has studied a chlorophyll-based solution and film dosimeter.
Both the dosimeters have employed chl-a as the sensitive material. The dosimeter show
response toward the therapeutic x-rays in the therapeutic range of doses [19]. The radiation
effects in this dosimeter have been characterized by several different techniques. These

techniques are suggestive of a structural and molecular change produced in the solution as
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well as in the composite films. Similar observations have been made for the irradiation of
organic materials and chlorophyll-doped silica gel films [20,21]. Hasan et al., [22] have
reported the effects of gamma rays on chl-PVA films in the kGy dose ranges. They observed
the decrease in absorption peaks of the composite films and attributed the effects to
cleavage of C=C bonds and C-H bonds and polymer chain cessation producing a structural

change in the composite film.

Abdelrazak et al., [23] have made similar observations for chl-PMMA composite
films at high doses of gamma rays. Researchers have made similar observations for gamma
ray irradiated PVA films analyzed by XRD, SEM, absorption spectra, and FTIR [24]. They
have observed changes in the major diffraction peaks of PVA with increasing dose. The
surface of the PVA matrix is rougher with increasing radiation doses. Also, the

disappearance and shifting of the IR peaks have been reported.

5.5 Convenience of use and cost effectiveness

The proposed chlorophyll dosimeter and the chl-PVA films have shown good
response in the therapeutic x-rays and electron beam radiations. The dosimeter has been
prepared from organic materials. The chlorophylls have been extracted from the plant
leaves (Mango) commonly available in the region using common lab solvents (acetone
(80%)). The process of preparation of the chlorophyll dosimeter and the composite films
is simple and can be carried out simply with common lab instruments. Further, the
dosimeter has been found affected by the storage and irradiation temperature and light.
Since most radiotherapy centres have a dedicated air conditioning system and a
temperature in the range from 18°C — 20 °C is maintained, hence the irradiation and
analysis temperature can be kept constant. The storage of the dosimeter has been
recommended at a temperature of 5°C in darkness which can be achieved in a refrigerator
used for drug storage in hospitals. In this way, the dosimeter can be managed in the
radiotherapy department with all the previously available resources.

Further, the dosimeter is made up of biodegradable materials and hence pose no

threat of environmental pollution. Further, the chlorophylls are present in all the plant
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species and the solvents required for its extraction are very common lab reagents, available
locally at low costs. In this way the dosimeter is expected to be non-expensive and cost-
effective for the users. This is expected to not to pose any additional cost to the patient's

treatment also.

5.6 Conclusion

The chlorophyll dosimeter proposed in the present study has been tested under the
x-rays and electron beam radiations from a medical linac. The chlorophyll dosimeter has
been characterized by UV-Vis spectrophotometry. The dosimeter has shown a response
toward the low therapeutic doses of x-rays in the range of 0.12 Gy. There has been a
decrease in A664 with increasing radiation dose. It has exhibited linearity in response up
to 2 Gy dose with an R-value of 0.91. Beyond 2 Gy, the dosimeter has shown saturation in
its response. The dosimeter has shown a precision of 0.3% which is acceptable for
dosimetry of therapeutic x-rays. The dosimeter has shown dependence on the radiation
beam energies of x-rays and electron beam radiations with the highest change in A664 for
15 MV x-rays. The observation has indicated that this dosimeter can be used to distinguish
the radiation beams' qualities. Similarly, the dosimeter has shown dose rate dependence at

low dose rates up to 2 Gy/min. At higher dose rates, this effect has been insignificant.

For the chl-PVA composite films, the A670 has been found to decrease with
increasing radiation dose. The RGB analysis of the flatbed scanned images of the chl-PVA
films has shown a decrease in luminescence and greyscale values at 2 Gy dose, however,
the values have not changed significantly at 8 Gy and 32 Gy. The film dosimeter has shown
linearity up to 1 Gy dose with an R-value of 0.96, while the linearity decreased for dose
range up to 2 Gy with the R-value of 0.89. The A670 has possessed a significant negative
correlation with the absorbed dose. The dosimeter has shown energy dependence for
electron and x-ray beam radiations. The response of the composite films has been assessed
by characterized by PL, FTIR, XRD and SEM. The PL emission spectra have shown a
change in the concentration of photoelectrons with increasing radiation dose. The spectra

indicate changes in the physical properties of the films with increasing doses. The IR
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[1]

[2]

[3]

spectra have also shown a decrease in transmission intensity at 32 Gy due to possible
radiation-induced changes leading to changes in dipole moment and geometry of the

composite structure.

The XRD spectra have also indicated the radiation-induced change in the composite
films leading to change in the orientations of the composite molecules and hence a decrease
in the intensity of the diffraction peaks. The peak intensities around XRD have been found
to decrease with increasing doses. The SEM images have also confirmed the radiation-
induced structural changes with localized cracks and pitting observed with increasing

radiation dose. The highest level of pitting effect has been observed at 32 Gy dose.

The results of the present study have shown that the proposed chlorophyll solution
and composite films possess the properties and feasibility of a radiation dosimeter.
Considering its convenience and cost-effectiveness, the proposed dosimeters can be
utilized for relative dosimetry in radiotherapy.

Bibliography
Yuniarti E, Hasanah L, Advinda L and Indika P M 2019 Effect of wheat grass juice
(triticum aestivum |.) against the erythrocytes and hemoglobin in male mice (mus musculus

I.) anemia induced by sodium nitrite Journal of Physics: Conference Series 1317 012069

IAEA 2000 Absorbed Dose Determination in External Beam Radiotherapy An
International Code of Practice for Dosimetry Based on Standards of Absorbed Dose to
Water

IAEA 2017 Dosimetry of Small Static Fields Used in External Beam Radiotherapy An

International Code of Practice for Reference And Relative Dose Determination (Vienna)

112



[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Nayak P K, Mohan C C and Radhakrishnan K 2018 Effect of microwave pretreatment on
the color degradation kinetics in mustard greens (Brassica juncea) Chemical Engineering
Communications 205 126173

Lefebvre T, Destandau E and Lesellier E 2020 Evaluation of the extraction and stability
of chlorophyll-rich extracts by supercritical fluid chromatography Analytical and
Bioanalytical Chemistry 412 7263-73

Ramirez-Nifio J, Mendoza D and Castafio V M 1999 Design and fabrication of an optical

dosimeter for UV and gamma irradiation Radiation Measurements 30 1817

International Commission on Radiological Protection 2007 The 2007 Recommendations
of the International Commission on Radiological Protection. ICRP publication 103 Ann
ICRP 37 1-332

Attix F H 2007 Cavity Theory Introduction to Radiological Physics and Radiation
Dosimetry (Weinheim, Germany: Wiley-VCH Verlag GmbH) pp 231-63

el Gamal I, Cojocaru C, Mainegra-Hing E and McEwen M 2015 The Fricke dosimeter as
an absorbed dose to water primary standard for Ir-192 brachytherapy Physics in Medicine
and Biology 60 4481-95

Chang M M and Nahum A E 1993 Dose conversion and wall correction factors for Fricke
dosimetry in high-energy photon beams: Analytical model and Monte Carlo calculations
Physics in Medicine and Biology 38 93-114

Mazurier J, Gouriou J, Chauvenet B and Barthe J 2001 Calculation of perturbation
correction factors for some reference dosimeters in high-energy photon beams with the
Monte Carlo code PENELOPE Physics in Medicine and Biology 46 1707-17

Seco J, Clasie B and Partridge M 2014 Review on the characteristics of radiation detectors

for dosimetry and imaging Physics in Medicine and Biology 59 R303-47

Kelsey C A 1986 Fundamentals of Radiation Dosimetry Radiology 159 422-422

113



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Knoll G F 2010 Radiation detection and measurement (John Wiley)

Andreo P, Burns D T, Nahum A E, Seuntjens J and Attix F H 2016 Fundamentals of
lonizing Radiation Dosimetry (Introduction to Radiological Physics and Radiation
Dosimetry, 2nd ed.) vol 1, ed P Andreo, D T Burns, A E Nahum, J Seuntjens and F H Attix
(Wiley-VCH)

Shani Gad 1991 Radiation dosimetry: instrumentation and methods (CRC Press)

Chu R D H, McLaughlin W L, Miller A and Sharpe P H G 2008 Dosimetry Systems for
Use in Radiation Processing Journal of the ICRU vol 8 (SAGE Publications) pp 1-2

Das, I.J., Downes, M.B., Kassaee A et al. Choice of Radiation Detector in Dosimetry of

Stereotactic Radiosurgery-Radiotherapye Journal of Radiosurgery (2000) 3: 177.

Chand B, Priyamvda, Kumar M, Prasher S and Kumar M 2021 Feasibility study of a
chlorophyll dosimeter for high energy x-ray beam used in radiotherapy Journal of

Radioanalytical and Nuclear Chemistry

Egerton R F, Li P and Malac M 2004 Radiation damage in the TEM and SEM Micron 35
399-409

Ramirez-Nifio, José & PEREZ-ABAD, C & Rodriguez, Joaquin & GARCIA, J &
CASTANO, M & Castafio V 1997 Optical properties of chlorophyll-doped silica gels

Journal of Materials Science: Materials in Electronics 8

Hassan G M, Sokker H H, Lotfy S and City N 2011 Studying the dosimetric properties of

y-rays irradiated chlorophyll polyvinyl alcohol Isotope and Radiation Research

Abdelrazek E M, el Damrawi G, Elashmawi | S and EI-Shahawy A 2010 The influence of
y-irradiation on some physical properties of chlorophyll/PMMA films Applied Surface
Science 256 2711-8

114



[24] Ahmed Jassim T and Abdulmunem Saeed A 2020 Effect of Gamma Irradiation on the
Physical Properties of PVA Polymer IOP Conf. Series: Materials Science and Engineering
928 072137

115



Chapter 6

Monte Carlo simulation of chlorophyll dosimeter

6.1 Introduction

The chlorophyll dosimeter has been investigated for its dosimetric properties under
radiotherapy beams from a medical linear accelerator. The dosimeter has shown a response
towards the therapeutic x-ray and electron beam radiations from the linac. In the present
study, the chlorophyll solution has been contained in polypropylene vials of 1 ml volume.
The vials have a polypropylene wall thickness of 0.5 mm. The chlorophyll solution on the
other hand has an electron density different from that of water. Hence, it is mandatory that
the correction factors for these quantities be determined to obtain the absorbed dose to

water accurately.

The determination of the effect of the walls of the containing vessel i.e.,
polypropylene, the effect of the finite volume of the dosimeter and the non-water
equivalence of the dosimetry material by measurement methods require a lot of setup
modifications and tedious calculations. This process is prone to errors and may result in
inaccurate values of desired quantities. On the other hand, the Monte Carlo (MC)
techniques are one of the most accurate and commonly utilized methods for the
determination of the effect of different parameters affecting radiation dosimetry [1]. The
present study has utilized the MC technique for the determination of the correction factors
for the chlorophyll dosimeter developed in this study.

6.2 MC Simulation of the linac

Elekta VersaHD (Elekta Medical Systems, UK) has been simulated using its
geometric and dosimetric parameters for a 6 MV x-ray beam. The initial beam parameters
have been obtained from the published literature and the open-access user manuals of the
linac [2-7]. The components of the linac viz. the target, primary collimator, flattening filter

(FF), monitoring ion chambers, multileaf collimators (MLCs), jaws and the mylar sheet
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have been simulated using best possible geometrical and physical data at a fixed distance
from the source. The target has been made up of tungsten (W) and Rhodium (Rh) 9:1, the
primary collimator, jaws, and MLCs have been made up of tungsten alloy while the
flattening filter has been made up of steel placed on an Aluminium plate. The transmission

type monitoring ion chambers have been made up of air and copper wires.

Target

Flattening
Filter

Monitor
Chamber

Backscatter into
Monitor Chamber

Beam Modifier Plane
M Position depends on linac model

MLC

X Xand Y jaws Position and existance
depends on linac model

Z

Y

Jaws

Figure 6.1 The relative locations of the components in Agility treatment head installed in
Elekta VVersaHD linac [Source: Monaco TPS reference manual [6].

The EGSnrc (National Research Centre, Canada) MC simulation toolkit has been
used for the simulation of the linac and estimation of the radiation dose. The toolkit consists
of different user codes and applications for simulation of a variety of x-ray, gamma-ray
and electron sources, generators, phantoms, detectors, dosimeter cavities etc. The linac

components have been simulated in BEAMnrc user code; an MC simulation toolkit
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specifically programmed for geometrical and physical simulation of various electron and
photon sources and generators. The BEAMNrc toolkit can give the radiation dose directly
or a phase space file can be scored at the desired location. A 3D vocalised phantom for
estimation of radiation dose has been simulated in the DOSXY Znrc user code.

The exact radiological properties of the materials can be simulated in EGSnrc
toolkit by applying appropriate density correction data. This data has been presented in the
form of a density correction file called pegs4 data file. The pegs4 data file for all the
materials has been created using the stopping power and density effect values over different
energy ranges using the NIST algorithm
[https://physics.nist.gov/PhysRefData/Star/Text/ESTAR.html; May 2020]. The materials
have been simulated in the EGS application using the AE and AP value respectively, 0.7
MeV and 0.01 MeV and material specific ICRU density corrections have been applied.
Other MC simulation parameters for MC simulations have been set at default values of the
toolkit.

Initially, 3 x 108 electron histories have been used to obtain the phase space data.
The variance reduction technigues have been applied to enhance the accuracy of simulation
and reduce simulation time. The directional bremsstrahlung splitting has been used with a
splitting field radius of 8 cm and splitting number 40. The global electron cut off (ESAVE)
has been turned on and its values set at 2 MeV.

The simulations have been performed in a phased manner. In the first phase, the
patient independent part of the linac has been simulated. An initial phase space data has
been scored at a plane just above the MLCs at 30.9 cm. This phase space has been used as
a source in the second phase for the patient dependent part of the linac head. In this second
phase the MLCs, jaws, Mylar sheet and intervening air has been simulated. The
benchmarking process of the linac has been established at 100 cm source to surface
distance (SSD) for a 10x10 cm?. The beam profiles, output factors and percentage depth
dose (PDD) profiles have been calculated at 90 cm source to axis distance (SAD) at 1.5,
10 and 20 cm depth for square fields of side length 5, 10, 20 and 30 cm.
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The MC calculated data has been validated for its accuracy and consistency against
the measured data. The depth dose profiles, and beam profiles have been analysed by two-
dimensional (2D) gamma analysis criteria by comparing the 2D dose planes [7]. The
gamma criteria of 3 % local dose difference (DD) and 3 mm distance to agreement (DTA)
have been set as an acceptance criterion in this study and a relaxation of 5% DD has been
used for comparative analysis of the data. The accuracy of the MC model has also been
evaluated by a dose error estimator (¢) quantity also [8,10]. The accuracy of MLC
modelling has also been validated. The beam output factors have also been analysed to

further validate the model.

Dca i Dmeas i
g=~ %, —L (6.1)

1
N Dmeasl-

Where, N is the total number of points observed, Dcaii, and Dmeasi, are the dose
obtained at it point by the MC calculated and measured dose profile, respectively. The
beam quality parameter TPR2o,10 has been determined using an empirical formula based
[10].

TPR2010=1.2661 (D20/10) — 0.0595 (6.2) [9; pg.no. 68]

D200 is the PDD ratio at 20 cm and 10 cm depth respectively.

The 6 MV x-ray beam of the Agility collimator system installed on VersaHD linac
has been modelled. The independent validation of the linac parameters has been done by
comparing the modelled depth dose data and radiation beam profiles against the
experimentally measured data. The MLCs leakage and leaf end model has been validated
from the penumbra profiles. The beam output factors have also been validated for a set of
filed sizes to check the exact matching of the modelled collimator opening to that of the
experimental values. Gamma analysis of the dose has been performed to check the local
dose difference (DD) and distance to agreement (DTA) within the tolerance values of 3 %
DD /3 mm DTA. All the points in the SAD and SSD setups have been found to follow the

119



gamma criteria. An overall error (¢) of less than 1% has been obtained for the beam profiles
and depth dose profiles. The depth dose at 10 cm depth, the beam quality index and the

depth of maximum dose are within acceptable tolerances as given in table 6.1.

Table 6.1 The value of estimated errors (¢) and gamma index (3%/3mm) for PDD, inline
and crossline profiles at 100 cm SSD and 10 x 10 cm2 field size.

estimated errors (¢) | gamma (3% / 3mm)

PDD 0.0066 1.00
Inline 0.0344 1.00
Crossline | 0.0601 1.00

6.2.1 Radiation beam profiles

The PDD and off-axis beam profiles have been tested by local dose difference
between the MC calculated and measured dose. Figures 6.2 and 6.3 show these results. An
extensive set of beam profiles and depth doses have been tested for a range of square field
sizes of the side length ranging from 5 cm to 30 cm in the SAD setup. These depth dose
and beam profiles are presented in Figures 6.2(b) and 6.4 respectively.

Table 6.2 Comparison of the parameters describing radiation beam quality of a 6 MV
photon beam for 10x10 cm2 field size.

Measured PDD (%) | MC Calculated PDD | Error (%)
(%)
D1o 67.7 68.1 0.59
D20 39.6 40.0 1.01
TPR20,10 68.2 68.4 0.293
dmax (cm) 1.5 1.5 0
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Figure 6.2 The comparative analysis of MC calculated and measured PDD profiles in SSD

setup shows the dose difference at respective depths (a) and SAD setup for a range of field

sizes (b).
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The inline and crossline beam profiles and depth dose profiles have been tested for
point dose differences and point to point gamma analysis. The profiles at small field sizes
(<10 x 10 cm?) have been found to pass the gamma criteria at lower tolerance values of
2%/2mm. The profiles for larger field size (>10 x 10 cm?) have been found to follow the
gamma criteria of 3%/3mm for all the field sizes up to 20 x 20 cm?, above that the points
for 30 x 30 cm? at the highest depth of 20 cm have been found to follow the gamma criteria

at extended DD range of 5%.

The 2D gamma has also been tested for these profiles at different depths and set of
tested field sizes. These profiles have been found to pass the gamma criteria of 3%/3mm
for most of the field sizes except the largest field of 30 x 30 cm? for which the extended

criteria of 5%/5mm has been used (Figure .

Least square linear regression has been analysed for the dose difference as a
function of depth for the PDD curve (Fig 6.2 a). In an ideal energy match with zero dose
difference, the slope of the line is zero. An R? value of 0.006 has been obtained for the dose
difference fitting line. The dmax has been 1.5 cm for both the measured and MC calculated
PDD profiles (table 6.2). A maximum discrepancy of 1.01 % has been found for the PDD
at 20 cm depth. Once the accurate model of the linac has been achieved and validated, this
model has been used to calculate the correction factors for the dosimeter under study. The
chlorophyll solution of standard concentration in the vessel contained in a water phantom

has been simulated.
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Figure 6.3 Dose difference in measured and calculated off-axis beam profiles in crossline
(a) and inline (b) directions.
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Figure 6.4 The inline and cross-line beam profiles for a range of square field sizes of sides

of length ranging from 5 cm to 30 cm.

6.2.2. MLC modelling
The MC calculated beam profiles and PDD profiles at SSD and SAD setup are in
good agreement with the measured profiles. The matching of the MC calculated results
against the measurements has demonstrated the accuracy of the MC model. The leaf bank
rotation (LBROT) value of 9.4 m radians, isocentre interleaf gap of 0.1 cm, step width of
0.04 cm, and radius of the leaf ends of 17 cm have been found to match the calculated
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profiles most closely with measured profiles. These results have further been validated by
match in the penumbra profile of the MLC field (figure 6.5). Similar results have been

obtained for the jaws as indicated in the inline profiles calculated for SSD and SAD setup.
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Figure 6.5 The radiation beam penumbra for Agility 160 leaves MLCs for a 10x10 cm?
field size. The congruence of measured and MC simulated parameters show the accuracy

of the model parameters used to define the MLCs.

6.2.3 Output factors

The field output factors for the MC model have been obtained for the square fields
of the length of the side ranging from 5 cm to 30 cm. These calculated factors have been
compared against the measurements. These factors for different field sizes have been
normalized at 10x10 cm? field size for calculated and measured data respectively (figure
6.6). A maximum variation of 0.7% has been observed in the beam output factors for the
20x20 cm? field.
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Figure 6.7 2D gamma analysis of the measured (a, d, and g) and MC calculated (b, e and,
h) dose distributions at 90 cm SSD, 10 cm depth for 5 x 5 cm? (a-c), 10 x 10 cm? (d-f), and
20 x 20 cm? (g-i).

6.3 MC Simulation of the chlorophyll dosimeter

The MC simulation of the chlorophyll dosimeter has been performed to determine
the correction factors. The 6MV x-ray beam of the linac simulated in the previous section
has been used as a radiation source. The density correction file for chl-a concentration 1
nmol /ml of acetone (80%) has been generated in the EGS software from the radiological
density correction data obtained from the NIST database. The chlorophyll solution has been
modelled inside a cylindrical vessel made up of polypropylene plastic. The vessel has been
supplied by the Thermo Scientific company. It is 0.7 cm in diameter, and 1 cm in height
with a wall thickness of 0.05 cm. The vessel has been modelled inside a uniform phantom
at 10 cm depth and 100 cm SSD from the radiation source. The following set of simulations

has been performed to determine the correction factors:

1. Full beam simulation on the water phantom to determine the dose to water at the
point of placement of the dosimeter.
2. Full beam simulation with modelling of the chlorophyll solution inside the

polypropylene vessel placed in a water phantom.

These correction factors for the chlorophyll dosimeter have been determined using

the following formulae:

1. Volume averaging correction factor (Pwl): The volume of the dosimetry
vessel has been simulated keeping water as medium and the following equation
as per the IAEA TRS 480 [11] has been used:

DW,'V
Pyor = E (63)

Where, Dw,y = Average dose to water over the volume of the dosimeter in water in
the absence of dosimetry material.
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Dw = Actual dose to water at the point of measurement in water.

2. Non-water equivalence of the dosimeter (fwcni): The factor accounts for the
difference in radiation absorption characteristics of chlorophyll dosimeter from

that of water. The factor is calculated by the following equation:

Dw

fw,ent = o (6.4)
Den
Where, D,, is the average dose to water and D.,; is the average dose to the
chlorophyll dosimeter.
3. Wall correction factor for non-water equivalence of the dosimeter wall

(Pwan): the factor accounts for the perturbation caused by the wall of the

dosimetry vessel. This factor is calculated by using the following equation:

(6.5)

Where, [Dcni]ww is the average dose to chlorophyll dosimeter without the
polypropylene vessel and [Denilw is the average dose to the chlorophyll dosimeter with
polypropylene vessel.

The correction factors for the chlorophyll dosimeter have been determined in

DOSXYZnrc user code. The correction factors are given in table 6.3.

Table 6.3 The MC calculated values of the correction factors for the chlorophyll dosimeter.

Correction factor Calculated values
Pwail 0.995 + 0.011
fw,chi 0.969 + 0.009
Pvol 0.999 + 0.007
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Figure 6.8 Illustration of the irradiation setup for a chlorophyll dosimeter and Agility head

simulated in EGSnrc MC simulation toolkit for determination of the correction factors.

The MC simulations have been used by numerous researchers to calculate the
beam-related parameters, model the physical properties of the detectors, and determine
different types of calibration and correction factors. The application of MC simulations for
chemical dosimeters has been focused mainly on Fricke dosimeters. Researchers [12] have
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determined the correction factors for applications of Fricke dosimeter in HDR
brachytherapy. They obtained the factors with minimal uncertainty. Similarly, EIGamal et
al., and David Mariano et al have utilized the MC methods to determine the correction
factors for a Fricke dosimeter in HDR brachytherapy. For Fricke, the values of fur have
been 1.003 [13] for 6 MV x-ray while for Ir'° brachytherapy 1.004 [10] and 1.0004 [14]
have been observed. The Pwai values of 0.994 for glass wall, and 0.999 [10-12] for PMMA
walls have been observed.

The correction factors are dependent on the dosimeter composition, the volume of
the dosimeter and irradiation conditions. The Pwan values obtained in the present study are
closely associated with those obtained by Moussous et al., for 6 MV x-ray beams. The fw,chi
values have differences owing to the difference in the composition and electron density
values of Fricke and chlorophyll dosimeters. Similarly, Pyol is dependent on the dosimetry
vessel’s volume and may vary greatly for different vessel designs. The correction factors
in the present study have been obtained for a standard chlorophyll dosimeter and can be
used to correct the dose obtained in a chlorophyll dosimeter to accurately determine the

dose to water.

6.4 Conclusion

The MC simulation methods have been used to determine the correction factors for
the chlorophyll-based chemical dosimeter. For this purpose, the MC model of the radiation
source i.e., the medical linac collimator head has been produced. The independent model
of the collimator head has been validated against the experimentally measured beam data
to ascertain the accuracy of the MC model. The beam profiles and depth dose profiles have
been validated by testing the gamma criteria. An error estimator quantity has also been
determined. The beam profiles and depth dose profiles for most field sizes have been found
to follow the gamma criteria of 3%/3mm. The error estimator for the inline and crossline
profiles at 10 cm depth has been 0.034 and 0.060 respectively and for the PDD profile
0.0066. On validation of the MC model, the chlorophyll dosimeter has been simulated with

a standard concentration of 1 nmol/ml of chl-a in acetone (80%) and maintaining the chl-
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a/b of 3:1. The correction factors have been determined and found to be; Pwan = 0.995 +
0.011, fw,cni =0.969 + 0.009, Pyo =0.999 + 0.007. The factors can be used to determine the

absorbed dose to water from the absorbed dose to chlorophyill.
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Chapter 7

Summary and conclusion

This thesis has proposed a novel dosimeter for application in the radiation

dosimetry of therapeutic x-rays and electron beam radiations.

The research has been started with the identification of an optimal pair of plant leaf
and solvent yielding the highest chlorophyll content. Chemical factors like solvent toxicity
and the seasonal availability of the leaves have also been considered. The presence of
chlorophylls in the solution has been identified by IR analysis. Following the selection of
the optimal pair, the solution has been tested for radiation response under the therapeutic
x-rays and electron beam radiations from a linac. The dosimetric properties have been
tested for energy dependence and dose rate dependence at different x-ray and electron beam

energies and dose rates available in the linac.

A 2D film dosimeter has been synthesized by incorporating the chlorophylls in the
PVA matrix. The film dosimeter has been characterized for its preparation by several
techniques. The 2D film has been tested for its dosimetric properties under similar
conditions of irradiation. The dose response and energy dependence has been tested under
therapeutic x-rays and electron beam radiations. Further, owing to the temperature and light
induced effects in the chlorophylls, the storage conditions for the chlorophyll dosimeter
has been tested at four different conditions of temperatures and light. After, studying the
dosimetric properties of chlorophylls, the correction factors for this dosimeter have been

determined using the MC simulations to determine Dy from Dch.

The dosimeter in its present form has strong feasibility for application in therapeutic
x-rays and electron beams. It can be a potential candidate in the radiation dosimetry of
therapeutic and industrial radiation if successfully standardised and made available. Above
all the dosimeter has the advantage of cost effectiveness and biodegradability. This

dosimeter shall be helpful in reducing the cost burden and enhancing cancer care.
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The thesis has been aimed at completion of certain specific objectives mainly
concentrated on study of the feasibility of chlorophyll molecule as a radiation dosimeter.
In future the authors aim to extensively study the chlorophyll dosimeter at different
concentrations for best response in the therapeutic radiations. The energy and dose rate

dependence will also be investigated with more detailed manner.
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