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Abstract

Photodynamic therapy (PDT) represents a promising alternative
to traditional cancer treatments, particularly for skin cancer, whose
incidence 1is increasing in India. The study investigated the
photodynamic potential of plant photosensitizers from Fagopyrum
tataricum and Ficus auriculata, known for their content of fagopyrin
and furan compounds, respectively. The photoactive fractions PAF1
(from F. tatricum) and PAF2 (from F.auriculata) were isolated by
TLC fractionation of cold ethanol extracts of the aerial parts and
leaves. The presence of photosensitizers was confirmed in crude
extract by HPTLC. The efficacy of these fractions was investigated on
A431 skin cancer cells using MTT assay, Trypan blue assay, caspase 3
assay and cell cycle analysis. They demonstrated dose and time-
dependent cytotoxicity on cancer cells upon exposure to light, while
exhibiting low toxicity compared to normal L929 cells. The
photosensitizers present in PAF1 and PAF2 were detected using
HRLCMS and GCMS analysis. Additionally, the interactions of key
compounds with EGFR targets were supported by in silico docking
studies. These results highlight the potential of plant-derived PDT
agents for safer and more effective anticancer treatments. Further
studies are needed to isolate the photosensitizers from the fractions and
evaluate their photodynamic toxicity through further in vitro, in vivo

and clinical studies.

Key words: Photodynamic therapy, Fagopyrum tataricum,Ficus

auriculata,Fagopyrin, EGFR,Skin cancer
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Chapter 1
Introduction

1.1 Statistics of cancer around the world

Cancer continues to be one of the biggest threats to world
health, and it is anticipated that its effects will become much more
intensified in the decades to come. According to the American Cancer
Society, there will be over 600,000 cancer related fatalities (about 1700
per day) and over 2 million new cases (around 5600 per day) in the US
in 2025. The most prevalent cancers in women are colorectal (7%),
lung (12%), and breast (32%) cancers. They are the colorectal (8%),
lung (11%), and prostate (30%) in men. For both men and women,
lung cancer is the most deadly type (Siegel et al.,2025). In the year of
2022, the World Health Organization (WHO) stated that there were
roughly 9.7 million deaths attributable to cancer and nearly 20 million
new cases of cancer throughout the globe. According to the Institute
(n.d.), it is anticipated that by the year 2040, these numbers will
significantly increase to 29.9 million new cases and 15.3 million
fatalities annually. This increase will be driven by population growth,
ageing, and environmental factors (Sung et al., 2021). Figure 1.1
presents an all-encompassing compilation of statistics associated with

cancer.




Introduction

Figure 1.1: Cancer statistics-today and tomorrow
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(Data sourced from https://gco.iarc.fr/en) Estimated number of new cancer cases
(both sexes, age group 0—85+) projected from 2022 to 2045 for all cancer types.

1.2 Cancer in developed nations

Melanoma of the skin, breast cancer, prostate cancer, lung
cancer, colorectal cancer, and lung cancer are some of the most
common types of cancer that are diagnosed in wealthy countries like
the United States. According to American Cancer Society, by the year
2024, approximately two million people in the United States will have
been diagnosed with cancer, which would be the highest number of
cancer diagnoses ever recorded. Concerns continue to be expressed
regarding the rapidly increasing cancer rates among women, as well as
disparities that have an effect on particular demographic groups (Dizon
et al., 2024). Despite the fact that earlier diagnosis is growing and

improving the rates of cure, this continues the case. There is a
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significant amount of progress being made in the United States of
America in relation to survivorship. As of January 2022, there are
around 18.1 million cancer survivors in the United States. It is
estimated that around 5.4% of the total population of the United States
is represented by this percentage (Caffrey, 2023). This figure is
projected to increase to 26 million by the year 2040, according to
projections made by the American Cancer Society (2014). These
projections are an indication of the success of improved treatments and

early detection techniques.
1.3 Cancer in developing nations: India’s growing crisis

Around 1.46 million new instances of cancer have been
identified in India in 2022, and it is anticipated that the number of
cancer cases will increase by 12.8% by the year 2025. There is an
important rise in the incidence of children malignancies, particularly
lymphoid leukemia, whereas the most prevalent forms of cancer in
women are breast cancer and lung cancer in males. Alterations in
lifestyle, environmental variables, high rates of tobacco use, and poor
diet are all factors that contribute to the progression of the disease. In
contrast to affluent countries, cancer cases in India are frequently
identified at later stages, leading to an important reduction in the
percentage of patients who overcome the disease (https://
ncdirindia.org/display/wcd.aspx).

1.4 Addressing the global cancer disparity

Public health policies, awareness campaigns, infrastructure

improvements in healthcare, and interactions among each other
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provide to minimizing the cancer load worldwide. Early assessment,
immunotherapy, and precision medicine have greatly improved cancer
outcomes in industrialized nations; nonetheless, there are difficulties to
be addressed, especially in the goal of reducing inequality encountered

by people who have fewer resources.

First goals for developing nations like India should be early
identification, more access to high-quality medical treatment, and
addressing of risk factors related with lifestyle choices. One cannot
overestimate the importance of public health campaigns supporting
better diets, stress the need of stopping smoking, and encourage more
physical exercise. Especially in rural areas lacking more healthcare
facilities than in metropolitan areas, the healthcare system also need

major changes to close the treatment difference.

Still  extremely important, though, are international
organizations such as the World Health Organization (WHO) and the
International Agency for Research on Cancer (IARC) in helping
campaigns to decrease cancer rates worldwide. These organizations
give technologies, funds, and policies to enable rich and

underdeveloped nations have decreasing cancer rates.

1.5 What is cancer?

Cancer can be defined as a disorder that arises from
modifications in somatic cells that are either genetic or epigenetic in
nature, resulting in aberrant and unregulated cell growth. According to
Sitki (2019), it is a type of neoplasm that is characterized by the

production of tumors that may present as localized lumps or diffuse
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masses and have the potential to spread to other parts of the body. In
multicellular organisms, cancer relates to a category of disorders that
are distinguished by genetic changes that disturb normal cell division
and differentiation as well as other normal processes. An imbalance
like this encourages the growth of tumors, which are characterized
from benign malignancies by their capacity to penetrate tissues,
disseminate to lymph nodes, and metastasize to organs that are located
in remote locations. Cancer is characterized by a wide range of clinical
and phenotypic characteristics, including heterogeneity in terms of
invasiveness, proliferation, and responsiveness to treatment. In spite of
these differences, it is important to note that malignancies share similar
molecular characteristics, which are caused by changes in gene
expression. Despite the fact that some indolent forms of cancer may
remain undetectable without decreasing life expectancy, malignancies
often cause dangerous morbidity and mortality if they are not treated

by medical professionals.

1.6 Types of cancer

There are several over a hundred distinct forms of cancer, each
of which behaves differently and responds differently to treatment.
Cancer can be generated by the aberrant multiplication of different cell
types in the body, which can lead to the development of cancer. Being
able to differentiate between benign and malignant tumors is a critical
component of the research field of cancer pathology (Khalaf et al.,
2024).

1.6.1 Carcinomas

Carcinomas are tumors that originate in epithelial tissues, such

as the skin, glands, and the linings of internal organs. Breast cancer,
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prostate cancer, colorectal cancer, and lung cancer are all examples of

solid tumors.
1.6.2 Sarcomas

Cancers that develop in connective and supporting tissues, such
as nerves, tendons, joints, fat, blood vessels, bones, lymph vessels,

muscles, and cartilage, are commonly referred to as sarcomas.
1.6.3 Leukemias

Cancers of the blood that are caused by the uncontrolled
proliferation and change of healthy blood cells are referred to as
leukemias. Acute myeloid leukemia, acute lymphocytic leukemia,
chronic myeloid leukemia, and chronic lymphocytic leukemia are the

types of malignancies that fall under this category.

1.6.4 Lymphomas

Beginning in the lymphatic system, which is a network of
glands and containers that fights infection, lymphomas are the second
type of cancer. Hodgkin lymphoma and non-Hodgkin lymphoma are

the two types of lymphomas that they come under.
1.6.5 Central Nervous System Cancer

Cancers that develop in the tissues of the brain or spinal cord
are referred to as cancers of the central nervous system (CNS). These
cancers include brain tumors, primary CNS lymphomas, gliomas,

pituitary adenomas, and meningiomas.
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1.6.6 Multiple myeloma

The cancer of plasma cells, which are a type of immune cell, is
commonly referred to as multiple myeloma. The accumulation of these
myeloma cells in bone marrow results in the formation of tumors in the
bones. This condition is also referred to as plasma cell myeloma or

Kahler's disease.
1.6.7 Melanomas

Melanomas are cancers that develop in melanocytes, which are
the cells of the skin that generate pigment. Despite the fact that they
are most commonly found on the skin, melanomas may develop in

other pigmented tissues, such as the eyes.
1.6.8 Other Tumors

Among the other types of cancers, germ cell tumors are those
that develop from cells that create eggs or sperm. Any area of the body
could be affected by these tumors, whether they are benign or
malignant. Neuroendocrine tumors are formed when, in response to
signals from the neurological system, cells generate hormones and
release them into the bloodstream. Hormonal imbalances are caused by
these tumors, which can be either benign or malignant. The symptoms

of these tumors vary depending on the amounts of hormones.
1.7 Causes of cancer

There 1s a complex interaction between environmental,

behavioral, and hereditary factors that leads to the development of
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cancer. Each of these factors has an influence on the progression of the

disease.
1.7.1 Genetic factors

Whether they are inherited or acquired, some genetic
alterations considerably increase or decrease the probability of cancer:

Inheritable Mutations: Some hereditary mutations, such those

identified in the BRCA1 and BRCA2 genes, enhance a person's risk of
becoming cancers including breast and ovarian cancer, claims King et

al. (2003).

Somatic mutations: Conversely, somatic mutations are acquired

mutations occurring within particular cells over the course of a person.
Usually originating from either carcinogens or natural mistakes, these

alterations result in the development of tumors (Stratton et al., 2009).

Oncogenes and Tumor Suppressor Genes :Vogelstein and Kinzler

( 2004) claim that cancer originates when oncogenes which are in
charge of encouraging cell development are turned on or when tumor
suppressor genes which are in charge of preventing growth are

switched off.

1.7.2 Environmental factors

DNA damage and cellular alterations are two of the ways in
which environmental exposures contribute to the occurrence of cancer.

Tobacco smoke: According to Doll and Peto (1981), tobacco smoke is

an important carcinogen that is responsible for 22 percent of all cancer
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deaths worldwide. It is also closely associated to malignancies of the

lungs, throat, and bladder.

UV-Radiation: Sunlight and tanning beds both contribute to an
increased risk of developing skin malignancies such as melanoma and
basal cell carcinoma (Armstrong & Kricker, 2001). UV radiation is a

type of radiation that consists of ultraviolet light.

Occupational Exposures: Certain professions are at risk for exposure to

carcinogens such as asbestos (which can cause mesothelioma),
benzene (which can cause leukemia), and arsenic (which can cause

lung and skin cancers) by Driscoll ef al. (2004).
1.7.3 Lifestyle factors

One's chance of developing cancer is much changed by their
choices on nutrition, level of physical activity, and alcohol intake:
Diet: The World Cancer Research Fund (2018) links obesity, low fruit
and vegetable consumption, and red and processed meat excess to
colorectal cancer as well as other types of cancer.

Physical activity: Regular physical activity has the ability to influence

hormones, metabolism, and immune system, which in turn decreases
the risk of acquiring cancers like breast, colon, and endometrial cancer,

claims Friedenreich et al. (2016). Alcohol consumption: According to

Bagnardi et al. (2015), drinking alcohol increases the risk of
esophageal, breast, and liver cancers; the risk rises in direct proportion

to the consumption of alcohol.
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1.7.4 Infectious agents

It is possible for infections to play a role in the growth of
cancer by causing persistent inflammation, lowering the immune
system, or modifying DNA: Human Papillomavirus: According to

Bosch et al. (2013), the Human Papillomavirus (HPV) is linked to

numerous malignancies, particularly cervical cancer, as well as certain

anogenital and head and neck cancers.

Hepatitis B and C: According to El-Serag (2012), chronic infection

with the hepatitis B and hepatitis C viruses can result in the occurrence

of liver cancer. Helicobactor pylori: According to Uemura et al.'s

2001 research, Helicobacter pylori has been linked to both stomach
cancer and MALT lymphoma.

1.7.5 Interactions between factors

The development of cancer is a complex process that frequently
incorporates interactions between genetic material, environmental
variables, and lifestyle choices. For example, people who have a
genetic predisposition to melanoma are at a higher risk of developing
the disease if they have been exposed to the sun for an extended period

of time (Berwick et al., 2014).
1.8 Characteristics of cancer cells

Specific characteristics of cancer cells allow their survival,
spread, and development. Many cite these features as the hallmarks of
cancer. These include the ability to avoid programmed cell death

(apoptosis), the capacity to generate angiogenesis to guarantee a supply
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of oxygen and nutrients, and the capacity for growth uncontrolled in
reaction to abnormalities in the management of the cell cycle. Genomic
instability allows them to invade surrounding tissues and distribute to
far-off organs by accelerating the mutation process and increasing the
heterogeneity of tumors. Transforming their energy metabolism,
cancer cells exhibit a preference for glycolysis even in environments
rich in oxygen (a process frequently known as the Warburg effect).
Moreover able to avoid immune surveillance by downregulating MHC
molecules or producing immunological checkpoint proteins is cancer
cells. Moreover, they maintain proliferative signaling by means of
growth-promoting pathways triggered independent of outside cues.
Knowing these characteristics enables one to have intelligent analysis
of the evolution of cancer and establish the basis for the development
of tailored treatments including immunotherapy and precision

medicine, therefore improving findings for patients.
1.9 Skin cancer

The sixth most fast growing kind of cancer globally is skin
cancer. Cells which make up the skin generate tissues; cancer results
from aberrant or unchecked proliferation of these cells either inside the
afflicted tissue or extending to nearby tissues. One may categorize this
aberrant pattern of cell development as either benign or malignant.
Typically benign and non-cancerous, benign tumors include moles.
Malignant tumors, on the other hand, are cancerous and carry a life-
threatening risk since they can spread to and destroy other body tissues

(Pal et al., 2020). Some skin cancer facts are listed in Figure 1.2.
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Figure 1.2: Some skin cancer facts

Between 2 and 3 million non-melanoma skin cancers
and 132,000 melanoma skin cancers occur globally each Australia nhad the highest overall rate of skin
year cancer in 2022, followed by Denmark

inIndia in 2022, there were 2,197 deaths ., with

#yf GEONG IRVelS are Gepletor, -More Solar, uv 1 ,1 49 deaths among MEN and 1 ,043 deaths among
radiation reaches the Earth's surface women
In 2022, almost 60,000 people died from the Skin cancer is the 17th mest common cancer woridwide.

disease.

Data source: https://www.wecrf.org/cancer-trends/skin-cancer-statistics/, https:/www.
who.int/news-room/questions-and-answers/item/radiation-ultraviolet-(uv)-radiation-
and-skin-cancer, https://www.iarc.who.int/cancer-type/skin-cancer/.

1.9.1 Causes of skin cancer (Craythrone et al., 2017)

The risk of developing skin cancer results from a combination
of genetic and environmental factors, with prolonged exposure to

ultraviolet (UV) light being the most common cause.

Genetic factors: Skin cancer risk is significantly influenced by a

patient's skin pigmentation phenotype; those with low Fitzpatrick
phototype are more likely to be diagnosed with skin cancer. Those with
red hair and freckles who have two copies of the R allele form of the
MCIR gene also run more risk of skin cancer. Rare autosomal
recessive syndrome Xeroderma pigmentosa is a defect of DNA repair
whereby UV-induced damage cannot be restored. This disorder raises

one's vulnerability to early childhood skin malignancies, sunburn, and
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freckling. Multiple basal cell carcinomas (BCCs) in affected
individuals arise from uncontrolled cell proliferation carried on by an
autosomal dominant condition known as basal cell nevus syndrome,

which results from a mutation in the tumor suppressor gene PTCHI.

While 90% of melanomas are believed to occur sporadically,
some inherited mutations have been identified. The most common
genetic cause of inherited melanoma is a mutation in the CDKN2A
gene. Additionally, mutations in the MDM2 gene increase the

likelihood of women developing melanoma at an earlier age.

Environmental factors: The primary risk factor for melanoma is

exposure to UV radiation, including sunlight and sunbeds. Additional
risk factors include having more than 50 naevi, multiple atypical or
dysplastic naevi, exposure to arsenic, immunosuppression (especially
in transplant patients), and viral infections such as human

papillomavirus.
1.9.2 Types of skin cancer

In the skin, there are three various kinds of cells: basal cells,
squamous cells, and melanocytes. Each of these cells has the potential
to transform into malignant cells. The most serious kind of skin cancer
is melanoma, followed by basal cell carcinoma (BCC) and squamous
cell carcinoma (SCC). Melanoma is the most widespread form of skin

cancer.
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1.9.2.1 Basal cell carcinomas

The most prevalent type of skin cancer is referred to as basal
cell carcinoma (BCC), and it is frequently associated with prolonged
exposure to the sun as well as mutations in the p53 gene or the PTCH1
gene. Patients over the age of 40 are frequently affected by them, and
their progression is sluggish; nevertheless, certain types might be
locally aggressive. BCCs seldom spread to other parts of the body, but
left untreated, they can cause substantial morbidity. There are subtypes

that are classed as low-risk and high-risk, accordingly.

The following are instances of low-risk subtypes of basal cell

carcinoma:

. Superficial BCCs: These are well-defined plaques that are often
red, pink, or brown in colour and usually appear on the trunk.
. Pearly white, nodular lesions with telangiectasia are the most
prevalent subtype of basal cell carcinoma (BCC) that are
classified as nodular. The following are instances of high-risk

subtypes:

. Infiltrative and morphoeic basal cell carcinomas: those that are
aggressive, deeply infiltrating, and have an appearance
equivalent to a scar. In addition to being yellow or white in
colour, micro nodular basal cell carcinomas have a waxy and

solid texture.
1.9.2.2 Squamous cell carcinoma

Squamous cell carcinoma, often known as SCC, is a type of
cancerous tumor that originates from squamous keratinocytes that

accumulate in the skin or inside the mucous membranes. The condition
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is more common on skin that has been affected by photodamage,
particularly in people who have fair Fitzpatrick skin types. When
unfavorable prognostic markers are present, such as tumor size (more
than 2 cm), depth (greater than 4 mm), position on the lower lip or ear,
immunosuppression, and histological subtype, the spreading potential
of squamous cell carcinoma (SCC) might increase to as much as thirty
percent. In additional to chronic immunosuppression, scarring
conditions, smoking, arsenic exposure, and human papillomavirus
infection, ultraviolet radiation is a particularly significant predictor of

the development of this disease.
1.9.2.3 Melanoma

The number of instances of melanoma that occur each year is
dramatically rising. It is characterized by the development of a new or
changing pigmented lesion, which often happens in sun-exposed areas
in individuals with fair skin, and it can manifest in a number various
subtypes. An excellent prognosis can be obtained with early discovery
and treatment; however, this prognosis significantly deteriorates as the
thickness of the lesion develops. Melanocytic nevus, actinic keratosis
(AK), benign keratosis, dermatofibroma, and vascular lesions are some

of the other types of keratosis.
1.9.3 Rising threat: The growing burden of skin cancer in India

While skin cancer rates are relatively low in India compared to
countries with predominantly fair-skinned populations, it remains an
important public health issue, particularly in regions with high UV
exposure, such as high-altitude areas in the Himalayas. India’s diverse
population has varying degrees of melanin, which offers some natural

protection against UV radiation. However, environmental factors,
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occupational hazards, and lack of awareness contribute to the burden
of skin cancer, especially in rural areas. Figure 1.3 indicates that the

incidence of skin cancer in India is projected to increase in the future.

Figure 1.3: Skin cancer statistics-today and tomorrow in the Asia
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The incidence of non-melanoma skin cancer has risen and

continues to increase compared to melanoma.
1.9.4 Impact of skin cancer on public health and quality of life

One of the most important challenges to public health
worldwide is cancer; its effects go so far beyond the simple discomfort
the illness causes. At many levels, consequences of cancer affect
individuals, families, and entire healthcare systems. Cancer disrupts
general health as well as the quality of society in a major and different
ways. When combined with the challenges of late-stage diagnosis and
budgetary restrictions, the growing incidence of cancer poses serious
public health issues in India that provide a considerable difficulty.
various individuals are becoming increasingly concerned about
cutaneous squamous cell carcinoma (¢cSCC), which has been connected

to various aspects including prolonged UV radiation exposure.

Comprehensive efforts to improve public health with a
particular emphasis on preventative measures, early identification,
availability of treatment, and survivor care must be initiated to address
these problems. India could be able to help to lower the cancer burden
while improving the outcomes for millions of people worldwide if it
were to try to solve the basic causes of cancer, upgrade the
infrastructure promoting healthcare, fight antibiotic resistance, and
provide complete treatment. Reducing the negative consequences of
cancer on public health depends primarily on continuous spending on
healthcare, legislative changes, and coordinated efforts to ensure that

no patient falls behind in the course of treatment.
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1.10 Emerging strategies for cancer treatment

By concentrating on the unique vulnerabilities of cancer cells,
advances in cancer research have generated innovative approaches
aimed to specifically and minimally combat the disease.
Immunotherapy has revolutionised treatment with immune checkpoint
inhibitors like pembrolizumab restoring the immune system's capacity
to target cancer cells (Ghemrawi ef al., 2024) and CAR-T cell therapy
building T cells to attack particular tumors antigens (Hong et al.,
2020). While precision medicine, guided by genomic profiling,
customises treatments to the genetic makeup of individual tumors,
improving efficacy while decreasing side effects, targeted therapies
such EGFR (Manneling et al., 2019) and HER2 inhibitors (Oh.D.Y et
al., 2020) disrupt growth signalling pathways vital for tumor survival.
Photodynamic therapy (PDT) is becoming more and more commonly
destroying cancer cells with least harm on healthy tissues using
photosensitisers activated by specific wavelengths of light generating
reactive oxygen species (ROS). Although gene-editing technologies
such as CRISPR offer the means to repair cancer-causing mutations,
developments in nanotechnology enable precise medication delivery,
thus decreasing off-target effects (Chehelrgedi et al., 2024).
Combining treatments including immunotherapy with radiation or
chemotherapy has shown good success in overcoming resistance and
improving efficacy. Strategies exploiting metabolic vulnerabilities,
modulating the tumors microenvironment, developing cancer vaccines
(Saxena et al., 2021), and integrating artificial intelligence for early
detection (Patel D et al., 2020) and personalised care are redefining
cancer treatment, so offering hope for more effective and less toxic

therapies.
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1.11 Illuminating hope: Photodynamic therapy in cancer treatment

Photodynamic therapy, commonly referred to as PDT, is a
relatively new non-invasive treatment method which utilises a
photosensitiser (PS), light, and endogenous molecular oxygen for the
purpose to selectively target and eliminate cancer cells or microbes.
Each component is harmless on its own; however, when the PS is
exposed to light, it sets off photochemical procedures that result in the
generation of extremely reactive singlet oxygen species. These species
are responsible for cytotoxicity and result in the death of cells through
the procedure of apoptosis. The photodynamic therapy (PDT)
technique has not been generally adopted or utilised, despite the fact
that it was discovered almost a century ago. The number of
medications that have been licensed for use are still limited. According
to Chilakamarthi et al. (2017), substantial research that is now being
conducted is likely to drive the potential of photodynamic therapy
(PDT) as a promising therapeutic option for both malignant and

nonmalignant diseases.

1.12 Lighting the way to skin cancer cure: The success of

photodynamic therapy

Skin, lung, head and neck, cervix, stomach, brain, and bile duct
malignancies among other forms of cancer have demonstrated success
with photodynamic therapy (PDT). By aiming targeted aberrant cells
using a photosensitising chemical and light exposure, PDT is used to
treat non-melanoma forms including basal cell carcinoma in skin
cancer (Monfrecola et al., 2009). Particularly in cases when surgery is

not a possibility, PDT is used to lower tumor size and relieve
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symptoms for lung and head and neck tumors (Bredell et al., 2010;
Simone et al., 2012). PDT helps to shrink tumors while decreasing
symptoms such blockage or bleeding in cervical and stomach
malignancies ( Hassan et al., 2013; Wang et al., 2022). PDT can be
used to target certain tumor locations, thereby either providing
palliative care or enhancing the efficacy of other treatments, for brain
(Bartusik et al., 2023) and bile duct tumors (Berr ef al., 2000). Often in
conjunction with other treatments to improve general treatment
outcomes, PDT's adaptability and minimally invasive character make it

a useful choice in managing various cancer kinds.

With 32% of the total patients treated with PDT having skin
cancer, the pie chart (Figure 1.4) demonstrates that followed by
cervical cancer patients, who make 24%.

Figure 1.4: Global distribution of patients treated with PDT from
1990 to 2024
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(Data Source: Alekseeva ef al., 2024)
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1.13 Impact of PDT on skin cancer treatment and public health

The novel uses of photodynamic therapy (PDT) in disease
management and diagnostics have made significant improvements in
public health. Photodynamic diagnostics (PDD) uses fluorescent
photosensitisers that illuminate afflicted tissues under particular light
wavelengths to enable early detection of disorders like skin
malignancies and precancerous lesions. This enhances the results of

treatment by enabling accurate and non-invasive diagnosis.

Apart from its diagnostic potential, PDT has transformed the
battle against diseases by providing a powerful remedy for germs
resistant to antibiotics through its antibacterial properties. It
successfully kills bacteria without fostering the development of
resistance by using photosensitisers that are activated by light to
produce reactive oxygen species (ROS). Together, these uses highlight
PDT's revolutionary influence on public health by offering more

precise, safe, and potent diagnostic and treatment strategies.
1.14 Key elements of PDT (Correia ef al., 2021)

For the purpose of to perform the photodynamic treatment,
which is more often referred to as PDT, three fundamental components
are utilised: light, oxygen, and a photosensitiser, also known as PS.
During the process that leads to the creation of reactive oxygen species
(ROS), which ultimately leads to an improvement in the treatment

outcome, each and every action is important.
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i) Light

Lasers, incandescent bulbs, and light emitting diodes (LEDs)
are some of the light sources that are utilised utilising photovoltaic
(PDT) technology. In spite of the fact that they offer a high degree of
precision, lasers are quite pricey and require additional lenses in order
to cover an expanded region. Conventional lamps and other non-laser
light sources have the potential to cause detrimental heat effects that
must be avoided. This is despite the fact that these light sources are
compatible with optical fibres. The use of LEDs in PDT operations is
highly recommended due to the fact that they are inexpensive, non-

hazardous, and thermally safe.

When it comes to the ease with which light may travel through
tissues, the texture of the tissue and the wavelength of the light work
together. Longer wavelengths (600—-1200 nm) of light, in particular red
light, penetrate into the skin more deeply and enhance its sensitivity.
Light of shorter wavelengths, such as 600 nm, is more easily absorbed
by the skin and enhances its sensitivity. Within the range of
wavelengths that are considered to be the "phototherapeutic window,"
the optimal range for photodynamic therapy (PDT) is from 600 to 850
tonne. It is guaranteed that this spectrum will have the highest possible

tissue permeability.

Light fluence, which refers to the total quantity of energy that is
delivered to a region, light fluence rate, which is the quantity of energy
that is delivered per second, and exposure duration parameters are all
important factors in determining the impact of photodynamic treatment

(PDT). It is beneficial to have low light fluence rates because they
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reduce the quantity of oxygen that is depleted in tissues. This, in turn,
is beneficial because it encourages efficiency and induces apoptosis
rather than necrosis. Additionally, there is the option of utilising
natural daylight for photodynamic therapy (PDT), which offers
patients a reduced level of discomfort and a reduction in the amount of
time required for treatment. This is particularly advantageous for skin

lesions that include actinic keratosis.
ii) Oxygen

Molecular oxygen is an essential component of photodynamic
therapy (PDT) since it generates reactive oxygen species (ROS), which
are needed for the therapeutic effects they generate. The success rate of
PDT depends on the vascular density of the tumor and is usually
limited in hypoxic cancers that are deeper. Oxygen concentration has a
significant influence on this effectiveness. High light fluence rates can
momentarily deplete oxygen, which may trigger disturbance of
reactive oxygen species (ROS) synthesis and lower therapy

effectiveness.

Real-time oxygen monitoring in PDT is crucial to maximise the
effects by adjusting the light dosages. One of the techniques to increase
the availability of oxygen is catalysed, which transforms hydrogen
peroxide into oxygen. Other approaches entail supplying oxygen using
carriers like perfluorocarbons and haemoglobin. Those methods are

meant to lower tumor hypoxia's effects and raise PDT's effectiveness.

iii) Photosensitizer (PS)
Photodynamic  treatment (PDT) relies heavily on

photosensitisers as an essential individual component. In an ideal
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scenario, these molecules would be able to selectively aggregate in
tumours, experience a high singlet oxygen quantum yield, remain
inactive when exposed to light, swiftly clear from the body, and show
amphiphilic characteristics. In order to improve therapeutic efficiency
while minimising damage to healthy tissue, PS molecules are often
designed to be preferentially taken up by target tissues, such as tumour
cells or infected cells. This is done in order to maximise the
effectiveness of the treatment. In most cases, photosensitisers are given
in a systemic manner and accumulate in the tissue that they are
intended to affect. After being exposed to the right wavelength of light,
the photosensitiser goes through a photochemical reaction, which
results in the production of reactive oxygen species (ROS) that induce
cytotoxic effects, ultimately leading to the killing of the cells that are
being targeted. On the basis of their origin, photosensitisers, which
serve as essential agents in photodynamic treatment (PDT), can be

classified into two categories: synthetic varieties and natural variations.
1.15 Mechanism of PDT-Type I and Type II reactions

When the photosensitiser (PS) absorbs light in the target tissue,
it sets off a chain reaction of photochemical processes that ultimately
leads to the generation of reactive oxygen species (ROS) (Rocha.,
2016). This is the beginning of the photodynamic consequence. When
the photosensitiser (PS) is exposed to light, it undergoes a transition
from its ground state, which is known as the singlet state (PS), to a
singlet state that is electronically excited and has a brief duration of
only a few nanoseconds or less (Lee ef al., 2020; Dolman et al., 2003).

Despite its high degree of instability, this excited state has the
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capability of returning to its ground state by releasing surplus energy.
This can be accomplished through either the emission of light
(fluorescence) or the dissipation of heat (internal conversion).
However, it is possible for the singlet state to experience intersystem
crossing, which results in the transition to a triplet state (PSgr) that is
more stable and has a longer lifetime. This occurs when the electron
undergoes spin conversion to a higher-energy orbital, as stated by
Donnellt et al. (2008). In accordance with Dolmans et al. (2003), this
triplet state has the ability of either returning to the ground state by the
emission of light (phosphorescence) or taking part in two other kinds
of processes. The lifespan of the triplet state is significantly longer (it
can last for up to tens of microseconds), which allows for sufficient
time for the direct transfer of energy to molecular oxygen (O2+). As a
consequence of this transfer, singlet oxygen (*10,) is produced, and
the photosensitiser (PS) is brought back to its initial state, so
commencing the type II reaction. It is feasible for singlet oxygen to
interact with a wide variety of biological substrates, which can result in
oxidative damage and ultimately lead to the death of cells. Singlet
oxygen is highly reactive. It is also possible for the type I reaction to
take place if the excited state of the photosensitiser (PS) directly
interacts with a substrate, which could be a cell membrane or a
molecule. Free radicals and radical ions can be produced as a result of
this interaction, which can also lead to the transfer of electrons or the
abstraction of hydrogen atoms. As a result of the reaction between
these radicals and molecular oxygen, reactive oxygen species (ROS)
are developed. These ROS include superoxide anion (O2¢), hydroxyl
radical (HOe), and hydrogen peroxide (H20O,). These ROS are
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responsible for oxidative damage and have the potential to cause
biological lesions (Correia et al., 2021). Figure 5 illustrates jablonski

diagram of PDT mechanism.

Figure 1.5 Mechanism of PDT
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The products that are produced as a result of type I and type II
reactions are the ones that are accountable for the beneficial effects of
PDT, that involve the death of cells. Both processes are capable of
taking place at the same time, and the equilibrium between them is
affected by a number of parameters, including the photosensitiser (PS),
the substrate, the oxygen concentration, and the binding affinity of the
sensitiser to the substrate (Lee et al., 2020; Dolmans et al., 2003).
According to Correia et al.'s research from 2021, the type II reaction is
particularly prevalent during the process of photodynamic therapy
(PDT). Singlet oxygen is the principal cytotoxic agent that is
accountable for the biological effects. A significant characteristic of a
photosensitiser (PS) is the quantum yield of singlet oxygen production,

which is influenced by both the quantum yield and the lifetime of its
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triplet excited state (Rocha.,2016). In addition, the quantum yield is
influenced by the lifetime of the triplet excited state. As a result of the
high reactivity and short half-life of reactive oxygen species (ROS),
the photodynamic therapy (PDT) only has an effect on cells that are
located in close proximity to the source of ROS formation, which is
where the photosensitiser (PS) is located. According to Dolmans et al.
(2003), the degree of damage and cytotoxicity that is caused by
photodynamic therapy (PDT) is influenced by a number of factors.
These factors include the type of photon source (PS), its extracellular
and intracellular distribution, the total dose that is administered, the
light dose (light fluence), the light fluence rate, the availability of
oxygen, and the amount of time that passes between the administration
of PS and the exposure to light. Due to the low oxygen levels and
constrained light penetration into the tissue (due to light absorption by
the photosensitiser and energy transfer to oxygen), photodynamic
therapy (PDT) is more difficult to perform on deeper and hypoxic
tumours. According to Dabrowski (2017), superficial and well-
oxygenated tumours are able to produce more reactive oxygen species
(ROS), which results in a more successful photodynamic therapy
(PDT) treatment.

1.16 Synthetic Photosensitizers

These are chemically designed and include porphyrins,
phthalocyanines, and chlorins. They are tailored to have specific
properties such as high singlet oxygen generation, tumor selectivity,
and controlled pharmacokinetics. Synthetic photosensitizers offer
versatility in modification, making them suitable for various

applications and improved treatment outcomes.
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1.17 Natural Photosensitizers

Chemicals derived from natural sources such plants, bacteria,
or fungi are hypericin, derived from the plant Hypericum perforatum,
and derivatives of chlorophyll. Usually highly biocompatible, this
group of compounds is benign for the environment and has natural
biological action. Still, additional alterations might be necessary to
enhance the durability and therapeutic effectiveness of these drugs.
These PSs were initially discovered in phototoxic plants, which have
been known for a long time for the adverse effects that they have on
both humans and animals (Kubrak et al., 2022).

1.18 Exploring Plant-Derived Photosensitizers for PDT

Scientists have been motivated to research natural
photosensitisers for photodynamic treatment (PDT) mainly due to the
reduced toxicity to healthy tissues and the lower rate of adverse effects.
Additionally, the use of plant-based chemicals as photosensitisers
(PSs) in photodynamic therapy (PDT) is still limited. We intended to
investigate plant-derived photosensitizers for photodynamic therapy

(PDT) in our research.

1.19 Fagopyrins and psoralens: potential natural

photosensitizers with possible applications in PDT

Although many photosensitizers have been reported to be
present in a variety of plant species, a major fraction remains
unexplored with respect to their possible applications in PDT.
Hypericin from Hypericum perforatum has been established as the
only potent natural photosensitizer by virtue of a significant number of
investigations. Fagopyrins are napthodianthrone derivatives that are

structurally similar to hypericin (Figure 1.4). We have focused on
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fagopyrin as natural photosensitizer, because of their similarity in
structure to hypericin. Plants containing fagopyrins causes
phytophotodermatitis in livestock and humans. Fagopyrism, is a
severe photosensitivity reaction in animals and humans consuming
buckwheat, owing to its fagopyrin content. In 2016, Sytar et al.
demonstrated comparable anti-fungal activities between fagopyrin and
hypericin suggesting a similar bioactivity for fagopyrin (Sytar et
al.,2016). Moreover, compared to hypericin, fagopyrin is reported to
be more phototoxic to S. cereviciae cells (Sytar et al.,2021). However,
fagopyrins are not yet investigated for its photodynamic therapeutic

efficacy.
Figure 1.6 Structure of hypericin and fagopyrin
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Psoralens are furocoumarin derivatives that can act as natural
photosensitizers owing to the cyclic structure with conjugated double
bonds, a characteristic feature of photo active compounds (Figure 1.7).
It is currently used for the treatment of vitiligo, psoriasis, and other
skin diseases (Conforti et al.,2009). It has been isolated from many a
plant species like celery (Aharoni et al.,1996), parsley (Beier et
al.,1994), and citrus fruits (Peroutka et a/.,2007).
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Figure 1.7 Structure of psoralen

Members of Fagopyrum and Ficus species have been observed
to be phototoxic due to the presence of fagopyrins and psoralens,
respectively (Tavcar et al., 2015, Derraik et al., 2007). Hence we
selected plants from these two species as the plant sources for the

inquiry that we are undertaking.

1.20 Fagopyrum tataricum

Figure 1.8 Fagopyrum tataricum plant

Kingdom Plantae

Order Caryophyllales
Family Polygonaceae

Genus Fagopyrum

Species F.tataricum £

Common name Buck Wheat o
a0
Common buckwheat and tartary buckwheat are two distinct
kinds of buckwheats. Common buckwheat also termed sweet
buckwheat is consumed extensively in Asia, Europe, North America,
South Africa, and Australia (Li et al., 2001). Tartary buckwheat's bitter
taste makes it less often consumed (Figure 1.8). Studies have
demonstrated, however, that the general composition of crude protein,

crude fibre, crude fat, and crude ash in ordinary buckwheat and tartary
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buckwheat is practically exactly same (Bonafaccia et al., 2003).
Moreover, compared to normal buckwheat, tartary buckwheat could
have more beneficial components. For example, its flavonoid content
is much higher 40 mg/g of tartary buckwheat seeds has more
flavonoids than just 10 mg/g in normal buckwheat seeds (Li et
al.,2001). Comparative research on the composition of common and
tartary buckwheat expose higher quantities of thiamine, riboflavin, and
pyridoxine, which makes them excellent choices for preventative diet
(Bonafaccia et al., 2003). An anthraquinone secondary metabolite
discovered in the green portions of Tartary buckwheat plants is
fagopyrin. Although fagopyrin is among the secondary metabolites of
buckwheat that could cause health problems when the green parts are
consumed, buckwheat grains and their derived food items are regarded
safe since their fagopyrin levels are minimal. Especially fagopyrin has
phototoxic characteristics that could be used for PDT (Glavac, et al.,
2017, Benkovi¢, et al., 2014).

1.21 Ficus auriculata

Figure 1.9: Ficus auriculata

Kingdom Plantae

Order Rosales
Family Moraceae
Genus Ficus

Species F. Auriculata
Common name Fig
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Comprising about 735 species, the genus Ficus L. (figs) falls
within the family Moraceae. Rich in phytochemicals and antioxidants
that provide essential nutrients to human health, figs are thought of as
holy trees with many therapeutic uses (Jagadeesa et al., 2019). These
plants range in temperate, tropical, and subtropical environments from
1,800 to 2,600 meters above mean sea level (Kala., 2007). The plant is
dioecious morphologically and reaches a height of roughly 4-10
meters. White latex is rather plentiful in all areas of the plant (Wang et
al., 2008; Schulz et al., 2000). Apart from curing menorrhoea,
haemoptysis, diarrhoea, iron deficiency, cancer, and constipation, the
fruits of Ficus auriculata are acknowledged as a great cure for
diabetes.Ficus auriculata tree is shown in Figure 1.9. Emphasising
potential therapeutic significance, the leaves of Ficus carica cv.
Dottato have been found to contain greater amounts of psoralen and
bergapten. Particularly on the leaves, these substances have been
identified in rather high doses. Using these leaves could help to prevent
disorders connected to oxidative stress, therefore upsetting homeostasis
(Conforti et al., 2012). To the best of our knowledge, though, no
research on the phototoxicity of Ficus auriculata exist. Umbelliferae
(Apiaceae), Rutaceae, and Moraceae comprise the plant families with
the highest phototoxic activity—that is, those with most phototoxic
components. Ranunculaceae, Rubiaceae, Cruciferae, Mahonia,
Capcium (Solanaceae), and Fabaceae (Fu et al., 2013) follow these.
We hypothesise that Ficus auriculata will likewise show phototoxicity
and hence choose to investigate it further since other Ficus species and

the Moraceae family have shown phototoxic qualities.
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1.22 Non-melanoma skin cancer cell line for in vitro PDT research

A431 cells are a commonly used squamous cell carcinoma
(SCC) cell line. They originate from human epidermoid carcinoma, a
type of SCC. Squamous Cell Carcinoma (SCC) is a type of non-
melanoma skin cancer that originates in the squamous cells of

epidermis.
Objectives of the study

We felt inspired to investigate natural photosensitizers for the
treatment of skin cancer in light of the awful impact of the disease and
the amazing potential of Photodynamictherapy (PDT) in public health.
We sincerely hope that our efforts may serve as a basis for further
developments, even though this is a preliminary study. This study
assessed the effects of PAF 1 and PAF 2 fractions from F. fataricum
and Fl.auriculata respectively on skin cancer cells using PDT. The
model for skin cancer (Non-melanoma) was A431 cells. To excite the
photosensitizers in the PAF 1 and PAF 2 fractions, a 1000 W halogen

tungsten lamp was used. The main objectives of the present study are:

e Extraction of photoactive fraction (PAF 1) from F. tatricum aerial

parts

e Extraction of photoactive fraction (PAF 2) from F. auriculata

leaves

e Evaluation of the effectiveness of isolated photoactive fractions in

PDT on A431 cells
e Identification of photosensitizers in photoactive fractions

e In silico analysis
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Chapter 2
Review of Literature

2.1 A Major focus of research on cancer

The main goal of continuously evolving cancer research is to
understand the biological mechanisms that drive cancer development,
progression, and recurrence. The researchers are dedicated to
deciphering the molecular, genetic and environmental factors that
contribute to the development and spread of cancer. This deeper
understanding has led to revolutionary advances in treatment options,
which have evolved from a "one-size-fits-all" approach to more precise
and personalized therapies. One focus of today's cancer research is the
development of personalized medicine, in which therapies are tailored
to the genetic and molecular profile of the individual tumor. This has
given rise to targeted therapies and immunotherapies that have

revolutionized cancer treatment.

Targeted therapies target specific molecular changes in cancer
cells and provide treatments that stop the growth and spread of cancer
by targeting proteins or genes involved in tumor development. In
contrast to conventional chemotherapy, which affects both healthy and
cancer cells, targeted therapies aim to minimize damage to healthy
tissue. This results in fewer side effects and improved effectiveness.
Another significant advance is immunotherapy (Kirkwood et al.,
2012), which uses the body's natural immune system to identify and

attack cancer cells. These therapies include checkpoint inhibitors,
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CAR-T cell therapies (Sterner et al., 2021), and cancer vaccines
(Saxena et al., 2021), all of which have shown remarkable success in
treating cancers such as melanoma, lung cancer, and certain types of
leukemia and lymphoma. Despite the early stage of development of
CRISPR screening, it has great potential for identifying important
cancer genes and therapeutic targets (Wang et al., 2022).

In addition to the development of these therapies, early
detection and prevention remain central topics in cancer research.
Early diagnosis is crucial to increase survival rates. Research is
actively engaged in the development of new methods for early
detection, such as liquid biopsies, which can identify cancer mutations
in the blood before symptoms appear. Genetic screening and
biomarkers are also valuable tools for identifying individuals at higher

risk of cancer and enable early interventions (Mébert, ef al., 2014).
2.2 Cancer research in India: Progress and potential

In India, geriatric oncology research is still in its early stages.
There are only a few specialized units, and geriatric examinations are
used only occasionally. Future efforts should be aimed at increasing
research output, developing India-specific guidelines, and promoting
training programs to improve care for elderly cancer patients (Noronha
et al., 2023). A polymer-based composite nanogel developed as a
transdermal drug delivery system for the pH-sensitive, targeted, and
controlled delivery of the cancer drug doxorubicin (DOX) (Mukkukada
et al., 2024). A fluorescence probe using Eu(Ill)-incorporated BSA-

AuNCs has been developed to selectively detect sarcosine, a biomarker
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for prostate cancer (Sanjeevan et al.,2023). A luminescent europium-
chelimic acid complex (Eu-CHE) has been developed to selectively
detect the cancer biomarker L-kynurenine (I-Kyn), with a detection
limit of 1.37 nM. This is applicable to serum, urine, and a paper-based

sensor platform (Varghese ef al., 2024).

23 Evolution of photodynamic therapy: Milestones and
breakthroughs

Heliotherapy, i.e. the use of sunlight for healing, was adopted
by ancient cultures such as the Greeks, Egyptians, Chinese and
Indians. The Greeks, under the leadership of the physician Herodotus,
were in favor of sunlight to restore health. Sunlight has been used to
treat conditions such as rickets, psoriasis and psychosis. Egyptians
even used sunlight to mask vitiligo symptoms by using amine fruit
juice for a tanning effect (Agostinis et al., 2011; Correie et al., 2021).
The PDT story tells of people's incessant quest to push the boundaries
of what is possible. Although significant successes were achieved until
1990, it was only then that the field really gained momentum. In the
decades that followed, researchers not only improved the technology,
but also found surprising new medical uses for light. The time line of
history of photodynamic therapy was prepared based on an article by
David Aebisher in 2024 (Aebisher et al.,2024).

1800 Herschel discovered infrared radiation and
described it.

1806 Ritter found ultraviolet radiation

18M and 19 In France, light therapy is used to treat conditions

century such as tuberculosis, psoriasis, scurvy and

rheumatism. Discovery of bacterial properties of
ultraviolet radiation revolutionized infection
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1893

1902

1903

1913

1924

1942-1948

1955

1972

1975

1978

1980s-1990s

2000s

treatments

Niels Finsen published a study on the use of light
therapy in smallpox treatment.

Oscar Raab found in Von Tappeiner's laboratory
that light, acridine dyes and oxygen are required for
photodynamic reactions.

Niels Finsen used light therapy to treat skin
tuberculosis and was awarded the Nobel Prize in
Medicine.

Eosin and light were used by Tappeiner and
Jesionek to treat skin cancer, coining the term
"photodynamic therapy".

Friedrich Meyer-Betz  conducted his own
experiments with hematoporphyrin and sunlight and
found swelling, pain and itching.

Palokard perceived the selective affinity of
hematoporphyrin to cancer cells.

Auler, Banzer, Figge and Weiland investigated the
use of porphyrins in diagnostics and photodynamic
therapy.

Tumor localization was described by Rasmussen-
Taxadal and colleagues using intravenously
administered photosensitizers.

In mouse models of gliomas, studies showed that
tumor growth was inhibited for up to 20 days as a
result of PDT.

Kelly and his team were able to successfully use
PDT for bladder cancer.

Thomas Dougherty showed that porphyrin-based
PDT in mice could completely cure cancerous
tumors.

Because of the long-lasting phototoxicity of HpD,
alternative photosensitizers have been researched.

In 1500 patients who received treatment with
Photogem and PDT, 91% showed therapeutic
effects, and 6% achieved complete tumor healing.
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2.4 Development of PDT (2019-2024)

PDT technology has made significant advances since 1980 and
improved its medical effectiveness. Among the most significant
advances are improved photosensitizing drugs, advanced light sources,
optimized dosing protocols and miniature devices. The increasing
interest in PDT is reflected in the increasing number of publications,
which has increased from 53 in 1982 to 3,381 in 2022. This underlines
the dynamic growth of the field and the growing scientific attention.

Aggregation-induced emission photosensitizers (AIE-PSs)
trapped in liposomes allow for controlled photosensitization, allowing
PDT to be performed under normal lighting conditions instead of in a
dark room (Yang et al., 2019). A novel NIR-responsive nanosystem
has been developed to jointly provide oxygen and the cancer drug
DOX. F/DOX nanoparticles showed significant therapeutic efficacy in
vitro as well as in vivo by combining PDT and chemotherapy (Yang et
al., 2019). In addition to killing bacteria, ALA-PDT promotes wound
healing by regulating inflammatory factors, collagen remodeling, and
macrophage activity (Yang et al., 2020). A Ru(Il) polypyridine
complex has been identified as phototoxic at clinically relevant 595 nm
in monolayer cells as well as in multicellular 3D tumor spheroids, with
efficacy in the low micro- to nanomolar range (Karges et al., 2020).
The four curcuminoids demonstrated promising PDT efficacy,
characterized by high ROS production and low LDsy levels, especially
in compound 2. The biphasic dose responses in compounds 1 and 3
require further studies to treat persistent photosensitivity (Kazantzis et

al., 2020). PpIX-IR-820@Lipo-NPs demonstrated a synergistic
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efficiency of 70.5% in PDT/PTT on HeLa cells, highlighting their
potential as a promising nanoplatform for the treatment of cervical
cancer (Yan et al., 2022). According to Zhang et al. (2022), ALA-PDT
has a comparable effectiveness to surgery, but with fewer side effects
compared to local excision. The Ni(I) complex exhibits the PDT
activity of red light and is the first first-row transition metal complex to
exhibit combined PDT and PTT effects within the clinically relevant
phototherapeutic window (Sarkar et al., 2023). Treatment of AK
lesions with 20% ALA-PDT and LED red light has proven to be
effective and also improves photoaging in Chinese patients.
Fluorescence may be helpful in diagnosing AK with peripheral field
cancerization and evaluating ALA-PDT efficacy (Li et al., 2024).

2.5 Combination therapy with PDT

Chemotherapeutic agents that act directly on DNA include
alkylating agents, antitumor antibiotics, and topoisomerase inhibitors.
Cisplatin and its derivatives are effective treatments against cancer, but
they often have serious side effects. A combination with PDT can
increase its effectiveness and reduce the dosage required. This
combination has been shown to be effective against various cancers,
including lymphoma (Nonaka et al., 2002), esophageal carcinoma
(Compagnin et al., 2010), breast cancer (Crescenzi et al., 2004), and
head and neck cancer (He et al., 2009). A novel approach is to develop
hybrid molecules that combine the cytotoxic properties of cisplatin
with the photodynamic effects of a photosensitizer. By combining it
with PDT, the effectiveness of antitumor antibiotics such as
doxorubicin and mitomycin C against different types of cancer can be

increased. Often, this combination leads to synergistic effects that
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make it possible to use lower doses of chemotherapy while achieving
better therapeutic outcomes. This approach has been tested in different
cancer models, including bladder cancer (Datta et al., 1997) and
colorectal cancer (Ma et al., 1992). Topoisomerases are indispensable
enzymes for DNA replication and transcription. The inhibition can
cause cell death, which makes it a promising starting point for the
treatment of cancer. Drugs such as camptothecin and its derivatives, as
well as etoposide, can target topoisomerases I and II. The effectiveness
of these drugs can be increased by combining them with PDT and
reducing their side effects. The therapeutic outcome can be further
improved by innovative delivery systems such as micelles by
increasing the accumulation of drugs in tumor tissues (Peng et al.,
2009, Gantchev et al., 1996). Photoimmunotherapy uses
photosensitizers that are linked to monoclonal antibodies and target
specific tumor antigens. Although this approach has shown promise, it
faces challenges such as complex chemical conjugation, reduced
phototoxicity of the complexes, and limited tumor penetration (Mew et
al., 1983). Apoptosis in bladder cancer can be increased by combining
EGFR inhibitors such as Erbitux with PDT, resulting in an
improvement in anti-tumor activity (Bhuvaneswari et al., 2009). The
combination of radiation therapy (RT) and PDT has produced different
results. The result can vary depending on the specific photosensitizer

and the timing of the treatments (Berg et al., 1995, Ma et al., 1993).

2.6 EGFR combination with PDT

The A431 cells used in our study are characterized by EGFR
overexpression. So it can be used in EGFR-targeted cancer therapy.
The Gijsens study of 1998 aimed to combat tumors that overexpress

EGF receptors with EGF-conjugated SnCe6. EGF-Dex-SnCe6 binds
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specifically to EGF receptors, while EGF-PVA-SnCe6 has higher
photocytotoxicity. PVA, in contrast to EGF, appeared to play a more
important role in cellular uptake. According to the study, the
photodynamic activity of EGF conjugates is highly dependent on the
carrier used (Gijsens et al., 1998). In 2000, a study was conducted with
the aim of combating tumors that overexpress EGF receptors with
EGF-conjugated SnCe6(ED). The photocytotoxicity and the
effectiveness of cellular uptake of EGF-HSA-SnCe6(ED) were higher
than  those  of  EGF-Dex-SnCe6(ED).  The  pronounced
photocytotoxicity of EGF-HSA-SnCe6(ED) was attributed to its
specific binding to EGF receptors and the subsequent intracellular
accumulation, which led to increased formation of reactive oxygen
species when exposed to light (Gijsens et al., 2000). Chitosan/TPP
nanoparticles loaded with curcumin represent a promising targeted
photodynamic therapy for EGFR-overexpressing cancers (Tsai et al.,
2018). 2Inm gold nanoparticles labeled with chlorine e6 and EGF
effectively target and eliminate cancer cells without harming normal
cells. This focused photodynamic therapy promises to be an effective

treatment for cancer (Castilho et al., 2021).
2.7 Natural Photosensitizers used in PDT

There are only a small number of studies that deal with the
identification of photoactive compounds from plant extracts as
effective natural PSs. These drugs are often given in high doses to
ensure that they have high bioavailability and are cytotoxic. A large

number of pharmaceutically active compounds exist in nature, many of
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which are documented in scientific publications. Table 2.1 lists various

natural compounds with PS properties that are suitable for PDT.

Table 2.1 List of natural photosensitizers

Photosensitizer

Absorption
maxima

Description

Pheophorbide A

670 nm

Pheophorbide A extracted from
Silkworm excreta showed
photosensitizing efficacy
against BI6F10 melanoma in in
vivo study (Lim et al., 2004).
Used in PDT for cancers such as
head and neck cancer (Chung et
al., 2009)Leukemia (Lee et
al.,2004),Prostrate cancer (Xu et
al.,2013) Hepatocellular
carcinoma ( Tang et al.,2006)
Uterine cancer (Tang et al.,
2009) Glioblastoma
multiformae ( Cho et al.,2014)
Bladder cancer(Bergstrom et
al.,1994)Barrett’s esophagus
(Qumseya et al.,2013)
Oesophageal ( Wu et al.,2013)

Curcumins

420-480 nm

Curcumins are present in
Curcuma longa rhizome (Sontsa

et al.,2022).

Broad anticancer activity
Breast cancer cells (Askhbar et
al.,2020), Skin cancer cells
(Wozniak, et al.,
2021),antibacterial(Lee et
al.,2017),antiviral (Ambreen et
al.,2020)

Anthraquinones

437 nm

The anthraquinones are
identified in several plant
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species and organisms as
reported in various studies:
Polygonum cuspidatum (Leu et
al.,2008), Heterophyllaea
pustulata (Comini et al.,2011),
Aloe vera (Parvez et al.,2019),
Rheum palmatum (Shia et
al.,2009), Rumex crispus (Eom
et al.,2020) Dactylopius coccus
(Deveoglu et al.,2011),
Xanthoria parietina (Manojlovi¢
etal.,2011).

Soranjidiol, rubiadin and their
methyl derivatives exhibit PDT
activity against caspase-3-
transfected MCF-7 cells from
human breast cancer cells
(Comini et al., 2011)

Natural anthroquinones exhibits

phototxoic effects, produce
ROS (Montoya et al.,2005)

Hypericin

590 nm

Hypericin is identified in
Hypericum perforatum
(Cellarova et al.,1994).

PDT performed with hypericin
has shown promise in the
treatment of skin (Wozniak et
al.,2023), cervical cancer
(Vantieghem et al., 1998),
bladder tumors (Zupko et al.,
2001), nasopharyngeal (Xu et
al., 2009), and Pancreatic
tumors (Liu ef al., 2000).

Hypocrellins

Below 600
nm

The presence of Hypocrellins in
Hypocrella bambusae and
Shiraia bambusicola are
identified.And it has several
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potential applications (Bao et
al.,2023).

Light-activated hypocrellins
have antibacterial (Jiang ef al.,
2013) and antitumor properties
(Miller et al., 1997, Jiang et al.,
2012).

Cercosporin

Below 532
nm

Cercosporin is identified in
Cercospora kikuchii, (Upchurch
etal.,199]).

Photocytotoxicity of
cyclosporine has been
demonstrated against cell lines
of glioblastoma (T98G, U87)
and breast adenocarcinoma
(MCF7) (Mastrangelopoulou et
al.,2019).

Riboflavin

360 nm

Source of riboflavin is leafy
vegetables (Ismail ef al.,2003)

Riboflavin-PDT may reduce the
toxicity of cisplatin (Hassan et
al.,2012, Hassan et al., 2013)
and has been shown to be
effective against cancers such as
squamous cell carcinoma
(Juarez et al., 2015), HeLa cells
(Yang et al., 2017), and
melanoma (Akasov et al.,
2019).

Furanocoumarins

300-400 nm

Psoralen, activated by UVA, is
an effective treatment for skin
diseases such as psoriasis and
eczema and has an anti-cancer
effect (Panno et al., 2009). (5-
MOP, 8-MOP) block major
cancer pathways (STAT3, NF-
kB, PI3K/AKT) and lead to
apoptosis in breast (Panno et al.,

45




Review of Literature

2012), leukemia (Kim et al.,
2016) and melanoma cells
(Menichini et al., 2010). PUVA
therapy shows efficacy in
melanoma (Sumiyoshi et al.,
2014) and cutancous T-cell
lymphoma (Nagatani et al.,
1990).

Fagopyrin 590 nm e Presence of fagopyrin is
reported in F. tataricum and
Fagopyrum esculentum
(Benkovi¢ et al., 2014).

e Fagopyrin showed
photodynamic antibacterial
activity (Kim et al., 2021).

2.8 Natural Photosensitizers in Clinical trial
2.8.1 Curcumin

Curcumin, a thoroughly researched natural photosensitizer, is the
focus of clinical studies on its antimicrobial properties in PDT. The
studies include applications for disinfection of the oral cavity, cleaning
of the root canal, treatment of acne and mucositis in oncological
patients. These show significant microbial reduction and safety without

serious side effects. The specific results include:

1) Oral health: CUR-PDT proved to be an effective method for
disinfecting the oral cavity and dentures, reducing candida and
microbial counts, and improving oral hygiene in orthodontic
patients. (Labban et al., 2021, Leite et al., 2014, Ricci et al.,
2017)
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2)

3)

4)

Acne: Compared to light therapy alone, CUR-PDT achieved
higher rates of lesion removal and had minimal side effects

(Zhang et al., 2024)

Mucositis: In oncological patients, CUR-PDT in combination
with photobiomodulation led to a cure of mucositis without

adverse events (Pinheiro ef al., 2019)

Root canals: CUR-PDT contributes to the optimization of
dentin disinfection and adhesion strength in MTAD (Saini et
al., 2022)

These results highlight curcumin's promise as a safe and

effective photosensitizer in various clinical applications.

2.8.2 Hypericin

Hypericin-PDT has been investigated in three clinical trials,

with a focus on the treatment of skin lesions with pure hypericin or an

extract of Hypericum perforatum. The results include:

1)

2)

Mycosis fungoides (Cutaneous T-cell lymphoma): In a
multicenter study, a 0.25% hypericin ointment activated by
visible light (500-650 nm) showed a significant clinical
response with mild local skin reactions but no serious side

effects (Kim et al., 2022)

Skin lesions (Solar keratosis, basal cell carcinoma, Bowen's
disease): Hypericum extract (32.5% hypericin) applied under
red light (580-680 nm) showed complete response rates of 50%
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in keratosis, 28% in basal cell carcinoma, and 40% in Bowen's
disease. A burning sensation has been reported, but no serious

side effects have been reported (Kacerovska et al., 2008).

3) Acne: Under red and green light, St. John's wort extract (0.5%
H. perforatum) reduced acne lesions by 56.5%, with

improvements in sebum, erythema and skin texture and no side

effects (Kim et al., 2023)
2.8.3 Riboflavin

Three clinical studies investigated the application of riboflavin-

PDT (RF-PDT) in dentistry, with a focus on surface conditioning.

1. PEEK inlays: RF-PDT with a 25 mol/L RF solution and green
laser (540 nm) improved the surface conditioning of PEEK
inlays bound to root canal dentin (Al Deeb et al., 2023)

2. PEEK post: The RF-PDT has effectively conditioned the
surfaces of PEEK posts (Alkhudhairy ef al., 2023)

2.8.4 Phycocyanin

In a clinical study by Hashemikamangar et al., the effect of
phycocyanin as a photosensitizer in PDT on dentin binding strength
was investigated. They applied a phycocyanin solution with a
concentration of 1000 pg/mL for 5 min and then irradiated with a
diode laser (220 mW, 635 nm, 61.2 J/cm?) for 3 min. According to the
study, PDT with phycocyanin represents an effective antimicrobial
method that does not interfere with dentin binding in a self-etching

adhesion protocol (Hashemikamanagar et al., 2022).
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2.8.5 Emodin

PDT with nano-emodin (n-emo gel) for wound healing at the
donor site after surgery with free gum graft was investigated by
Yaghobee et al. The scheme involved applying the gel for 5 min,
followed by a 1-min LED irradiation (450 = 10 nm, 1000 + 1400
mW/cm?, 60-80 J/cm?) from a distance of 1 mm. The results suggest
that PDT with nano-emodin may be an adjunct to conventional wound

care to reduce postoperative complications (Yaghobee ef al., 2024).

Only a small number of natural photosensitizers have made
their way into clinical trials, with hypericin being one of the few
examples that has been tested on cancer cells. This highlights the
urgent need for further research on natural photosensitizers. The
discovery of more natural photosensitizers with anti-cancer properties
could facilitate their move to clinical trials and potentially have lower

toxicity compared to synthetic alternatives.

2.9 Exploring other sources of natural photosensitizers

In photodynamic applications, natural photosensitizers are of
great value due to their ability to generate reactive oxygen species
when light is activated. The aim of the study of alternative sources is to
find new efficient compounds with improved photodynamic properties

for medical, agricultural and environmental science applications.
2.9.1 Fagopyrum tataricum : potential source of Phototoxin

Six derivatives of Fagopyrin were isolated and characterized by
UV-Vis absorption spectroscopy, NMR spectroscopy, and mass
spectrometry (Benkovic et al., 2014). Naphthodian thrones such as
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fagopyrin and hypericin, natural photosensitizers in cells, have been
studied in the dark for their effects on Saccharomyces cerevisiae.
Fagopyrin caused disturbances of the cell cycle and led to premature
mitosis without budding, while hypericin had a triphasic growth
reaction. Flow cytometry revealed reduced viability, with fagopyrine
causing a 41% reduction at 100 uM and hypericin causing a 15%
reduction. The biofilm structures of both compounds were altered,
colony growth was restricted, and cell adherence was disrupted. These
results highlight their high toxicity as well as their influence on
multicellular growth, although efficiency can vary (Sytar et al., 2021).
For the first time, Kim and colleagues investigated the production of
reactive oxygen species (ROS) by a fagopyrin-F-rich fraction (FFF) of
tartar buckwheat flower extract under the influence of light, as well as
its antibacterial photodynamic inactivation (PDI) of Streptococcus
mutans and its biofilm. With blue light (450 nm), a significant amount
of ROS was formed in FFF, with type 1 ROS dominating. The viability
and biofilm formation of S. mutans was significantly inhibited by PDI
with FFF and blue light (10 J/cm?) compared to FFF without light. The
destruction of the biofilm was confirmed by confocal microscopy and
electron microscopy. (Kim et al., 2021). To the best of our knowledge,
no additional studies have been carried out on the effect of fagopyrin in

photodynamic therapy (PDT).
2.9.2 Ficus auriculata : Exhibits biological activities

The extraction conditions for phenolic and bioactive
compounds from F.auriculatata fruits were optimized in a study using

the response surface method and ultrasound-guided extraction.
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Antioxidant capacity was determined by DPPH, ABTS, and reduction
power assays. The best extraction parameters (ethanol 52.5%,
temperature 40 °C, time duration 22 min) resulted in the highest DPPH
scavenging activity (85.20%) and the highest total phenol content
(31.65 mg GAE/g DF). The LC-ESI-MS analysis identified 18
bioactive compounds that may contribute to the antioxidant properties
of the fruit (Shahinuzzaman et al., 2021). Phenolic compounds are
associated with the antioxidant, antimicrobial, and phytotoxic
properties of F. auriculatata leaf extracts (Bertoletti et al., 2018). As far
as we are informed, no research has been carried out to prove the

presence of photosensitizers in the leaves of the F.auriculata.

A promising, non-invasive approach to combat antibiotic-
resistant infections, treat localized cancers, and treat skin conditions
such as acne and psoriasis is PDT with natural photosensitizers.
Because they are of natural origin, side effects are minimized and the
risk of adverse environmental impacts is reduced — in line with
sustainable health practices. PDT can help improve infection control
and patient outcomes, as well as address the global challenges of
antibiotic resistance and cancer, by integrating these compounds into
health strategies. In the current study, we examined fractions
containing natural photosensitizers from F. tataricum and F. auriculata

for their effect on skin cancer cells.
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Chapter 3
Extraction and Preliminary
Phytochemical Analysis

3.1 Introduction

For generations, individuals used natural cures for medical
problems, therefore starting the procedure of drug creation. Examining
food micronutrients, medicinal herbs and bioactive cultures helped to
pave the path for creation of pure, regulated-dose medications (Rishton
et al., 2008). Plants are a wealth of chemicals and bioactive molecules
with different pharmacological uses and few adverse effects as they are
under investigation (Aye et al., 2019). Their great content of minerals
and phytochemicals like polyphenols, which can help manage, treat,
and prevent many medical conditions, including cancer, inflammation,
liver diseases, and oxidative stress (Vujanovic et al., 2019), often
describes  their  beneficial  characteristics. ~ Among  these
phytocompounds, natural photosensitizers occupy a particularly
important role since they interact with light to produce reactive oxygen
species (ROS). Particularly in the realm of photodynamic treatment
(PDT), these ROS show great potential as they can target and destroy
aberrant cells only. Based on literature review, we identified F.
tataricum and F. auriculata as potential source of natural
photosensitizers for Photodynamic therapy (PDT). These plant species
were selected for further investigation. A detailed description of the

plants can be seen in Chapter 1.
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In this chapter the preliminary investigations done to examine
the phytochemical content and antioxidant capacity of F.tataricum and
F.auriculata are described. Carefully collected from their native
environments, the plants guarantee sample authenticity and quality. To
find main types of secondary metabolites in the plant extracts,
preliminary phytochemical screening was carried out. Antioxidant
activity was evaluated using the rather popular DPPH and ABTS

methods.
3.2 Materials and Methods
3.2.1 Materials

2,2-Diphenyl-1-Picrylhydrazyl (DPPH) and 2,2’-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid (ABTS) were purchased from

HiMedia laboratories.
3.2.2 Collection of plant materials and sample preparation

F.auriculata was collected from Thrissur during the April-May
months. F.tataricum (Buckwheat) seeds were purchased from
Vikaspuri local market, New Delhi and cultivated in the premises of
our Department. The samples were authenticated and deposited in the
library by Dr. Pradeep A. K from the Department of Botany,
University of Calicut. The F. auriculata leaves and F.tataricum aerial
parts were cleaned and air dried. The samples were shade-dried and

powdered.
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3.2.3 Extraction

Crude extract was obtained using the cold extraction procedure.
For 48 h, 25 g of the dried powdered samples were steeped in 250 mL
of ethanol. Filtrate obtained after filtering each plant extract using filter
paper was concentrated to a small volume to eliminate ethanol. The
gummy extract was stored in a refrigerated at 4° C (Villacorta et

al.,2017).
3.2.4 Preliminary analysis of phytocompounds

Qualitative phytochemical evaluation of the extracts was

carried out using standard procedures.
3.2.4.1 Test for Alkaloids

0.10 g of the plant extract was mixed with 2 ml of 5% HCI and

filtered to determine the presence of alkaloids.

» Mayor’s Test (Tracey et al.,1955): Six drops of Mayor's reagent
(13.5 g of mercuric chloride and 5 g of potassium iodide in 1000
mL of distilled water) was added to 1mL of filtrate.Yellowish-

white colored precipitate suggested the presence of the alkaloids.

> Wagners Test (Wagner.,, 1997) : To 1 mL of the previously
prepared filtrate, a few drops of Wagner's reagent (1g of iodine
and 3g of potassium iodide in 50 mL of distilled water) were
added. The reddish brown precipitate was interpreted as proof of

the presence of alkaloids.
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3.2.4.2 Test for proteins

>

Million’s Test (Rasch and Swift.,1960) : When crude extract was
combined with 2 ml of Millon's reagent, a white precipitate,and
while heated turned in to crimson red that reveal the presence of

protein.

Ninhyrin Test (Yasuma and Ichikawa.,1953): Presence of protein
and amino acid was shown by a violet colour developing when

crude extract was heated with 2ml of Ninhydrin 0.2% solution.

3.2.4.3 Carbohydrates Test (Harborne ef al.,1998)

>

Fehling’s test : 2 mL of Fehling A (7g of CuSO47H>0 in 100 mL
of distilled water) and Fehling B (24 g of KOH and 34.6 g of
potassium sodium tartarate in 100 mL of distilled water) reagents
were combined in equal quantity (1:1) and subsequently added to

crude extract before being gently heated.

Benedict’s Test: After boiling crude extract with 2ml of
Benedict's reagent (17.3 g of CuSO4.5H>0, 100 g of NaxCO3 and
173 g of sodium citrate in 1000 mL of distilled water) a reddish
brown precipitate appeared, indicating the presence of the

carbohydrates.

Molisch’s Test : 2ml of Molisch's reagent (3.75g of alpha-
naphthol in 25 mL of ethanol) was added to the crude extract, and
the mixture was thoroughly agitated. 2ml of concentrated H>SO4
was gently added to the test tube's side. At the interphase, a violet

ring formed which indicated the presence of carbohydrates.
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3.2.4.4 Test for Phenols

» Ferric chloride test (Mage.,1963): A 5% solution of FeCl3; was
dissolved in 2ml of crude extract. The presence of phenols was

indicated by a dark green hue.

3.2.4.5 Test for Flavonoids (Trease.,1983) : A fraction of the crude
extract was mixed with 5 ml of diluted ammonia solution before
being mixed with concentrated H>SO4. Each extract had a yellow
colouration that showed flavonoids were present. Standing made

the yellow coloration disappeared.
3.2.4.6 Test for Phytosterols

» Salkowski Test (Harborne.,1998) : Chloroform was added to the
extract and filtered. Filtrate was then treated with 3-4 drops of
concentrated H>SO4 carefully and shake gently. The resulting
filtrates were left undisturbed. The emergence of a vibrant golden

yellow hue signifies the existence of triterpenes.

3.2.4.7 Test for Saponins (Harborne.,1998): A test tube containing
crude extract and 5 ml of distilled water was vigorously shaken. It
was assumed that the presence of saponins was indicated by the

production of stable foam.

3.2.4.8 Test for Tannins (Soni ef al.,2013) : In a test tube, 1 ml of the
sample and 1 ml of 0.008 M potassium ferricyanide were added.
After adding 1 ml of 0.02 M ferric chloride and 0.1 N HCI, the

mixture was checked for blue-black colour.
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3.2.5 Antioxidant Assays
3.2.5.1 DPPH Assay (Brand et al., 1995, Soltanian et al., 2019)

A 0.004% 2,2-diphenyl-1-picryl-hydrazyl (DPPH) solution was
prepared in Methanol for the DPPH free radical scavenging assay.
Various concentrations of the extracts (5-20 pug/mL) were added into
the 96-well plate. Methanol was utilized to adjust the volume to 50 pL.
Methanol served as the negative control. Each well received 150 pL of
DPPH solution including a negative control well. The mixture of
ingredients was shook on a microplate shaker and stored in a dark
room for 30 min. With a plate reader, the degree of discoloration which
indicated free radical scavenging activity was evaluated at 517 nm.
Ascorbic acid (5-20 pg/mL) served as the positive control (Robinson et
al., 2017). The inhibition percentage for various concentrations
allowed one to determine the DPPH scavenging capacity of the

extracts. The calculation was carried out using the following equation:

Percentage of inhibition of the DPPH radical
_ (Absorbance of Control — Absorbance of Sample) %100

Absorbance of Control

The ICso values represent the concentration of the sample necessary to
scavenge 50% of the DPPH free radicals.

3.2.5.2 ABTS assay (Miller et al., 1996, Hassouni et al., 2019)

The ABTS assay was conducted by utilizing a solution
containing 7 mM of ABTS along with Ammonium persulphate (2.45
mM) (Bibi et al., 2020). Kept this solution in dark for 12-16 h at room
temperature before the assay. After incubation the solution was diluted
to 0.035 mM with methanol with an absorbance of 0.7 + 0.02 at 734

nm. Various dilutions of the extract ranging from 5 pg/mL to 20
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ug/mL were prepared in a 96-well plate, and each dilution was
adjusted to a final volume of 50 pL using distilled water. Then in each
well, 150 pL of ABTS solution was added. As a negative control,
distilled water was served. The mixture was subjected to a 6 min
incubation period in a dark room, after which the absorbance was
measured at 734 nm using a spectrophotometer. As a positive control,
ascorbic acid (Hussen et al.,2023) has been used. The experiments
were conducted in triplicate. To calculate the percentage of radical
scavenging activity for each extract, the following equation was
employed.

Scavenging ef fect(%)
B (Absorbance of Control — Absorbance of Sample

Absorbance of Control )XIOO

The ICso values indicate the concentration of the sample

necessary to scavenge 50 % of the ABTS free radical.

3.2.6 Statistical Analysis

The statistical package for the social sciences (SPSS) program,
version 20.0 for windows, was utilized for all statistical analyses not
only in this chapter but also throughout the other chapters. One —way
analysis of variance (ANOVA) was used to evaluate group differences.
Post-hoc comparisons of means were performed using Duncan’s

Multiple Range Test at a significance threshold of P<0.05.
3.3 Results

3.3.1 Sample collection

Herbarium was prepared for the F.auriculata and F.tataricum.
The accession numbers are 7297 for F.auriculata and 1482311 for

F.tataricum .
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3.3.2 Yield of extract

After the extraction we got 134.5 mg and 74.5 mg of extract per

gram each plant samples of F.tataricum and F.auriculata respectively.
3.3.3 Preliminary Qualitative phytochemical analysis

The results of phytochemical analysis of F.tataricum and

F.auriculata are given in table 3.1.

Table 3.1 Phytochemical analysis of F. tataricum and F. auriculata

Phytochemicals F. tataricum F. auriculata

Alkaloids + +

Flavonoids

Proteins

Carbohydrates

Phenols

Phytosterols

|+ [+ [+ |+

Tannins

I I I e I

Saponins

Phytochemical study of the ethanolic extracts of F.tataricum
and F.auriculata helped to identify their bioactive moleules. Both
extracts turned out to be rather rich in phyochemicals. Both extracts
turned up alkaloids, flavanoids, proteins, carbohydrates, tannins and
saponins. Still, phytosterols was absent in F.tataricum. These results
imply that both plants contain several bioactive elements with possible
medicinal uses. More research is required to separate and define these

molecules and assess their biological action.
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3.3.4 Antioxidant assays
3.3.4.1 DPPH Assay
The findings of the DPPH assay are displayed in Figure 3.1.

Figure 3.1 DPPH assay
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This bar graph depicts the percentage inhibition of DPPH (1, 1-diphenyl-2-
picrylhydrazyl) radical by different concentrations (5, 10, 15, and 20 pg/mL) of
F.auriculata and F.tataricum extracts. Error bars represent standard error (n=3). F
value for DPPH Assay of FA, FT and Ascorbic acid are 27.087, 143.721, and
599.853 respectively. Different alphabets indicate the significant differences between
the groups. P value <0.05.

These results demonstrate that both F. auriculata and F.
tataricum possess antioxidant properties; however, the antioxidant
activity of Fl.tataricum 1is significantly higher than that of F.
auriculata. In terms of inhibition, the highest degree was revealed by
ascorbic acid, which is well-known for the antioxidant qualities it

possesses. The antioxidant activity of F.auriculata and F.tataricum
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appeared to increase with increasing concentration, which suggests that

the intensity of the influence is depending on the concentration.
3.3.4.2 ABTS assay

The results of antioxidant analysis by using ABTS of

F.tataricum and F.auriculata are given in Figure 3.2.

Figure 3.2 ABTS Assay
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This bar graph depicts the percentage inhibition of ABTS by different concentrations
(5, 10, 15, and 20 pg/mL) of F.auriculata and F.tataricum extracts. Error bars
epresent standard error (n=3). F value for ABTS of FA, FT and Ascorbic acid are
95.809, 47.292, and 2671.476 respectively. Different alphabets indicate significant
differences between the groups. P value <0.05.

The results of the ABTS experiment demonstrated that extracts
of both F. auriculata and F. tataricum contained a high amount of
antioxidant activity. This was proved by the fact that both extracts

were able to neutralize the ABTS radical with their respective
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properties. When the quantity of the extracts was raised from 5 pg/mL
to 20 pug/mL, there was a considerable rise in the proportion of the
ABTS radical that was inhibited. This leads one to believe that the
antioxidant activity increased in a manner that is dependent on the
concentration of the extracts. Taking into consideration the fact that
both extracts demonstrated favorable outcomes, it was discovered that
the F. tataricum extract consistently demonstrated a higher degree of
antioxidant activity in contrast to the F. auriculata extract throughout
all concentrations. Considering all of these data, it is obvious that both
F. auriculata and F. tataricum possess antioxidant properties, which
could potentially play an important part in the medical applications of

both of these species.

ICso of the extracts in DPPH and ABTS method are given in
table 3.2.

Table 3.2 ICso values of Antioxidant assays using DPPH and ABTS
methods

ICso value from DPPH | ICso value from ABTS
Sample name
assay assay

F.auriculata

(FA) 75.93 +£1.722 67.47 £0.932

F. tataricum

(FT) 92.58 +2.877 87.71 £1.099
Ascorbic acid 12.59 £0.335 11.66 £ 0.208

Values are expressed in pg/mL £ SD (n=3)

The DPPH and ABTS assays have been used in order to
determine the quantity of antioxidant capabilities possessed by the

extracts of both F. tataricum and F. auriculata. During the DPPH and
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ABTS experiments, the median inhibitory concentration (ICso) values
for F. auriculata were determined to be 75.93 + 1.722 pg/mL and
67.47 £ 0.932 pg/mL, respectively. Furthermore, the ICso values for F.
tataricum in the DPPH and ABTS assays were 92.58 + 2.877 pug/mL
and 87.71 + 1.099 pg/mL, respectively. These values were found to be
comparable. Ascorbic acid, a well-known antioxidant that served as a
reference in our research, exhibited ICso values of 12.59 + 0.335
pug/mL and 11.66 + 0.208 pg/mL in the DPPH and ABTS assays,
respectively. In general, these results indicate that both F.auriculata
and F. tataricum extracts possess antioxidant activity. However, F.
auriculata extracts showed a somewhat higher capacity for antioxidant
activity than F. tataricum extracts in both trials. The antioxidant
activity of both extracts, on the other hand, was found to be much

lower than that of ascorbic acid.
3.4 Discussion

India's mainly mountainous northern and northeastern states
including Jammu & Kashmir, Uttarakhand, Himachal Pradesh, and the
northeastern states (Rana et al., 2012, Joshi et al., 1999) have
buckwheat farming concentrated primarily. Arunachal Pradesh,
Assam, Bihar, Jammu & Kashmir, Jharkhand, Maharashtra, Manipur,
Meghalaya, Mizoram, Orissa, Sikkim, Karnataka, and West Bengal
(Singh et al., 2023) additionally demonstrate F. auriculata in India.
Kerala is beginning to know F.auriculata as an ornamental plant really
well. These plant species are readily accessible because of home

cultivation.
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Using 90 % ethylene glycol or methanol with 10% glacial
acetic acid, Chick et al successfully eliminated all of the
photosensitizing material including all extractable constituents from
Fagopyrum esculentum (Chick et al., 1941). Pre-extraction with ether
followed by acetone/water/acetic acid (Brockman et al., 1952) allowed
Brockmann et al., to extract up to 270 mg of partially purified
fagopyrins per Kg of Fagopyrum esculentum dried flowers. For in
vitro phototoxicity experiments, Theurer employed ethanol/water (1:1)
extracts (Theurer et al., 1997). Tartary buckwheat typically flowers
later than common buckwheat. According to Fabjan et al. (2003), TB
flowers bloom around the 50th day after sowing (DAS) and begin
forming seeds, though this timing can vary with cultivation conditions.
Jacheol's study indicated that TBF started blooming on the 40th DAS.
We observed flowering after two months of growth, specifically at 60

days after sowing.

Jacheol Kim (2020) reported the detection of fagopyrins in the
stems, leaves, and flowers of Tartary buckwheat (TB), with
concentrations in Tartary buckwheat flowers (TBF) being significantly
higher than in other parts. Both TBF and common buckwheat flowers
(CBF) exhibited greater fagopyrin levels than other plant parts, as
noted by Eguchi et al. (2009) and Stojilkovski et al. (2013).
Additionally, various studies indicate that fagopyrins are generally
higher in buckwheat leaves than in seeds or hulls (Eguchi et al., 2009;
Stojilkovski et al., 2013; Benkovi¢ et al., 2014). Jacheol also
highlighted that the highest concentrations of fagopyrins were found in
the flowers of both CB and TB, followed by leaves and stems. This is
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why we selected the aerial parts of Tartary buckwheat during

flowering, for fagopyrin extraction.

Using ethanol as the solvent, Villacorta and colleagues
efficiently recovered natural photosensitizers from the aerial sections
of L. racemosa, C. odorata, and A. procera. We chose this approach to
extract photosensitizers from our chosen plants as their performance
with other plant species (L. racemosa, C. odorata, and A. procera)
suggested ethanol as the most suitable solvent. Heating can reduce
fagopyrin content (Glavac et al., 2017). Consequently, we believe that

a method without heating is more advantageous for our study.

Buckwheat is rich in protective flavonoids, such as quercetin
and quercitrin which helps to withstand UV-B rays and other stresses
(Zhang et al.,2017) Because of the strong sunlight and high
temperatures tatary buckwheat, that particularly grown in high-altitude
areas like Liangshan, China contains high concentration of flavonoids
(Wang et al.,2022., Aubert et al.,2022). Different plant parts of the
Buckwheat have these flavonoids that possess antioxidant activity
(Borovaya et al.,2020., Matsui et al.,2020., Park et al.,2017). In our
study we found the presence of flavonoids which are probably
responsible for the antioxidant activity shown by the ABTS and DPPH

method. This correlation is supported by existing literature.

Phenolic acids such as neochlorogenic, chlorogenic, vanillic,
caffeic, and ferulic acids are present in both native and germinated
buckwheat (Bhinder et al.,2022., Ren et al.,2022). Tatary buckwheat
typically has higher quantities of phenolic acid than regular
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buckwheat; however, fermentation raises this quantity (Podolska et
al.,2021). Enzyme activity causes neochlorogenic acid levels to drop
during dough production at low temperatures, while they remain stable
at temperatures over 80°C (Germ et al.,2020). Neochlorogenic and
chlorogenic acids show potential as chemopreventive agents inhibiting
breast and colon cancer cells growth (Noratto et al.,2009., Thurow et

al.2012).

F. auriculata leaves contained alakloids, phenols, flavonoids,
tannins and terpenoids. The plant extract also exhibited antioxidant
activity. This may be due to the presence of phenols and flavonoids
(Kumari et al.,2018). Our study also found the presence of these
phytochemicals.

This chapter comprehensively analyzed F.auriculata and
F.tataricum, revealing their chemical composition and bioactivity. The
plants are rich in essential minerals and contain functional groups. The
presence of the phytochemicals such as alkaloids, flavonoids, and other
compounds, aligning with the observed antioxidant activities measured
by DPPH and ABTS assays. These findings suggests that both plants
possess valuable bioactive compounds with potential medicinal
applications, warranting further research to isolate and characterize

specific molecules and explore their therapeutic efficacy.
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Chapter 4

Phototoxicity assessment and chromatographic
separation of photoactive fractions

4.1 Introduction

The study of phototoxicity and the identification of phototoxic
compounds are critical areas of research in pharmacology and
toxicology, as they help to wunderstand the mechanism of
photosensitizers when exposed to light. This chapter focuses on the
isolation of potential phototoxic compounds from the crude extracts of
F. tataricum and F. auriculata, specifically designated as PAF 1 and

PAF 2.

Our approach begins with a preliminary assessment of the
crude extract's phototoxic potential using the uric acid test, a method
that detects the depletion of uric acid due to the generation of reactive
oxygen species upon light exposure. Subsequently, thin-layer
chromatography (TLC) is employed for the chromatographic
separation of the crude extract, aiming to isolate photosensitizer-
containing fractions. TLC's simplicity and efficiency make it a pivotal
tool for purifying these compounds.For the TLC separation, hypericin
and psoralen are used as standard photosensitixing compounds,based

on previous reports.

Following TLC separation, the isolated fractions, PAF 1 and

PAF 2, underwent further scrutiny to confirm their phototoxic
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properties. This involves repeating the uric acid assay on the individual
fractions, providing evidence of their ability to induce photochemical
reactions. To further validate their photosensitizing activity, the
linoleic acid assay is conducted, which measures the light-induced
oxidation of linoleic acid. This dual approach, utilizing both uric acid
and linoleic acid assays, provides a comprehensive understanding of
the phototoxic potential of PAF 1 and PAF 2, shedding light on their
interaction with light and their ability to generate reactive species. We
aim to contribute to the broader knowledge of phototoxicity of PAF 1

and PAF 2 fractions from F. tataricum and F. auriculata respectively.
4.2 Materials and methods
4.2.1 Materials

1000 W halogen tungsten lamp (L05100, Wipro Ent [P] Ltd) It
can cover a wavelength range of 350 nm to 3500 nm which can span
the absorption maximum of reported photosensitizers from the selected
plant species. Uric acid is purchased from Scisco Research

Laboratories (SRL).
4.2.2 Uric acid photodepletion assay (Fischer et al., 1998)

Comparing the photodynamic  activity of  various
photosensitizers is best accomplished using the uric acid test, which
stands out as the most suitable method. Because of photosensitization,
uric acid, which acts as a singlet oxygen scavenger, demonstrates a

reduction in its absorption at a wavelength of 293 nm.
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Requirements:

1. Phosphate buffered saline solution (1M, pH 7.4)
2. Uric acid solution: 10 pg/mL

Procedure

All the test tubes were kept under the dark to avoid light, other
than that from the halogen lamp. An irradiation process lasting 5 min
was performed on 1 mL of a solution of uric acid that contained
photosensitizers. When the illumination being was performed, the light
source was kept at a distance of between 30 cm from the light source.
Using a UV-Visible Spectrophotometer, the samples’ optical density
(OD) was measured at a wavelength of 293 nm, before and after the

irradiation.
4.2.3 Thin Layer chromatography (TLC) (Eguchi ez al., 2009)

TLC plate preparation: To make silica gel slurry, combined 4 g of
TLC silica gel with 8 mL distilled water. Evenly spread this slurry
over a glass slide that was 16 x 8.2 cm in size to create a layer,
precisely 0.50 mm thick. After allowing the silica gel layer to air dry

for 30 min, it was heated for another 30 min at 110 °C to activate it.

Sample and standard loading: The capillary tube was used to spot
the plant extracts (5 mg/mL), psoralen (50 pg/mL) and Hypericin (10
ng/mL) reference standards to the TLC plate from a distance of 1 cm

from the end.
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Chromatogram development: Toluene, ethyl acetate, formic acid,
and pyridine were properly blended in a precise ratio of 50:40:10:20 to
serve as the solvent system for chromatogram development. The
chromatographic chamber was filled with the solvent system first, then
it was covered and let to saturate. TLC plates with samples on them

were allowed to develop in the saturated chamber.

Chromatogram visualisation: After the TLC plate developed
completely, it was taken out of the chamber and the solvent front was
noted. After drying, the spots on the plates were seen under a UV

trans-illuminator (Syngene G: Box).

Spot collection: Collected the spot by lightly scratching the silica gel
where the target compound is located. After being collected, the silica
gel was carefully dissolved in methanol for PAF 1 spot and acetone for
PAF 2 spot. Following that, the solution was centrifuged at 1500 rpm
for 5 min. This effectively separated the solid remains, producing a
supernatant that was clear and homogenous. The supernatant was then

concentrated and used for further analysis.

Standards used in TLC: F.tataricum has been reported to possess
fagopyrin. Hence hypericin was used as a standard for fagopyrin, due
to its structural similarity and commercial availability. Ficus species
has been reported to contain furanocoumarins. Hence psoralen was

chosen as a standard for furanocoumarins.
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4.2.4 HPTLC

The HPTLC analysis was carried out at the Centre for
Medicinal Plants Research (CMPR) in Arya vaidyasala, Kottakkal,
Malappuram. Sample solution was prepared and applied to the silica
gel HPTLC plate using a capillary tube. The plate was then developed
in a developing chamber containing a 50:40:10:20 mixture of toluene,
ethyl formate, formic acid and pyridine as the mobile phase (Eugchi et
al., 2009). Once the solvent front reached the desired height, the plate
was removed and allowed to dry. The developed spots were visualized
under ultraviolet (UV) light at a wavelength of 288nm, 302nm and 346

nm.
4.2.5 Linoleic acid test (Castell ez al., 1994)

Highly reactive lipid hydroperoxides are produced when photo-
induced lipid peroxidation of linoleic acid occurs. The rise in

absorbance at 233 nm can be used to quantify this.
Requirements
1. Phosphate buffer (0.01 M pH 7.2)

2. 0.05% Tween 80 (v/v): 100 mL of distilled water is mixed with
0.5 mL of Tween 80, and heated in a boiling water bath until it

dissolves completely.
3. 0.01 M phosphate buffer with 0.35% linoleic acid (pH 7.2)

Method: Filled test tubes with 1 mL of the 0.35% linoleic acid

solution. The reaction mixture which contains photosensitizers in
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different concentrations is exposed to irradiation for 5 min.
Absorbance at 233nm was measured before and after irradiation for
each photosensitizer. Linoleic acid's photosensitized peroxidation level

is determined by measuring the absorbance rise at 233 nm.
4.3 Results
4.3.1 Uric acid photodepletion test

The results of Uric acid test with crude extract of F. tataricum

and F. auriculata are given in Figure 4.2.

Figure 4.1 UV-Visible absorption spectra of uric acid in PBS
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UV-Visible spectrum of uric acid shows a peak at 292 nm.
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The UV-Visible spectrum in figure 4.1 illustrates absorption

peak for uric acid in PBS. Under the presence of phototoxic chemicals
from Fl.auriculata and F.tataricum, the UV-visible spectra of uric acid
show a decrease in peak intensity at 292 nm (Figure.4.2). The
phototoxic chemicals included in both F.auriculata and F.tataricum
clearly show photodynamic activity based on UV-Visible spectra and
uric acid behavior. Reduced uric acid peak intensity at 292 nm after
irradiation indicates the synthesis of singlet oxygen, a fundamental

reactive oxygen species engaged in photodynamic reactions.

Figure 4.2 UV-Visible spectrum of uric acid test
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Uric acid test of samples exhibiting a decrease in peak at 292 nm. The peak intensity
decreases in the presence of phototoxic compounds from F. tataricum at 300 pg/mL
concentration (A) and F. auriculata at 300 pg/mL concentration (B). The following
abbreviations are used — BLFA: crude extract of F.auriculata (before light exposure),
ALFA: crude extract of F. auriculata (After light exposure), BLFT: Extract of
F.tataricum (before light irradiation), ALFT: extract of F.tataricum (after light
exposure).

The crude extract of F.auriculata demonstrates a greater
phototoxic breakdown activity of uric acid compared to F. tataricum.

A greater decrease in the 294 nm peak in F.auriculata indicates a more
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significant reduction in wuric acid concentration compared to
F.tataricum. This suggests that F.auriculata crude extract possess

more phototoxic compounds.
4.3.2 TLC

The result of TLC separation is given in figure 4.3.

Figure 4.3. TLC chromatogram

[A] F. tataricum (Lane land 2) Hypericin (Lane 3)

[B] F. auriculata (Lane 1) Psoralen (Lane 2)

In accordance with Figure 4.3, the TLC chromatogram analysis
demonstrated that the F'fataricum exhibited a band where Rf value that
was identical to that of the standard, hypericin (Figure 4.3A). When
compared to its standard, psoralen, the corresponding TLC fraction
derived from F. auriculata had an Rf value that was precisely the same

figure as psoralen. Based on these findings, it is highly probable that
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F.tataricum extract consists of a naphthodianthrone with similar

structure as hypericin; and F. auriculata extract possesses a furan,
structurally related to psoralen. These isolated fractions from the F.
tataricum and F. auriculata are termed hereafter as Photoactive

fraction 1 (PAF 1) and Photoactive fraction 2 (PAF 2) respectively.

4.3.3 HPTLC

The results of HPTLC of F.tataricum extract and hypericin are
given in Figure 4.4, Table 4.1 and Table 4.2.

Figure 4.4 HPTLC chromatogram of F.tataricum and hypericin

HPTLC chromatogram visualization under (A) Visible light, (B) 254 nm (C) 366 nm.
Lane 1: F.tataricum extract
Lane 2: Hypericin

Hypericin (Lane 2) appears as a spot under all three
wavelengths: visible light, 254 nm and 366 nm. The F. tataricum
extract (lane 1) shows spot under visible light and 366nm wavelength
light, which corresponds to the hypericin standard, as well as several

other fluorescent spots with different retention factors.
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Table 4.1 Rf values of F. tataricum spots observed under 366nm

Start Start Max Max Max End End Area
Peak Rf Height Rf Height % Rf  Height Area %
1 0.02 0.2 0.04 26.7 10.55 0.05 1.9 275.5 5.26

2 0.14 49 0417 463 1830 0.20 14.9 1039.5 19.84
3 0.26 145 027 222 875 0.29 11.8 3494 6.67
4 0.29 123 032 603 23.82 0.36 8.8 1275.5 24.34
5 0.47 148 050 279 11.02 0.51 8.1 625.6 11.94
6 0.52 92 053 13.8 5.47 0.56 53 337.7 6.45
7 0.63 7.5 0.85 18.1 7.15 0.68 1.7 4531 8.65
8 0.74 11 0.76 13.2 520 0.78 4.2 207.8 3.97
9 0.88 6.2 0.91 247 9.73 0.93 16.0 675.9 12.90

Table 4.2 Rf values of Hypericin spots observed under 366 nm

Start Start Max  Max Max End End Area

Peak Rf Height Rf Height % Rf  Height Area %
1 0.04 2.3 0.06 12.3 1.68 0.07 4.5 262.5 1.09
0.14 3.2 0.17 16.4 226 0.18 15.2 394.7 1.64

020 163 023 26.0 357 023 228 581.2 2.42
025 317 030 5854 8037 036 135 20057.2 83.49
0.46 119 049 718 9.86 0.54 6.3 2093.0 8.7
0.78 79 080 165 226 0.85 2.6 633.5 2.64

[ IS 2 B - ¥ I AN

The chromatogram exhibits several prominent peaks
characterized by their retention factor (Rf), height and area, indicating
different compounds. Table 4.1 shows the identification of nine peaks.
With an area of 1275.5, peak 4 is the largest, representing 24.34% of
the total area. Its maximum Rf is 0.32 and its maximum height is 60.3.
Six peaks were observed in table 4.2. Peak 4 in particular clearly
dominates, accounting for 83.49% of the total area (20057.2), has a
maximum Rf of 0.30, and reaches a remarkably high maximum height
of 585.4. The remaining peaks in this chromatogram have areas of

significantly smaller extent, accounting for 1.09% to 8.71 % of the
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total area. The Rf value of the spot in the F.tataricum extract is similar,

indicating the presence of fagopyrin in this extract.

The results of HPTLC analysis of F.auriculata and psoralen are
observed under visible light, under 254 nm and 366 nm are given in

figure 4.5.

Figure 4.5 HPTLC chromatogram of F.auriculata and psoralen

HPTLC chromatogram visualization under (A) visible light (B) 254 nm (C) 366 nm
Lane 1: F.auriculata extract
Lane 2: Psoralen

The HPTLC plate revealed that the psoralen lane was not
visible under normal light. However, a spot was visible under 254 nm
and 366 nm. A fluorescence spot in PAF 2 chromatogram
corresponding to the reference psoralen was clearly visible under 366
nm. This indicates the presence of furan compound in the plant
extract. In addition, additional fluorescent spots were detected,

indicating the presence of other compounds in the extract.
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Table 4.3 Rf values of F.auriculata plant extract

Start Start Max Max Max End End Area
Peak Rf Height Rf Height % Rf Height Area %
1 0.1 1.0 0.13 67.9 26.46 0.17 7.6 1148.3 21.70
o 0.29 29 031 16.7 651 0.32 6.2 317.8 6.01
3 0.49 142 0.50 23.2 9.03 0.52 11.5 516.9 9.77
4 060 104 063 191 7.45 0.64 9.0 479.7 9.07
5 0.65 8.1 0.67 24.0 933 0.69 6.2 503.2 9.51
6 083 213 084 258 1003 085 15.0 504.6 9.54
7 0.89 11.7 0.91 26.2 10.21 0.93 17.5 562.7 10.64
8 094 169 096 539 2098 0.99 7.3 12576 23.77
Table 4.4 Rf values of psoralen
Start Start Max Max Max End End Area
Peak Rf Height Rf Height % Rf  Height Area %
1 0.13 1.3 0.16 11.5 4.31 0.17 7.0 238.6 2.7¢
2 0.29 9.9 0.31 40.6 15.18 0.33 10.4 688.7 8.00
3 0.47 10.7 0.49 16.5 6.15 0.53 5.1 590.4 6.85
4 0.78 3.8 083 199.0 7436 0.88 3.3 7095.5 8238

TLC analysis of the F.auriculata extract (Table 4.3) revealed
eight distinct peaks, indicating multiple compounds separated by their
Rf values ranging from 0.11 to 0.94. The compounds differed in their
peak heights and the proportions they represented in the total area.
The psoralen had four discernible peaks, with Rf values ranging from
0.13 to 0.78 (Table 4.4). Peak 4 was the dominant compound in the
psoralen lane with a maximum Rf value of 0.83 and a proportion of
82.38 % of the total area. A maximum Rf value 0.82 was also found in

the F.auriculata extract lane.
4.3.4 Uric acid test of PAF 1 and PAF 2

The results of uric acid test of PAF 1 and PAF 2 is depicted in
Figure 4.6.
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Figure 4.6 UV-Visible spectrum of uric acid test of PAF 1 and PAF 2
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The test exhibits a decrease in peak at 292 nm. The peak intensity decreases in the
presence of phototoxic compounds from PAF 1 at 300 pg/mL concentration (A) PAF
2 at 300 pg/mL concentration (B) and uric acid (C). BL: Before light treatment AL:
After Light treatment

Figure 4.6 illustrates UV-Visible spectrum of uric acid,
characterized by a peak at 292 nm, which signifies its concentration.
Upon exposure to phototoxic compounds from PAF 1 and PAF 2, both
at a concentration of 300 ug/mL, a reduction in the 292 nm peak
intensity is observed, indicating uric acid degradation. Notably, PAF 1
demonstrates a more decrease in peak intensity compared to PAF 2,
suggesting a greater capacity for phototoxic breakdown of uric acid.
Furthermore, PAF 1 exhibits a higher depletion of uric acid than the
crude extract it was derived from, highlighting the effectiveness of the
fraction in inducing this phototoxic effect. Moreover, this confirms
that the photoactive compound from the plant is present in this

particular TLC fraction.
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4.3.5 Linoleic acid photo-peroxidation assay

The result of linoleic acid photo-peroxidation is given in figure
4.7.

Figure 4.7. Relative photoperoxidation ability of PAF 1 and PAF 2
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Linoleic acid was exposed to 1000 W halogen lamp irradiation for 1 min at 300
pg/mL concentration and the formation of conjugated dienic hydroperoxides was
quantified by absorbance at 233 nm. Values are mean of three estimations. Error bar
indicates standard error. Different alphabets indicate significant differences between
groups. F value for linoleic acid photoperoxidation is 61.274 .P <0.05.

Figure 4.7 illustrates the relative photoperoxidation ability of
PAF1 and PAF2, demonstrating that both compounds induced linoleic
acid peroxidation under 1000W halogen lamp irradiation for 1 min at
300 pg/mL concentration. The observed increase in absorbance at 233
nm for both PAF1 and PAF2 confirms the formation of conjugated

dienic hydroperoxides, a direct indicator of lipid peroxidation.
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Notably, the data suggests that both PAF 1 and PAF 2 possess linoleic

peroxidation activity.
4.4 Discussion

In the present work, we discovered that the uric acid (UA) peak
at 292 nm dropped following addition of F. auriculata and F.
tataricum to a UA solution and subsequent 5 min illumination of the
solution. This produced the noted drop in the UA peak. The
mechanisms that were found for established photosensitizers (PS) in
the UA test match this decrease. This indicates that among the plant
extracts are molecules acting as type II photosensitizers. Two sensible
theories explain the drop in UA absorbance: either singlet oxygen
production or quenching of the excited triplet state of the
photosensitizer. One can find both of these justifications feasible.
Fischer et al. (1998) claims that both of these mechanisms participate
in photodynamic reactions. The molecules of the photosensitizer in the
extracts definitely go through the process of excitation to a singlet state
after being exposed to light; this is subsequently followed by
intersystem crossing to the triplet state, which is more stable.
Following that, this triplet state can interact with molecular oxygen,
which produces reactive oxygen species (ROS), specifically singlet
oxygen, a feature of Type Il photochemical reactions (Foote. 1968,
Abrahamse et al., 2016). Triplet state interacts with molecular oxygen
in this way. Following that, the produced reactive oxygen species
(ROS) could be in charge of uric acid degradation in solution, therefore
causing the observed decrease in absorbance. This investigation

provides proof that the plant extracts comprise active photosensitizers
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able to induce photodynamic activity under light. The observed drop in
UA absorption helps to show this fact. More noteworthy is the
consistency of this approach with the function photosensitizers have
been shown to perform in quenching excited triplet state process,
generating singlet oxygen. Given the results, it seems that natural
photosensitizers could come from extracts of F. tataricum and F.
auriculata. Two fields where the use of these extracts could be quite
beneficial are the field of photodynamic treatment and oxidative stress
research. When comparing F.tataricum and F. auriculata, the extract
of F. auriculata revealed a more significant drop in the peak of uric
acid. When compared to the amount found in the extract of F.
tataricum, the extract of F. auriculata contains rather more

chromophores.

The observed phototoxicity of the crude extract prompted us to
isolate  photosensitizer-containing  fractions  using thin-layer
chromatography (TLC). The appearance of red spots on the TLC plates
of F. tataricum extracts is consistent with Euguchi et al. (2009), who
reported the distribution of fagopyrin in buckwheat cultivars. Their
study showed that the intensity and presence of red spots, indicative of
fagopyrin, varied across different plant parts. Similarly, our results
suggest the presence of fagopyrin in F. tataricum extracts, as the red
spots on silica gel TLC plates indicate compounds with similar
chromatographic properties. Euguchi et al. (2009) also demonstrated
that fagopyrin concentration, visualized by red spot intensity, differs
significantly across plant tissues, with leaves and flowers typically
showing higher concentrations. The red spots observed in the present

analysis of F. tataricum extract suggest the likely presence of
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fagopyrin. Further analysis is required for definitive confirmation. Due
to the limited availability of pure fagopyrin, hypericin, which shares
structural similarities, was used as a standard. Hypericin is also known

to be used as a standard compound for fagopyrin identification.

PAF 1 and PAF 2 were further tested for their phototoxic
property using uric acid test and photo-lipid peroxidation test. We
found phototoxicity for both PAF 1 and PAF 2. Our findings
demonstrated a significant increase in linoleic acid photo-peroxidation,
as evidenced by a heightened absorbance at 233 nm, following
exposure to 1000 W halogen tungsten lamp for 1 min. This observation
aligns with the established principle that the formation of conjugated
dienes, a hallmark of lipid peroxidation, results in a characteristic
absorption peak near 233 nm (Recknagel ef al., 1983). As highlighted
by Maurer (1987), linoleic acid photo-peroxidation serves as a valuable
in vitro test system for detecting potentially phototoxic compounds. Its
simplicity, cost-effectiveness, and sensitivity make it a convenient tool

for early-stage photosensitizer drug development.

The increase in absorbance at 233 nm in our experiments
indicates a substantial rise in conjugated diene formation, thereby
confirming the susceptibility of linoleic acid to photo-peroxidative
damage under the applied conditions. This is consistent with the
general observation that unsaturated fatty acids, such as linoleic acid,
are readily peroxidized upon exposure to light and photosensitizers,
due to the presence of methylene groups between double bonds, which

are susceptible to free radical attack (Miranda et al., 1993).

While the linoleic acid photo-peroxidation assay offers a rapid

and sensitive method for detecting phototoxic potential, it is crucial to
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acknowledge its limitations. As noted by Maurer (1987) and Miranda
et al. (1993), this assay may produce false positives due to its inability
to account for cellular antioxidant defenses. Furthermore, it may not
detect phototoxic compounds acting through alternative mechanisms,
such as DNA damage. Therefore, complementing this assay with other
techniques capable of assessing photodamage to diverse biological

targets is essential for a comprehensive evaluation of phototoxicity.

In the present study, the use of a non-peroxidized linoleic acid
sample as a control, allowed for the accurate determination of the
difference in 233 nm absorbance, effectively isolating the contribution
of photo-peroxidation from the inherent end absorption of non-
peroxidized lipids. This approach ensures that the observed increase in
233 nm absorbance is directly attributable to the formation of

conjugated dienes resulting from the applied experimental conditions.

In conclusion, this chapter demonstrates that extracts from F.
auriculata and F.tataricum contain photosensitizing compounds
capable of inducing photodynamic activity, as evidenced by the
reduction of uric acid absorbance and the photo-peroxidation of
linoleic acid. These findings suggest potential applications for these
fractions (PAF 1 and PAF 2) in photodynamic therapy and oxidative
stress research, warranting further investigation into the specific

photosensitizing compounds and their mechanisms of action.
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Chapter 5

Effect of PAF 1 and PAF 2
on skin cancer (A431) cells in vitro

5.1 Introduction

Photodynamic therapy (PDT) is an emerging treatment for
various cancers, including skin cancer, utilizing a light-activated
compound known as a photosensitizer. Upon activation, the
photosensitizer generates reactive oxygen species (ROS) that induce
cell death. Before progressing to in vivo experiments and clinical trials,
in vitro cytotoxicity assessments are crucial for determining the
effectiveness of photosensitizers, particularly against cell lines like
A431. This chapter focuses on the methods used to evaluate the
cytotoxicity of phototoxic fractions PAF 1 and PAF 2 against A431
cells. These techniques include subcellular localization assessments to
determine drug placement within cells, AO/EtBr staining to
differentiate between apoptosis and necrosis, Comet assay to assess
DNA damage, Caspase 3 assay to investigate apoptotic activity, and
cell cycle analysis to examine the impact of PAF 1 and PAF 2 on cell
cycle progression. Collectively, these experiments contribute to a
comprehensive understanding of the mechanisms underlying the
cytotoxic effects observed in A431 cells treated with PAF 1 and PAF
2.
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5.2 Materials and Methods
5.2.1 Materials

The study employed a 1000 W tungsten halogen lamp
((L0O5100, Wipro Ent [P] Ltd) as the light source for PDT. The human
epidermoid carcinoma cell line A431was purchased from the National
Centre for Cell Sciences (NCCS) in Pune, India. For cell culture
experiments, essential materials, including Dulbecco’s Modified Eagle
Medium (DMEM), 0.25% Trypsin - EDTA, and Antibiotic-
antimycotic solutions and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from Himedia,
India. Fetal Bovine serum (FBS) was purchased from Gibco, Life
Technologies Limited, UK. 5-Amino Levulinic acid (ALA) was
acquired from Sisco Research Laboratories Pvt. Ltd, Mumbai, India.
Acridine orange, Ethidium bromide, DAPI, DCFDA, low melting
agarose, agarose, propidium iodide, caspase 3 substrate, BSA all are
purchased from SRL, India. Softwares used are: Casp-1.2.3bl.exe for

comet assay analysis, Floreado.io for flowcytometry analysis.
5.2.2 Cell culture
5.2.2.1 Maintenance of cell lines

The A431 human epidermoid squamous carcinoma cell line and
L929 mouse fibroblast cell line was purchased from the National
Centre for Cell Sciences (NCCS) in Pune. These cells were cultured in
Dulbecco’s Modified eagle Medium (DMEM) supplemented with

10 % Fetal Bovine Serum (FBS) and 1 % of antibiotic-antimycotic
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solution. The cell cultures were maintained in a humidified atmosphere

at 37 °C with 5 % CO» .

The cell lines are grown as a monolayer, adhering to the surface
of the culture flask. In culture, cells undergo proliferation, gradually
forming a continuous layer on the seeded surface. Once the surface is
entirely covered by a monolayer of cells, the culture is considered
“confluent”. When cells reach around 80-90 % confluence in a culture
flask, it is advisable to perform sub-culturing by reseeding them at

lower density.
5.2.2.2 Subculture

For the subculture, first verified the cell culture flask for
confluent cell growth and discarded the spent media. Subsequently,
performed two washes with 1ml of Phosphate Buffered Saline (PBS)
containing 137 mM NacCl, 2.7 mM KCI, 8 mM Na,HPO4, and 2 mM
KH2POy4 at a pH of 7.4 to eliminate residual serum that might interfere
with trypsin activity. Added 1 ml of trypsin-EDTA solution to the flask
and let it incubate for 5-10 min to facilitate cell detachment.
Neutralized trypsin by adding fresh culture media, followed by
centrifugation of the cell suspension at 1500 rpm for 5 min. discarded
the supernatant and dissolved the pellet with 1 ml of fresh media.
Transferred a 1/10 aliquot of the cell suspension into a new flask with
an appropriate amount of culture medium. After that placed the cell
culture flasks into a CO: incubator. After 24 h, verified cell
reattachment and confirmed the medium pH is around 7.4. Changed

the media as needed until the next subculture. To determine cell
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viability, employed trypan blue dye and a hemocytometer for cell

counting.
5.2.2.3 Cell counting

For the cell counting mixed 100 puL of trypsinized cells which
are already mixed with 1 mL of fresh media with 100 puL of 0.4%
trypan blue dye and let the mixture stand at room temperature for 5
min. 10 pL of this mix was placed on a hemocytometer and observed
under microscope. Viable cells will repel the dye, while damaged cells

will absorb it.
5.2.2.4 Cryopreservation

To preserve the cells, they were frozen and stored at -80°C. The
cell suspension was diluted to a 1:1 ratio with a freezing medium
consisting of DMEM media with 5 % DMSO (serving as the
cryoprotectant).

5.2.2.5 In vitro cytotoxicity assay

In vitro cytotoxicity assessments of samples were done using
MTT assay, trypan blue exclusion method and NRU assay. Based on
the samples and treatment methods applied, we took eight

experimental groups which are as follows:
Group I (G-I): Cells
Group II (G-II): Cells + Light (267.81 W/m?, 90 S)

Group III (G-III): Cells + PAF1
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Group IV (G-1V): Cells + PAF2

Group V (G-V): Cells + ALA

Group VI (G-VI): Cells + PAF1+ light (267.81 W/m?, 90 S)
Group VII (G-VII): Cells + PAF2 + light (267.81 W/m?, 90 S)
Group VIII (G-VIII): Cells +ALA-+light (267.81 W/m?, 90 S)
» MTT assay

The MTT  (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl
tetrazolium bromide) assay relies on the transformation of MTT (a
water-soluble tetrazolium salt in yellow form) into water insoluble
dark blue formazan crystals through the reductive cleavage of the
tetrazolium ring by viable cells, reflecting their mitochondrial activity.
Given that for most cell populations, total mitochondrial activity
correlates with the number of viable cells, this assay finds widespread
application in assessing the in vitro cytotoxic impact of samples on cell

lines.

Requirements:
1. MTT - 5 mg/1 mL (PBS)
2. DMSO- 100%
3. 96 well plate
Procedure:

Cells were plated in a 96 well plate at a density of 5x10° cells
per well and incubated for 24 h at 37 °C with 5 % COz. Once cells

attached, they were treated with samples at final concentrations of 6.25
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pg/mL, 12.5 pg/mL, 25 pg/mL and 50 pg/mL (Dissolved in 0.1%
DMSO and then diluted with PBS). Following al h incubation, the
cells were irradiated with a 1000 W tungsten-halogen lamp for 90 s.
Another plate was kept in dark to evaluate the dark toxicity of those
fractions. Positive controls involved cells treated with ALA, while an
untreated set served as the control. After each incubation interval
(24,48 and 72 h), the medium was replaced with fresh medium, and 10
uL of MTT solution was added to each well. The plates were incubated
for 4 h during which viable cells reduced the yellowish MTT to a dark
- colored formazan. Subsequently, the medium was removed, and 100
uL of DMSO was added to dissolve the formazan. The microplate was
shaken, and optical density values were measured at 492 nm using
plate reader (Alere 2100). The percentage inhibition were calculated by

the formula:

Percentage of growth inhibition =

Absorbance of control—Absorbance of sample

( ) X 100

Absorbance of control
» Trypan Blue exclusion method

The dye exclusion test is employed for assessing the quantity of
viable cells within a cell suspension. This method relies on the
fundamental principle that viable cells maintain intact cell membranes,
preventing the uptake of specific dyes like trypan blue, Eosin or
propidium. Conversely, non-viable or dead cells lack this membrane

integrity and readily incorporate such dyes.
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Requirements :
1. Trypan blue - 0.4 % in PBS
2. PBS
3. Hemocytometer

Procedure :

Approximately 15x 10° cells were seeded in 12 well plates.
Following a 24 h incubation period, the cells were treated with the I1Cso
concentration of the samples, incubated for 1 h, and subjected to
photo-irradiation using halogen lamp for 90 s. Another plate was kept
in dark without any light exposure, and a control group consisted of
cells without dye treatment. After an additional 24 h of incubation, the
cells were trypsinized, centrifuged for 10 min at 1500 rpm, and the
supernatant was discarded. The cell pellet was then resuspended in 1
mL of serum-free medium. A mixture of 0.4 % trypan blue and the cell
suspension was prepared in a 1:1 ratio. 10 uL of the mixture was
placed on a hemocytometer, and the unstained (viable) and stained
(non-viable) cells were counted separately. The percentage of dead

cells was calculated as follows:

Number of dead cells

x 100

Percentage of dead cells =
Total number of cells

5.2.2.6 Cell Morphology analysis

15 X 10° cells were cultured in tissue culture 6 well
plate with the ICso concentration of samples for 24 h. After the
incubation, the media was removed carefully, and the cells were

washed with PBS. Again, added fresh media in to each well.
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Morphological alterations in the cells were examined under a phase-

contrast inverted microscope (Optika, IM3) at a magnification of 20X.
5.2.2.7 Subcellular fractionation

Accumulation of PAF 1 and PAF 2 in cellular compartments
were assessed through subcellular fractionation by using method by

Kunwar et al., 2008 with some changes.
Requirements:

1. Lysis solution: 2.5M NaCl, 100mM EDTA, 10Mm Tris buffer,
90mM Sodium Sarcosinate, 1% TritonX100, 10% DMSO

2. Methanol
Procedure

Cells in a 25cm? flask were incubated with PAF 1 and PAF 2 at
its ICso concentration for 1 h. After the incubation subcellular
fractionation was carried out. The treated cells were suspended in 0.5
mL of lysis solution which also contained detergents. In Kunwar
method they used lysis buffer and and then Nonidet P-40 (0.6%).
Instead of this we used lysis solution to breakdown the cells. Then the
cells were subjected to centrifugation at 2000x g for 10 min,10,000 x g
for 15 min, and 100,000 x g for 45 min to isolate nuclear,
mitochondrial, and membrane fractions respectively as pellets, after
centrifugation at each velocity. The cytosolic fraction remained in the
supernatant after collecting the pellet corresponding to the membrane

fraction. Each pellet fractions were washed three times with cold PBS,
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air dried, and resuspended in 0.5 mL of methanol, followed by
sonication to completely extract our compounds. The supernatant was

also subjected to fluorescence measurement.

5.2.2.8 Acridine orange (AO) and Ethidium Bromide (EB) dual

staining

The morphological identification of apoptotic and necrotic cells
was conducted using DNA-Binding dyes Acridine orange (AO) and
Ethidium bromide (EB). Acridine orange, capable of penetrating both
viable and nonviable cells,emits green fluroscence when intercalated
into double-stranded nucleic acid (DNA) or red fluroscence when
bound to single-stranded nucelic acid (RNA). Ethidium bromide,on the
other hand, is exlusively taken up by nonviable cells emitting red

fluroscence through intercalation into DNA.
Requirements:
1. Ethidium bromide - 5 pg/mL
2. Acridine orange - 5 ug/mL
3. Chilled PBS
4. 12 well plate
Procedure

Acridine orange and ethidium bromide dual staining was done
by Mustafa et al., 2021 with some modifications. A431 cells were

cultured in DMEM and reaching 60-70% confluency, underwent
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treatment with the ICso concentration of the dye. Following a 1 h
incubation, the cells were exposed to light for 90 s and then further
incubated for 24 h. Another plate was kept in dark to assess dark
toxicity. After the incubation period, cells were rinsed with chilled
PBS and stained with a mixture of Acridine orange and Ethidium
bromide (1:1) at room temperature for 10 min in dark. The stained
cells immediately underwent two or three washes with PBS and were
subsequently examined under a fluorescence microscope with in 20
min using a blue filter. Proper washing step is mandatory during the

staining techniques.
5.2.2.9 Assessment of Reactive Oxygen Species (ROS) levels

DCFH-DA, a stable nonfluorescent compound, easily crosses
cell membranes and becomes integrated into the hydrophobic lipid
regions of cells. Inside the cell, cellular esterases remove the acetate
moiety, leading to the formation of the polar 2’,7’-dichloroflurescin
(DCFH), which 1is then trapped within the cell. DCFH, initially
nonfluorescent, undergoes rapid oxidation by various reactive oxygen
species (ROS) to yield the highly fluorescent 2°,7’-dichlorofluorescein
(DCF). The detectable green fluorescence serves as an indicator of

ROS formation.
Requirements:

1. PBS

2. 10 uM DCF-DA

3. 12 well plate
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Procedure

Assessment of ROS was done by the method described by
Mustafa et al., 2021. A431 cells were seeded in a 12 well plate and
subjected to the ICso concentration of the samples. Following 1 h
incubation, the cells were exposed to light and then incubated for 24 h.
Media was removed, and cells were washed with PBS. Control and
treated cells were stained with 10 puM DCFDA for 10 min at 37°C in
dark, followed by a wash with cold PBS to remove the remaining part
of the stain. Examined under a fluorescent microscope within short

time period.
5.2.2.10 DNA damage analysis by Comet assay

The comet assay, also known as single-cell gel electrophoresis
(SCGE), identifies DNA damage by observing that, when exposed to
an electric field, cells with compromised DNA display enhanced
migration of genetic material from the nucleus towards the anode,
creating a comet-like tail. The extent of this migration id directly
proportional to the level of DNA damage. Utilizing nucleotide
staining, the analysis of the “comets” formed during single-cell

electrophoresis allows for the quantification of DNA damage.

Requirements:

1. Low melting point agarose- 0.5 % and 1% low melting point
Agarose

2. Normal agarose -0.5% Agarose
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3. Microslides
4. Cover slips

5. PBS- NaCl: 0.8g, KCI: 0.02g, Na 2 HPO4: 0.144g, KH > PO 4 :
0.024¢g Dissolved it in 100 ml distilled water.

6. Lysis solution- 2.5M NaCl, 100mM EDTA, 10Mm Tris buffer,
90mM Sodium Sarcosinate, 1% TritonX100, 10% DMSO

7. Neutralization buffer - 400mM Tris HCL.

8. Electrophoresis buffer- 300Mm NAOH, 1.2Mm EDTA,
dissolved in 1000ml distilled water

0. Ethidium bromide — 20 pg/mL
10. Fluorescent microscope
Procedure

To assess DNA damage, comet assay was performed on A431
cells treated with the ICso concentration of PAF 1 and PAF 2.
Following a 1 h incubation, the cells were exposed to light for 90 s.
After 24 h of further incubation, cells were harvested by trypsinization,
and the cell suspension was centrifuged at 1500 rpm for 5 min. The
resulting pellet was re-suspended in 5 ml PBS. Microslides were
prepared by applying 1 % normal agarose in PBS, covered with a
coverslip, and allowed to solidify at 37 °C. After removing the cover
slip, a mixture of 50 pL of cell suspension and 50 pL of 1 % low

melting agarose was applied on top of the gel-covered microslide.
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Following a 10 min incubation at 4°C, the coverslip was removed. A
third coating of 50 pL of 0.5% low melting agarose was placed on the
gel and allowed to set at 4°C for 15 min. After agarose solidification,
slides were kept at a refrigerating temperature along with ice cold lysis
solution for 1 h. All procedures were conducted under low lighting
conditions to minimize additional DNA damage. Slides were then
placed horizontally in an electrophoresis chamber, which is filled with
electrophoresis buffer and allowed to unwind for 30 min.
Electrophoresis was then carried out at 25 V and 300 mA for 20 min.
Following electrophoresis, slides were removed, washed in a
neutralization buffer, and then in distilled water before being left to
dry. Cells were stained with 20 pL of ethidium bromide, covered, and
kept in the dark for 20 min. After removing the coverslip, slides were
washed in chilled distilled water to eliminate excess stain. Analysis of

comet tail was conducted under a fluorescence microscope.
5.2.2.11 Caspase 3 Assay

The quantification of Caspase-3 activity was conducted through
a colorimetric method. The assay relied on detecting the quantity of
Ac-DEVD-p-NA substrate cleaved by caspase 3 in cell lysates,
resulting in the liberation of the colored p-NA (para-nitroaniline)

molecule.
Requirements:

1. Lysis buffer : 50 mM HEPES, P! 7.4, 5 mM Triton X100, 5
mM DTT
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2. Assay buffer :20 mM HEPES, P 7.4, 0.1% Triton X100,5 mM
DTT, 2 mM EDTA

3. Caspase 3 Substrate 0.07 mM
4. Bradford reagent

5. BSA

Procedure

Caspase 3 assay was conducted by the method prescribed by
Pattayil L et al., 2019. Cells were cultured in a 25 cm? cell culture
flask. The cells were then exposed to the ICso concentration of the
PAF1 and PAF2. Untreated cells served as the control group.
Following a 1 h incubation, the cells were subjected to light exposure
for 90 s and further incubated for 24 h. Subsequently, the cells were
washed in PBS and suspended in ice-cold lysis buffer for 15 min. The
lysed cells were centrifuged at 16,000 X g, 4°C for 15 min. Protein
concentrations in the lysate were determined using the Bradford assay.
For the Caspase 3 assay, each tube containing 0.07 mM substrate in
assay buffer received 10-60 pul of cell lysate, bringing the total volume
in each well to 100 pl. Caspase 3 activity was assessed by measuring
the optical density at 405 nm using a microplate reader. Activity is

expressed as umol p-NA released per min per milligram of protein.
5.2.2.14 Cell cycle analysis

Cell cycle analysis evaluates cell distribution across different

stages by measuring DNA content. After fixing cells with ethanol,
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Propidium iodide (PI), a nuclear staining dye is used. Cells undergoing
division exhibit high amount of DNA Ileading to increased
fluorescence. The differences in fluorescence intensity serve as

indicators for the percentage of cells in distinct phases of the cell cycle.

Requirements:

1. IXPBS

2. 70% ice cold Ethanol

3. RNAase A - 100 mg/mL

4. Propidium lodide - 50 mg/mL
Procedure

Cell cycle analysis was done by the method described by
Athikkavil et al., 2023. The A431 cells were treated with PAF1 and
PAF2 at their ICso concentrations. After the irradiation of light
incubated them for 24 h. Subsequently the cells were collected, rinsed
with 1X PBS. Permeabilized cells for 30 min by adding 70 % ice cold
ethanol drop by drop and continuously vortexed the cell suspension.
The permeabilized cells were then treated with 100 mg/mL RNAase A
and 50 mg/mL propidium iodide (PI) before undergoing flow
cytometric analysis using a FACS instrument (BD FACS Melody).

5.3 Results
5.3.1 MTT assay

To assess the cytotoxicity of PDT, skin cancer cells were
subjected to MTT assays at different doses and time intervals. The
results of the study were used to analyse the time and dose dependent

responses of the cells to PDT (figures 5.1, 5.2 and 5.3).
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Figure 5.1 MTT Assay 24 h
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Dose dependent response was found in all groups. The groups without light
treatment showed lower inhibitory activity compared to light treated groups Values
are mean of three estimations. Error bars represent standard deviation (n=3).
Different alphabets indicate significant difference between the groups. F value for
6.25 pg/mL,12.5 pg/mL,25 pg/mL and 50 pg/mL are 77.882,197.041,404.157 and
998.781 . P value <0.05

Figure 5.2 MTT Assay 48 h
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W12.5 pg/mL

M 25 pg/mL
50 pg/mL

Percentage of inhibition

G-l G-I G-l G-IV G-V G-VI G-Vl G-Vl

Dose dependent response was found in all groups. The groups without light treatment
(Group I-Group III) showed lower inhibitory activity compared to light treated
groups (Group IV-VI). Error bars represent standard deviation (n=3). Different
alphabets indicates significant differences between the groups. F value for 6.25
pg/mL,12.5 pg/mL,25 pg/mL and 50 pg/mL are 103.464,334.872,1211.129 and
951.579. P value < 0.05
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Figure 5.3 MTT Assay 72 h
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Dose dependent response was found in all groups. The groups without light treatment
(Group I-Group III) showed lower inhibitory activity compared to light treated
groups (Group IV-VI). Values are mean of three estimations. Error bars represent
standard deviation (n=3). Different alphabets indicates significant differences
between the groups. F value for 6.25 ug/mL,12.5 pg/mL,25 pg/mL and 50 pg/mL
are 257.382,449.911,445.171 and 1164.325. P value <0.5

The MTT assay results obtained at different intervals showed a
significant rise in the inhibitory activity of the PDT group in a dose
and time dependent manner. The concentration of photosensitizers
directly relates to an increase in the percentage of cell inhibition.
Similarly, the duration of the incubation period influences the viability
of the cells; a longer incubation period after treatment causes higher
inhibitory rate. These findings suggest that the inhibitory effect of PDT
is directly influenced by the photosensitizer concentration and the
duration of the incubation time. Furthermore, in contrast to the other
groups, the cells in group II that were simply exposed to light did not
exhibit any discernible inhibitory activity, indicating that light
treatment by itself is insufficient to inhibit the proliferation of A431

cells.
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Table 5.1 ICso values of Groups III- VIII.

Group name 24 h 48 h 72 h

Group 111 88.82+2.250 92.73 £ 0.688 69.53£0.961
Group IV 88.43 £2.563 88.93 +3.869 70.49 £2.337
Group V 76.96 £ 0.980 79.12 £ 1.022 58.06 + 0.258
Group VI 37.38£0.717 35.65+1.077 29.08 =0.234
Group VII 65.54 +£2.120 60.19 £2.924 46.45+1.192
Group VIII 33.68 £0.424 29.56 = 0.650 13.51+0.254

The values are expressed as pg/mL + SD.n=3.

The inhibitory activity of the six experimental groups varied
significantly,as Table 5.1 shows,with groups VLVII and VIII
displaying the greatest inhibitory effects. These are the PDT groups.
Furthermore, the ICso values in these groups decreased gradually over

time, suggesting a higher time dependency effect.

5.3.2 Trypan blue exclusion

Trypan blue exclusion assay was used to assess the cytotoxicity

of photosensitizers.

Figure 5.4 Trypan blue exclusion assay.
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All values are mean of 3 estimations. Error bar indicates standard error.Different
alphabets indicate significant difference between groups. F value for trypan blue
exclusion assay is 2277.733. P value <0.05.
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Cell viability in eight experimental groups including the control
group was evaluated using the Trypan blue exclusion test, and the
results are shown in Figure 5.4. As shown in the results, the percentage
of dead cells in groups I-V ranged from 2%-5%. These levels were
comparable. By comparison, the percentage of cell death in groups VI,

VII and VIII were much higher, ranging from 40% -45%.
5.3.4 Analysis of cell morphology

Visual examination of A431 cells’ structure and appearance

under a microscope was done to analyze their morphology.

The morphological analysis of A431 cells treated with PAF1
and PAF2 is shown in Figure 5.5. Within groups VI, VII and VIII we
found a considerable decrease in the number of cells, indicating a
strong cytotoxic effect of the treatments. These cells also showed
distinct morphological changes, which were indicated by the presence
of apoptotic bodies. These features point to programmed cell death, a
common process brought on by coming into contact with cytotoxic
substances. The photosensitizer-alone and the light-alone treated
groups, on the other hand, showed only slight changes in their cellular
morphology suggesting that there had been no significant damage or

adverse effects.
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Figure 5.5 Morphological analysis of A431 cells

Cells were observed under 20x magnification. PDT groups show reduced cell number
and morphological alterations in the cells.
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5.3.5 Subcellular fractionation
The results of subcellular fractionation are given in Figure 5.6.

Figure 5.6 Subcellular distribution in different fractions
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The bar graph shows the percentage of components found in the nuclear,
mitochondrial, and cytoplasmic fractions for PAF 1, PAF 2, and ALA. The
mitochondrial fraction shows the highest concentration for all treatments,
with ALA exhibiting the most pronounced enrichment. The nuclear and
cytoplasmic fractions contain relatively lower levels, indicating differential
localization across subcellular compartments. Values are means of three
estimations. Error bar indicates standard error. Different alphabets indicate
significant difference between the groups. F value for PAF 1,PAF 2 and ALA
s 4693.787, 4415.043 and 4987.395 respectively. P <0.05.

The subcellular distribution analysis in figure 5.6 revealed
distinct localization patterns of components across nuclear,
mitochondrial, and cytoplasmic fractions for the treatments PAF1 and
PAF2, and ALA. The mitochondrial fraction consistently exhibited the

highest concentration of components across all samples, indicating a
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preferential accumulation in this compartment. Among the treatments,
ALA showed the most pronounced enrichment in the mitochondrial
fraction, suggesting a stronger association or targeting of components
to the mitochondria under this condition. In contrast, the nuclear and
cytoplasmic fractions contained relatively lower levels of components,
indicating differential localization and a lesser accumulation in these
compartments compared to the mitochondria. This pattern implies that
mitochondrial targeting plays a significant role in the cellular

distribution of these components across the different treatments.
5.3.6 Acridine orange/Ethidium bromide dual staining

Figure 5.7 presents the results of acridine orange/ethidium
bromide dual staining, a method used to visualize cell death, in

different photodynamic therapy (PDT) groups.

Group I and group II displayed no signs of apoptosis. Groups
III-V exhibited a small number of apoptotic cells, which could be
attributed to normal physiological cell death. In contrast, groups VI-
VIIIL, all part of the PDT regimen, demonstrated a range of apoptotic
responses. These groups showed a clear presence of orange staining
and membrane blebbing, characteristic features of apoptosis. The
variation in the extent of apoptotic features among these groups
suggests that the efficacy of PDT in inducing apoptosis is not uniform.
Some groups appear to be more susceptible to PDT-induced apoptosis

than others.
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Figure 5.7 Acridine orange/ethidium bromide dual staining

Experimental groups demonstrating varying degrees of apoptotic features, including
noticeable orange staining and membrane blebbing.Cells were observed under 20x
magnification.
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5.3.7 ROS generation assessment

Figure 5.8 illustrates the results of Reactive oxygen species

generation which is a key process of PDT.

Figure 5.8 ROS generation assessment

G-Il N

The PDT groups (Groups VI-VIII) showed ROS generation. Cells were observed
under 20 x magnification
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The PDT groups (VI-VIII) exhibited presence of ROS. This
finding suggests that the treatment or conditions associated with these
groups led to increased production of reactive oxygen species. In
contrast, the control groups (Group I and Group II) did not show a

similar level of ROS generation.

5.3.8 Comet assay

The results of comet assay are given in figure 5.9.

Figure 5.9 Comet assay

Control groups, showing minimal DNA in the comet tail, indicating low DNA
damage. Groups VI-VIII, showing higher percentages of DNA in the comet tail,
indicating increased DNA damage. Each image includes a small inset box displaying
analysis results from CaspLab software, which quantifies the percentage of DNA in
the tail and head regions.
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Based on Figure 5.9, the comet assay results reveal varying

levels of DNA damage across the different groups. The control groups,

Group I and II, show minimal DNA in the comet tail, indicating low

levels of DNA damage and maintaining DNA integrity. In contrast,

Groups VI-VIII display a higher percentage of DNA in the comet tail,

suggesting a significant increase in DNA damage. The greater tail

DNA percentage in these groups indicates more extensive DNA

fragmentation, which may be due to the treatment conditions applied

(Table 5.1). The analysis by CasplLab software confirms these

observations, quantifying the distribution of DNA in the head and tail

regions for each group.

Table 5.2 DNA percentage in tail and head.

Groups Head DNA % Tail DNA %
Group I 99.95 0.049
Group II 99.99 0.004
Group VI 22.35 77.64
Group VII 54.66 45.33
Group VIII 68.81 30.18

5.3.9 Caspase 3 Assay

Figure 5.10 depicts the caspase-3 assay results indicate

significant variations in apoptotic activity among the groups.
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Figure 5.10 Caspase-3 assay
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Groups I and II show reduced caspase-3 activity, indicating lower levels of apoptosis.
In contrast, other groups exhibit higher caspase-3 activity, suggesting increased
apoptotic processes. Values are mean of three estimations. Error bar indicates
standard error. Different alphabets indicate significant difference between the groups.
F value for caspase 3 is 14.564. P <0.05.

The control groups, I and II, show lower caspase-3 activity,
suggesting minimal apoptosis and stable cellular conditions. This
indicates that the baseline apoptotic response is low in these untreated
groups. In contrast, the PDT-treated groups exhibit markedly higher
caspase-3 activity, indicating an increase in apoptotic processes. The
elevated levels of caspase-3 activity in these groups suggest that the
photodynamic therapy (PDT) effectively induces apoptosis,
highlighting its impact on promoting cell death compared to the control
groups. These findings suggest that PDT treatment leads to varying

levels of cellular apoptosis across the treated groups.
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5.3.11 Cell cycle analysis

The percentage of cells shown in each phase are given in table 5.3.

Table 5.3 Percentage of cells present in different phases

Sample name % Gi1 Phase % S Phase % G2 Phase
Group | 40.88 % 39.24 % 19.88%
Group 11 37.87% 30.68% 31.45%
Group VI 31.53% 56.39% 12.07%
Group VII 33.84% 60.94% 5.22%
Group VIII 27.96% 32.48% 39.56%

The flow cytometric analysis of the cell cycle across different
treatment groups (Figure 5.11) revealed distinct effects on cell cycle
progression. The control group (Group VIII) exhibited a typical
distribution of cells across the G1, S, and G2 phases, serving as a
baseline for comparison. Group VII showed a similar cell cycle
distribution to the control, with no notable changes in phase
proportions which is light control. In contrast, Groups VI and VII
demonstrated a marked increase in the percentage of cells in the S
phase, indicating a cell cycle arrest at this stage. This suggests that the
treatments applied to these groups led to impeded progression through
the S phase. Meanwhile, Group VIII showed a significant rise in the
number of cells in the G2 phase, indicating that the treatment caused
cell cycle arrest in the G2 phase. These findings highlight the
differential impact of treatments on cell cycle regulation, with Groups
VI and VII arresting in the S phase and Group VIII arresting in the G2
phase.
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Figure 5.11 Cell cycle analysis
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Flowcytometry analysis was performed to assess the distribution of cells across
different phases of the cell cycle. (A) Group I and (B) Group II control groups
showing typical distribution of cells across G1, S and G2 phases. (C) Group VI and
(D) Group VII showed increased percentage of cells in the S phase, indicating cell
cycle arrest at this stage. (E) Group VIII showed a significant increase in cells at the
G2 phase, indicating cell cycle arrest in the G2 phase.
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5.4 Discussion

SCC has been becoming more common, especially as a result
of increased sun and tanning bed exposure to ultraviolet (UV)
radiation. This pattern highlights the necessity of efficient treatment
and preventive plans (Jemal et al/ 2003, Kyriazi 2006). For actinic
keratosis, basal cell carcinoma, squamous cell carcinoma, and
squamous cell carcinoma in situ, among other cutaneous neoplasia
PDT is a potentially effective treatment option. According to Zahao et
al., 2010, the two topical photosensitizers for PDT in dermatology that
are currently approved are Levulan® and Metvix ®. Although these
artificial photosensitizers work well for PDT, natural photosensitizers
derived from microbes, plants or other sources may be a superior

choice because of their increased compatibility and decreased toxicity.

In comparison to the groups that did not receive light treatment,
the plant fractions PAF1 and PAF2 demonstrated increased
cytotoxicity against the A431 cells after photodynamic therapy with a
1000 W light source.

A lux meter (Figure 5.12) is a device used to measure
illuminance, which is the amount of light falling on a specific surface
area from a given light source at a certain distance. Lux meters are
commonly used across various fields, including industrial settings,
hospitals, museums, and photography, to ensure optimal lighting

conditions (Sonar ef al., 2021).
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Figure 5.12 Light intensity measuring using Digital lux lumen
meter

The measurement of light intensity can vary significantly depending on
the unit used. In the literature, it is often expressed in lux, pmol m™
s™!, or W m™2, but there is no single conversion factor between these
units because the conversion depends on the wavelength of the light.
Without knowing the spectral composition, direct conversion is not
possible. However, for sunlight, some approximate conversions are
available: 1 lux =~ 0.0079 W m™, 1 pmol m™2 s™! ~ (.22 W m™, and
I lux =~ 0.036 umol m™2 s™'(Ruigork T et al.,2015). Although there is
no universal conversion factor, we used these approximations when
converting lux to W m™, as our halogen tungsten lamp emits a broad
range of wavelengths (Price et al., 2003), similar to sunlight.
Therefore, we applied the solar conversion factor to estimate the light

intensity in W m™2.
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1 lux =~ 0.0079 W/m?
Measured lux = 33900 lux

So the fluency rate W/m?> = 33900 X 0.0079 = 267.81 W/m?
=0.026781 W/cm?

Another approach to calculate the dose of light in J/cm? manually.
Total light dose (J/cm?) = fluence rate (W/cm?) X treatment time (S)

Area illuminated by the lamp : when placed at 24 cm away = 90
cm X 200 cm = 18000 cm? (Calculated by measuring the average
length and breadth of the illuminated rectangular region when the light

source was kept at 24 cm)

The dose of light incidence per cm? = 1000 W/18000 =
0.0555555556 W/cm?

So for the 90 s illumination the total dose of light was

0.0555555556 X 90 = 5 J/cm*

In 2021, Mugas et al. experimented with blue light at doses of 2
J/em? and 8 J/cm? to treat K562 leukemic cells using the natural
photosensitizer anthraquinone parietin. Demethoxycurcumin (DMC)-
PDT was also effective against MCF-7 breast cancer cells at a light
dose of 30 J/cm? (Lin et al.,2015). Various light doses are used in in
vitro cancer cell testing. However, we chose a 90-second irradiation
time in this study to minimize the risk of contamination. Here we used

A431 cell lines.
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A431 human epidermoid carcinoma cells, a popular in vitro
model for studying skin cancer, was used in this work to examine the
cytotoxic properties of photosensitizers as possible treatment agents.
The mechanism of Photodynamic therapy for skin cancer cells depends
on the interaction between a photosensitizer, light, and oxygen to
produce reactive oxygen species (ROS), which cause cells to become
selectively fatal (Allison ef al.,2013). This mechanism was confirmed
by the MTT assay results, which showed that the fractions (PAF1 and
PAF2) had cytotoxicity on A431 skin cancer cells in a time and dose
dependent manner. The presence of other secondary metabolites in the
fractions may have shown the cytotoxic effects when there is no light,
which would explain the little dark cytotoxicity seen. Furthermore,
there was no discernible cytotoxicity in the group that was only
exposed to light, proving that light exposure cannot cause cell death on
its own. This highlights the way in which light and photosensitizer
work in tandem during PDT to effectively suppress cancer cells
(Kwiatkowski et al., 2018). The ICso value for the PDT groups during
dark toxicity test trypan blue exclusion assay shows low toxicity
towards A431 cells. This suggests that the photosensitizer remains
inactive until it is exposed to light; only becoming active after light

exposure.

Following PDT treatment with PAF1 and PAF2 at their
respective ICso concentrations, 35-45% of cells died in the Trypan blue
exclusion assay which is comparable with the fundamental concepts of
these assays. The ability of mitochondrial dehydrogenases in living

cells to convert MTT into formazan is the basis for the MTT assay
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(Berridge and Tan., 1993). On the other hand, the Trypan blue (Strober
W., 1997) evaluate membrane integrity and lysosomal function,
respectively. Given that the experiments showed a comparable
percentage of cell death, it appears that the PAF1 and PAF2 affect the
integrity of the cellular membrane as well as mitochondrial function. In
accordance to the Trypan blue assay, the samples damaged the
integrity of the cell membrane, allowing the dye to penetrate and stain

dead cells in a way that is consistent with cell death.

Due to their plant-based nature, PAF1 and PAF2 are excellent
choices for PDT. These molecules have a number of advantages, one
of which is their natural origin, which makes them more accessible and
less dependent on intricate synthetic procedures. This availability from
natural sources also suggests they may have lower toxicity profiles, as
many plant derive compounds are often biocompatible and exhibit

minimal harmful effects on cells in the absence of light.

To the results of our research, PAF1 and PAF2 both showed
negligible dark toxicity, which means that when there was no light
present, they barely killed any cells. In order to minimize unintentional
side effects in surrounding tissues, this feature is essential for an
excellent photosensitizer (Kubrak.,2022).  This ensures that the
compounds remain inactive and non-toxic until exposed to light.
Moreover, these photosensitizers are only activated by light, which
effectively produces reactive oxygen species (ROS) such as singlet
oxygen or radicals that cause cell death in the targeted regions.

Because it permits precise control over their cytotoxic effects, this
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selective activation under light exposure improves the safety profile of

PAF1 and PAF2 in PDT applications.

Morphological analysis in our study reveals clear signs of
cytotoxicity induced by photodynamic therapy (PDT), with notable
changes in cell shape and structure. These changes suggest that
apoptosis, a programmed and controlled form of cell death, may be the
underlying mechanism. Apoptosis is characterized by specific
morphological alterations, such as cell shrinkage, membrane blebbing,
and nuclear condensation. This observation aligns with findings from
other research studies, which have shown that natural compounds used
in PDT often induce apoptosis as a primary mode of cell death

(Warowicka., 2019, Berlanda.,2006).

The morphological analysis done in our research indicates
distinct indications of cytotoxicity caused by PDT, including
alterations in the form and structure of the cells. These modifications
imply that the underlying mechanism might be apoptosis, a regulated
and controlled type of cell death. Certain morphological changes, like
nuclear condensation, membrane blebbing, and shrinking of the cell,
are indicative of apoptosis. This conclusion is consistent with earlier
research studies that have demonstrated that one of the main modes of
cell death induced by natural chemicals used in PDT happens to be

apoptosis.

In the vast majority of applications, the primary role of PDT is
to kill unwanted cells. Since the term “apoptosis” was introduced in

1972, (Kerr et al.,1972) cell killing mechanisms are generally
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classified as occurring through apoptosis or necrosis. Apoptosis is a
normal physiological process essential for the control of tissue
development and involution and for tissue homeostasis (Ashkenazi et
al.,1998). Apoptosis is a tightly regulated process of cell suicide,
controlled by both intracellular and extracellular signals, terminating in
a characteristic sequence of morphological and biochemical changes
for the systematic dismantling of the cell and preparation of the
residual cell components, known as apoptotic bodies, for engulfment
by tissue macrophages or other neighbouring cells. The process limits
leakage of intracellular material to the immediate environment, and
thereby prevents tissue inflammation. The loss of ability to regulate
apoptosis can lead to disease (Evan et al.,1998, Kromer et al.,2000,
Reed et al.,2000). Although PDT can produce apoptosis or necrosis, or
a combination of the two mechanisms, in many cases PDT is highly

efficient in inducing apoptosis (Kroemer ef al.,1998).

The results of our study demonstrate the preferential
accumulation of photosensitizers, including ALA within the
mitochondrial fraction of cells. This finding is particularly significant
considering the crucial role of mitochondria in cellular apoptosis.
Mitochondria are often referred to as the "powerhouses of the cell" due
to their role in ATP production. However, they also play a pivotal role
in initiating programmed cell death. A key event in this process is the
release of cytochrome ¢ from the mitochondrial intermembrane space
into the cytosol. This release is triggered by the activation of pro-
apoptotic Bcl-2 family proteins, such as Bax and Bak, which form

pores in the mitochondrial outer membrane (Ruddon,2007). The
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accumulation of photosensitizers within mitochondria suggests a
potential mechanism of action involving the induction of mitochondrial
dysfunction after the light treatment. There are reports indicating that
photosensitizers accumulate within mitochondria, leading to a loss of
mitochondrial membrane potential. This finding is consistent with the
results of our study (Saneesh ef al.,2017). These compounds may
directly damage the mitochondrial membrane, leading to increased
permeability and cytochrome c release. Alternatively, they may
generate reactive oxygen species (ROS) within mitochondria, which
can further contribute to oxidative stress and cell death. The production

of ROS during PDT treatment is also revealed in our study.

While subcellular fractionation is a valuable technique for
studying organelle-specific localization, it has inherent limitations.
These limitations include the potential for organelle damage during the
fractionation process, cross-contamination between fractions, and the
loss of soluble proteins. To address these limitations and obtain more
precise information about mitochondrial localization, staining with a
mitochondrial-specific dye like MitoTracker Deep red FM and lase
scanning microscope could be employed in future studies. This
approach would allow for direct visualization of photosensitizer
localization within intact cells, providing a more accurate and reliable

assessment of their subcellular distribution.

Reactive oxygen species (ROS) are highly reactive molecules
derived from oxygen, including superoxide anion (O2e-), hydroxyl
radical (*OH), and hydrogen peroxide (H20.). Mitochondria are a

major source of ROS, particularly from the electron transport chain
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and enzymes like monoamine oxidase (MAO) (Halliwell and
Gutteridge 2007; Valko et al. 2007; Halliwell and Cross 1994; Matés et
al. 2012; Farrugia and Balzan 2012; Orrenius et al. 2007; Circu and
Aw 2010; Andreyev et al. 2005; Migliaccio et al. 2006; Lambert and
Brand 2004; Korshunov et al. 1997; De Grey 2002; Aikens and Dix
1991). These ROS can damage cellular components, leading to
oxidative stress and various diseases (Valko et al. 2005). Mitochondria,
being the primary source of ROS, are particularly vulnerable to
oxidative stress. This can lead to severe consequences, such as damage
to mitochondrial DNA (mtDNA) (Circu et al.,2009, Rachek et al.,
2009, Orrenius et al.,2007). We believe that this mitochondrial
damage, induced by excessive ROS production, can lead to the release
of cytochrome c from the intermembrane space into the cytosol.

Cytochrome c plays a critical role in initiating the apoptotic cascade.

Figure 5.13 describes the extrinsic and intrinsic pathway. In the
intrinsic pathway, mitochondrial damage leads to the release of
cytochrome c, which activates caspase-9. Caspase-9, in turn, activates
caspase-3. In the extrinsic pathway, death receptors such as TNF
receptor and Fas receptor activate caspase-8, which can directly
activate caspase-3 or indirectly through caspase-9 (Tsai ef al., 2018).
Caspase-3, a crucial member of the caspase family, plays a pivotal role
in the execution phase of apoptosis (Hu et al., 2020). It is activated by
both intrinsic and extrinsic apoptotic pathways (Reed, 2000). In our
study the observed increase in caspase-3 activity in the PDT groups
suggests that apoptosis is a primary mechanism underlying the

inhibition of cell growth.
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Figure 5.13 Extrinsic and intrinsic apoptotic pathways
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The extrinsic apoptotic pathway is initiated by the binding of a ligand (e.g., CD95L)
to its receptor (CD95). This activation leads to the activation of FADD and DED,
which in turn activates caspase 8. Caspase 8 can initiate apoptosis either directly or
through effector caspases like caspase 3. Active caspase 8 also cleaves BID to tBID,
which translocates to the mitochondria and releases SMAC/DIABLO.
SMAC/DIABLO sequesters IAPs, leading to apoptotic induction through caspase 3.
The intrinsic apoptotic pathway is initiated at the mitochondria by various stimuli,
including irreparable DNA damage signaling through p53 proteins. This signaling
removes suppression of apoptosis by BCL2, leading to membrane permeabilization
and the release of cytochrome ¢, SMAC/DIABLO, and AIF. Cytochrome c interacts
with APAF1 to recruit and activate caspase 9, forming the apoptosome, which
activates downstream executioner caspases 3 and 7. AIF causes DNA degradation.
The figure was taken from an article by Hejmadi. (Hejmadi., 2014).

The cellular response to DNA damage is a complex interplay of

various mechanisms, primarily focused on DNA repair and cell cycle
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arrest. Key players in this response include lesion sensors like MMR,
signal transducers like ATM, and transcription factors like p53 and
p73. While these factors are crucial for regulating apoptosis, their
primary role is to protect the damaged cell. Apoptosis, a secondary
response, is activated when DNA damage is severe and irreparable.
The decision to induce apoptosis or enforce growth arrest is influenced
by the extent of damage and the cellular context. The p53-dependent
transcriptional response plays a pivotal role in this decision-making
process (Wang.,2001). In our study we found DNA damage to the PDT
groups and also S phase cell cycle arrest. The observation of cell cycle
arrest at the S phase in response to DNA damage is consistent with the
cell's strategy to prioritize DNA repair. During the S phase, DNA
replication occurs, and any damage to the DNA template can lead to
errors in replication and genomic instability. By arresting the cell cycle
at this stage, the cell buys time for DNA repair mechanisms to correct
the damage before proceeding to the next phase of the cell cycle. This
response is crucial for maintaining genomic integrity and preventing
the propagation of damaged cells, which could lead to cancer and other
diseases. The activation of DNA repair pathways, such as those
involving proteins like ATM and p53, is essential for efficient repair

and the subsequent release of the cell cycle arrest.

Apoptotic cells exhibit a characteristic set of morphological
changes, including cell shrinkage, membrane blebbing, chromatin
condensation, nuclear fragmentation, and the formation of apoptotic

bodies (Doonan., 2008). These observations were found during
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ethidium bromide acridine orange dual staining and DAPI staining

also.

Our results suggest that photodynamic therapy (PDT) primarily
induces apoptosis in the experimental model. While necrosis or a
combination of apoptosis and necrosis may occur in some cases, our
findings predominantly support an apoptotic mechanism. The observed
mitochondrial accumulation points to an intrinsic apoptotic pathway.
However, further investigation is required to definitively confirm the
specific apoptotic pathway and the involvement of various caspase
markers. Future studies should include gene and protein expression
analysis to gain deeper insights into the molecular mechanisms
underlying PDT-induced cell death. Consistent with our findings,
previous studies on PDT with hypericin and other photosensitizers
have also implicated mitochondrial-mediated apoptosis as a major
mechanism of cell death (Zhang et al.,2015, Li D et al.,2015, Saneesh
etal., 2017).
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Chapter 6

Cytotoxicity assessment of
PAF 1 and PAF 2 on L929 cells

6.1 Introduction

Primarily via causing apoptosis, PAF 2 and PAF 1 have
demonstrated promise as possible photodynamic treatment (PDT)
agents against A431 skin cancer cells. This has shown to happen. This
makes it likely that they could be utilised as a therapy method for skin
cancer. Nevertheless, it is crucial to assess their safety profile before
they are used in clinical environments, especially with relation to the
possible damage they might cause on normal cells. By looking at their
effects on cell viability, proliferation, and general cellular health in
normal cell lines such L929, researchers are able to identify possible
side effects and hence can optimize the formulation and administration
of these drugs to maximise therapeutic efficacy, while concurrently
reducing adverse reactions. This approach guarantees the creation of
medications that are safe and efficient for usage in clinical
environments in next generations. The cytotoxic effects of PAF 1 and
PAF 2 on 929 normal cells are investigated in this chapter, presenting
a thorough study of the results. Two main tools that we employed to
reach this aim were the MTT assay and morphological analysis. Unlike
the morphological assessment, which lets one observe clearly cellular
alterations including changes in cell form, size, and quantity, the MTT

assay measures cell viability by counting metabolic activity of the
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cells. We think that by combining these approaches, we will be able to
get understanding of the possible toxicity of PAF 2 and PAF 1 on
regular cells. This will provide essential data to assess the safety
profile of these drugs and direct next projects on research and

development.
6.2 Materials and Methods
6.2.1 Materials

L929 mouse fibroblast cells were procured from the National
Centre for Cell Science (NCCS), Pune. For cell culture experiments,
essential materials, including Dulbecco’s Modified Eagle Medium
(DMEM), 0.25% Trypsin - EDTA, and Antibiotic-antimycotic
solutions and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from Himedia, India. Fetal Bovine
serum (FBS) was purchased from Gibco, Life Technologies Limited,
UK. 5-Amino Levulinic acid (ALA) was acquired from Sisco Research

Laboratories Pvt. Ltd, Mumbai, India.
6.2.2 In vitro cytotoxicity assay

In vitro cytotoxicity assessment of samples was done using
MTT assay.The ICso of each samples and their multiple concentrations
(1X-4X) were used for the treatment. And checking whether our ICso

concentration shows significant cytotoxicity.

» MTT assay and analysis of cell morphology

The procedures for MTT assay and cell analysis have already

been described in the previous chapter (5.2.2.5 and 5.2.2.6)
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6.3 Results
6.3.1 MTT Assay

The results of MTT assay is given in Figures 6.1, Figure 6.2
and Figure 6.3.

Figure 6.1 Percentage inhibition of 1929 cell growth during 24 h
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Percentage inhibition of L929 cell growth was determined for different experimental
groups. Values are mean of three estimations. Different alphabets indicates
significant difference between the groups. F value for 1X,2X,3X and 4X is
45.289,137.074,223.363 and 337.672 respectively. P<0.05
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Figure 6.2 Percentage inhibition of 1.929 cell growth during 48 h

m1X m2X m3X m4X

Py
o un O u»1 O
TR N |

PR NN W WD
o wn

o

percentage of inhibition

o un

G-l G-Il G-l G-IV G-V G-VI G-Vil G-Vl

Percentage inhibition of L929 cell growth was determined for different experimental
groups. Values are mean of three estimations. Different alphabets indicates
significant difference between the groups. F value for 1X,2X,3X and 4X is
112.153,202.966,373.044 and 495.299 respectively. P<0.05.

Figure 6.3 Percentage inhibition of 1.929 cell growth during 72 h
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Percentage inhibition of L929 cell growth was determined for different experimental
groups. Values are mean of three estimations. Different alphabets indicates
significant difference between the groups. F value for 1X,2X,3X and 4X is
160.123,204.707,287.767 and 588.727 respectively. P<0.05.
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The results of Figures 6.1, 6.2, and 6.3 indicate that the
percentage of inhibition was lower for the samples. This suggests that

the samples had a lower toxicity towards the normal cells.

6.3.2 Morphological Analysis

Through the use of morphological analysis, we attempted to
determine how the structure and integrity of L.929 cells were impacted
by the different experimental settings that were used. Control groups I
and II demonstrated normal cellular shape; these groups served as
benchmarks for the baseline values. Characteristics of this form
include the integrity of cell membranes, the presence of nuclei that can
be identified, and a regular cellular shape. It is important to note that
the experimental groups, consisting of people who were receiving PDT
in addition to other therapies, did not exhibit any discernible
aberrations from the form of the control group. In spite of the fact that
the experimental settings might have had an effect on other cellular
processes, this evidence suggests that the L929 cells did not undergo
any significant morphological changes as a consequence of the
conditions involved. The fact that the usual form of the cells has been
kept is indicative of the absence of overt cytotoxicity or significant

cellular damage within the cells.
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Figure 6.4 Morphological analysis of 1.929

The morphological changes that were observed in control groups I and II were shown
to be insignificant, according to the observations. The cell shape of other groups did
not demonstrate any significant differentiating characteristics. Cells were observed
under 10 x magnification.
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6.4 Discussion

The vitality of cells can be quantified by the use of viability
tests, which involve the measurement of metabolic processes, such as
those related with cellular survival and maintenance. The quantity of
viable cells that are still present after a treatment time is regarded to be
directly related to the activities that are being discussed here, which are
frequently associated with "housekeeping" enzymes. The MTT assay is
a colorimetric approach which measures the reduction of the yellow
tetrazolium dye MTT to a purple formazan product. This allows the
assay to quantify the viability of cells as well as their proliferation.
MTT is transformed into formazan by metabolically active cells,
particularly those cells that have mitochondrial dehydrogenases that
are performing their function. In order to provide a precise evaluation
of cell proliferation and cytotoxicity, the amount of formazan that is
produced is directly related to the number of live cells. The outcomes
of the MTT assay and the morphological evaluation indicated that the
photosensitizers exhibited a level of toxicity to L929 cells that was so
low that it was considered inconsequential under normal conditions.
The absence of cytotoxicity that was seen in L929 cells is an important
discovery because it has the potential to suggest that these
photosensitizers may have a therapeutic window that is favourable,

hence minimising the possibility of adverse effects.

For a drug candidate to be considered successful, it must
exhibit efficacy without causing any adverse effects that are deemed
undesirable. For the purpose of optimising drug development,

researchers give priority to candidates who contain desired features
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similar to those of drugs. Beginning the process of drug discovery and
development with an early screening for drug toxicity has become an
essential component of the process. It is generally accepted to use
cytotoxicity endpoints in concert with other cellular tests in order to
screen for organ-specific toxicity. These endpoints include evaluations
of membrane integrity, cellular metabolite content, mitochondrial
function, and lysosomal function. Researchers have the ability to
dramatically improve the effectiveness of drug discovery and
development by employing these screening tests in a methodical
manner and doing thorough data analysis. Assessing the integrity of
membranes, for example, can assist in the identification of substances
that disrupt cellular membranes, which ultimately results in the death
of cells. A better understanding of the metabolic disturbances that drug
candidates generate can be gained through the monitoring of cellular
metabolite content. The evaluation of mitochondrial activity enables
researchers to determine the impact of compounds on the creation of
cellular energy, whereas the examination of lysosomal function assists
in the identification of compounds that interfere with the systems that
are responsible for the disposal of waste in cells. By incorporating
these cytotoxicity endpoints into the early stages of drug discovery,
researchers are able to prioritise compounds that have favourable
toxicity profiles. This helps decrease the likelihood of failures in the
later stages of the drug discovery process and speeds up the

development of treatments that are both safe and effective.

Research on normal cells in vivo is crucial for the aim of doing

a thorough assessment of the toxicity of a possible pharmacological
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candidate. The medicine is given to animal models, such as mice, in
several dosages in order to reach this aim. Scientists are able to assess
the degree of toxicity connected to the drug and spot strong negative
side effects. Blood tests are meant to be used for monitoring changes in
vital components such the existence or absence of blood cells, the
functioning of the kidneys and liver, and the electrolyte distribution.
Furthermore enabled by the histological study of organs for the
purpose of characterising them is the microscopic evaluation of tissue
damage, inflammation, and other cellular anomalies. This multifarious
approach offers a thorough knowledge of the toxicity profile of the
medication and helps in the identification of any safety issues before

moving forward with clinical research.

Having indicated that previous research have revealed that
similar photosensitisers had a low cytotoxicity in non-cancerous cells,
and our findings are consistent with their findings. The potential of
skyrin, which is a precursor to the anticancer drug hypericin, was
studied in a study that was conducted by Terezia Zajikova in the year
2022. Within the scope of this investigation, the genotoxic and DNA-
protective properties of skyrin were investigated. These effects were
more prominent in human lymphocytes that did not have cancer,
despite the fact that skyrin demonstrated DNA-protective capacities of
a moderate degree. Particularly noteworthy is the fact that the chemical
did not exhibit any genotoxic potential. These findings indicate that
skyrin may be a good candidate for anticancer therapy, particularly due
to the fact that it selectively protects cells that are not malignant

(Zajikova et al., 2022). The cytotoxic effects of methanolic and
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aqueous extracts of Hypericum pseudolaeve, which contained
hypericin, were assessed on fibroblast cells. According to igci, et al's
2020 study, the researchers discovered that these extracts did not
demonstrate any harmful effects even when exposed to concentrations
as high as 500 pg/mL. A study that was conducted in 2021 by Ahmed
M. Abdelsalam and colleagues involved the development and
evaluation of novel hypericin formulations. According to Abdelsalam
et al's research from 2021, these formulations showed a lower
phototoxicity profile in murine fibroblast L929 cells, which suggests

that they may be safe for use in normal cells.

According to the findings of our research, the chemical targets
A431 skin cancer cells in a selective manner while leaving normal
cells unaffected. Nevertheless, additional studies need to be carried out
in order to completely understand the processes that are responsible for
the compound's cytotoxicity against cancer cells and its lack of toxicity
towards normal cells within the body. In addition to this, it is essential
to do more exhaustive toxicity testing on normal cells, which should
also include in vivo models, in order to ensure that the molecule is safe

for usage in clinical settings.
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Chapter 7

Identification of photosensitizers in
PAF1 and PAF 2

7.1 Introduction

In 1942, Klaber discovered that people could get sunburned
from sun exposure after the contact with several species of plants
(Klaber et al.,1942). Based on this observation, researchers began
investigating various plants and their chemical compounds, which
become toxic under the influence of sunlight. They discovered that
these “phototoxic” substances can cause a variety of harmful skin
reactions, including irritation, allergies, increased sensitivity and
genetic changes. These compounds contain light-absorbing elements
called chromophores. Interestingly, plants sometimes produce these
compounds as a natural defense mechanism against excessive sun
exposure, making them ingredients in sunscreens and cosmetic
products (Kubrak et al., 2022). In this chapter we will examine the
photoactive components of photoactive fractions PAF1 and PAF 2
from F.tataricum and F. auriculata. Although the genus Fagopyrum
includes many species, Fagopyrum esculentum, Fagopyrum tataricum
and Fagopyrum cymosum are the most widely used and studied.
Fagopyrins are a class of natural compounds found in plants of the
genus Fagopyrum. Parts of these plants are consumed globally by

humans and animals. The other genus Ficus which include in the

139



Identification of Photosensitizers in PAF1 and PAF 2

family of Moraceae consists of medicinal and ornamental plants. Ficus

carica was reported to have furan compounds (Chunyan et al.,2008).
7.2 Materials and Methods
7.2.1 Materials

In the case of PAF1 our investigation focused specifically on
fagopyrin, as existing literature identifies it as the primary
photosensitizer in F.tataricum (Kim et al., 2020) fagopyrin, in pure
form is not commercially available. Hence due to its structural
similarity with hypericin, a compound found in St. John's wort
(Hypericum perforatum L.), and hypericin is commonly used as a
standard for detecting fagopyrin in samples. Furan compounds are
present in Ficus species, as shown in existing literature (Caporale et
al., 1970). In the study of PAF 2, we used psoralen, a well-established
furan compound, as a reference standard. Hypericin is procured from
HWI pharma services GmbH,Ruelzheim,Germany.Psoralen procured

from Sigma —Aldrich,USA.
7.2.2 HPLC

HPLC analysis was conducted in the Central Sophisticated
Instrumentation facility (CSIF) University of Calicut. It was performed
using Agilent 6100 Series equipped with Edwards vacuum pump. C18
column (Agilent, Poroshell 120 EC-C 18, 4.6 mm X 50 mm, 2.7 W)
was used for the separation. The injection volume was 20 pL, flow rate
was 1 mL/min, and detection wavelength was 590nm. Water (A) and

acetonitrile (B) made up the mobile phase, with the elution gradient
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being 0—1 min at 0% B, 1-2 min at 0-60% B, 2—8 min at 60—100% B,
8—15 min at 100% B, and 15-18 min at 0% B (Stojilkovski et
al.,2013). To detect furan compounds, the mobile phase was a mixture
of water (Solvent A) and methanol (solvent B) in a ratio of 45:55 (v/v)
for the first 8 min. The composition was then linearly increased to a
ratio of 0:100 (A: B) over 20 min and maintained at this ratio for
another 5 min. The column was then re-equilibrated with the original
mobile phase composition (45:55, A: B) for 5 min. The total time was
30 min, and detection occurred at a wavelength of 246 nm (Jeong et

al., 2015).
7.2.3 HR-LCMS

The compounds in PAF1 and PAF2 were detected in the
Sophisticated Analytical Instrument Facility (SAIF) at IIT Bombay.

7.2.4 GCMS

The compounds in PAF 1 were analyzed and identified at CAI-
K, Kerala Forest Research Institute (KFRI), Peechi. The components
of PAF 2 were characterized by GC-MS at the Central Instruments
Laboratory, College of Veterinary and Animal Sciences, Mannuthy.

7.3 Results

For better clarity, the results have been divided into two
sections: the first contains the analysis of PAFI1, the second that of

PAF 2.
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7.3.1 Identification of photosensitizers present in PAF 1
7.3.1.1 HPLC

The results of the HPLC analysis of Hypericin and PAF 1 are

given in Figure 7.1.

Figure 7.1. HPLC chromatogram of hypericin and PAF 1

=
o
p-J

=
8.995
9.237

g— Y

(] B 10
Absorbance vs. Retention time in min

(A) hypericin (B) PAF 1. Retention time of Hypericin 97 % at 5.962. retention time
of PAF1 100 % at 5.069.

A distinct, high-intensity peak at a retention time of 5.962 min
on chromatogram A indicates the presence of the major compound,
Hypericin. At retention times of 8.995 and 9.237 min, smaller peaks
indicate the presence of minor components, possibly impurities.
Chromatogram B exhibits a single, sharp peak at a retention time of

5.069 min, indicating the presence of fagopyrin in the PAF1 sample.

7.3.1.2 HRLCMS

The chromatograms of HRLCMS are given in Figure 7.2 and
Figure 7.4.
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Figure 7.2 Positive ion chromatogram of PAF1
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Table 7.1 Compounds detected in positive ion chromatogram of

PAF 1
Compound label RT Mass Abundance | Formula
L-1,2,3,4-Tetrahydro 4.54 216.0895 | 60886 Ci2Hi2Nz Oz
beta-carboline-3-
carboxylic acid
Betavulgarin 5.673 | 312.0622 | 50068 Ci7 Hi2 Os
Genistin 5.837 | 432.1039 | 343253 Ca1 Hy Oy
Maritimetin 5.933 | 286.0463 | 37077 Ci5 Hio Os
Adlumidiceine 6.824 | 399.1301 | 92006 C2i Hai N Oy
Tirofiban 7.283 | 440.2341 | 47719 Cx» H3s N2 Os S
Citpressine 11 7.859 [ 315.1115 | 46455 Ci7Hi7 N Os
Cavinine 7.864 | 347.1376 | 175147 Cis Ho1 N Og
[4]-Gingerdiol 3,5-1 8.086 | 352.1863 | 16974 Ci9 Hag Os
diacetate
3-Acetylnerbowdine 8.141 361.1532 | 838544 Cio Haz N O¢
Melicopicine 8.153 | 329.1272 | 102620 Cis Hi9 N Os
Haemanthidine 8.388 | 317.1269 | 85903 Ci7His N Os
Ezetimibe 8.388 | 409.1505 | 96997 Ca4 H21 F2 N O3
Papaveraldine 8.636 | 353.1251 | 261655 Cao Hi9 N Os
2-0O- 9.028 | 331.1429 | 107174 Cis H21 N Os
Acetylpseudolycorine
Phytosphingosine 10.646 | 317.2915 | 58594 Cis H3o N O3
Oleic acid (d5) 11.308 | 287.2816 | 131383 Cis Hy9 Ds Oy
Kuwanon V 11.581 | 646.2566 | 31396 Cao H3g Og
Terminaline 12.946 | 363.3124 | 85621 Cs Hu N O
Fagopyrine 15.327 | 670.2283 | 91086 Ca0 H34 N2 Og
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Figure 7.3 MS spectra of fagopyrin
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Figure 7.4 Negative ion chromatogram of PAF1
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Table 7.2 Compounds detected in negative ion chromatogram of

PAF1

Compound Label RT Mass Abundance | Formula
L-Malic acid 1.29 134.0216 1638 C4 He Os
2,6-
dihydroxybenzoic 2.779 154.0265 1121 C7Hg O4
acid
Chlorogenic acid 3.186 354.0956 51497 Cis Hig O9g
Monomethyl 4126 | 180.0417 1195 Co Hs Os
phthalate
Benzoic acid 4.299 122.0366 866 C;Hs O
Altersolanol A 4.892 336.0849 1219 Cis His Og
Kaempferol 7-0- 5134 | 4481018 | 340276 | Ca Ha Oy
glucoside
Resorcinol 5.262 110.0371 1149 CsHes O2
0-Cresol 5.417 108.0576 1713 C7Hs O
Guajavarin 5.986 434.0863 98617 Coo His O
2,3-Dihydroxy-p- 645 | 196.0734 524 CioHi O4
cumate
Kaempferol 6.57 286.0487 374 CisHjo Os
Enol- 8.019 | 164.0472 2513 Cy Hs Os
phenylpyruvate
Genistein 11.933 270.0535 849 Cis Hio Os
Mupirocin 13.415 500.3001 47206 Ca6 Has Og
10-Oxo-11-
octadecen-13-olide 14.09 294.22 1928 Cis Hzo O3
Hexazinone 15.426 252.1557 65954 Clz Hzo N4 Oz

The base peak chromatogram obtained from ESI in positive

(figure 7.3) and negative (Figure 7.4) mode shows several distinct

peaks eluting between 1 to 21 min. In positive ion mode at 15 min

shows the presence of Fagopyrin. The analysis of the mass-to-charge

ratio (m/z) fagopyrin peak, which exhibited an m/z of 671.2356 in

positive ion mode (Figure 7.3). Numerous smaller peaks with varying

intensities are also present throughout the chromatogram, indicating

the presence of multiple components in the analyzed sample.
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7.3.1.3 GCMS

The GCMS chromatogram is given in Figure 7.5.

Figure 7.5 GCMS chromatogram of PAF1
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Table 7.3 compounds identified in PAF1 by using GCMS

Area

Compound Label RT % MW Formula
Dodecane 8.399 1729 | 170 | CiaHas
Hexadecane 11.247 | 14.62 | 226 | Ci¢Hzs
Heneicosane 12.392 | 3.79 296 | CyHys
2,4-Di-tert-butylphenol 12.680 | 5.82 206 | Ci14H0
Heptadecane 13.771 | 11.24 | 240 | Ci7Hze
1-(2-Hydroxyethyl)-2,2,6,6- 14.085 | 10.96 | 201 | Ci1Hx»NO;
tetramethyl-4-piperidinol

Eicosane 14.928 | 5.92 282 | CyoHa
Hexadecane, 2,6,10,14- 15432 | 2.16 282 | CyHa
tetramethyl-

Octadecane 16.171 | 4.38 254 | CisHsg
2-Hexadecen-1-o0l, 3,7,11,15- 16.697 | 2.25 338 | CnH40s
tetramethyl-, acetate, [R-[R*,R*-

B)]]-

Silane, trichlorooctadecyl- 17.925 | 10.67 | 386 | Ci3H37Cl5Si
Dibutyl phthalate 18.842 | 2.01 278 | CigH2204
Benzenepropanoic acid, 3,5- 19.677 | 7.49 306 | Ci9H3003
bis(1,1-dimethylethyl)-4-hydroxy-,

cthyl ester

11-Methyltricosane 22.679 | 1.40 338 | CuHso
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There are several peaks observed in GCMS analysis of PAF 1.
The compounds were eluted from 8.399 to 22.679 min. The list of

compounds is given in table 7.3.
7.3.2 Identification of photosensitizers present in PAF 2

7.3.2.1 HPLC

The results of HPLC analysis of Psoralen and PAF2 are given
in Figure 7.6.

Figure 7.6 HPLC chromatogram of psoralen (A) PAF2 (B).
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Chromatogram of Psoralen exhibits a major peak eluted at
approximately 3.076 min with high absorbance, as well as a minor
peak at 0.565 min. For Psoralen, two peaks were observed at retention
times of 0.565 and 3.076 min, indicating the presence of multiple

isomers or degradation products. Chromatogram of PAF 2 exhibits a
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very large peak at 0.568 min, which is significantly more intense than
all peaks in chromatogram A and it corresponds to a similar peak in the
chromatogram of psoralen, at 0.565 min. In addition, chromatogram B

contains minor peaks at 0.775, 1.614, and 9.488 min.
7.3.2.2 HRLCMS

The HRLCMS positive ion and negative ion chromatograms
are given in Figure 7.7 and Figure 7.8. The compounds identified are

given in tables 7.4 and 7.5.

Figure 7.7 Positive ion chromatogram of PAF 2
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Table 7.4 Compounds identified in positive ion chromatogram of

PAF 2

Compound Label RT Mass Abund Formula
Austalide A 13.366 | 516.2335 366145 Cas H36 O9g
AFN911 13.75 511.278 179450 Ca H33 N7 O
12,15-cis- 13.982 | 638.4726 258239 C37 Hes Os
Squamostatin A

PE(16:0/14:1(97)) 14.13 660.4547 152575 Css Hes N Og P
cis-Annonacin-10- 16.282 | 594.4467 473545 Css Hez Oy
one

Squamostatin E 16.343 | 622.4778 989856 Cs7 Hes O7
Mosinone A 17.965 | 620.4618 155656 Cs7 Hes O
Isomurisolenin 18.954 | 578.4515 354582 Css Hez Os
cis-Reticulatacin-10- | 19.181 606.483 395922 C37 Hes Os
one

Figure 7.8 Negative ion chromatogram of PAF 2
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Table 7.5 Compounds identified in negative ion chromatogram of
PAF2

Compound Label RT Mass Abundance | Formula

L-Malic acid 1.233 | 134.0214 4362 C4 He Os

(1R,6R)-6-Hydroxy-2
succinylcyclohexa-2,4-

: 4.109 | 240.0627 1018 C11 Hiz Oe
diene-1
carboxylate
Caffeic acid 4.109 | 180.0416 975 Co Hs O4
Ellagic acid 5.556 | 302.0055 618 Ci4 He Os
Quercitrin 5.829 | 448.101 2399 Ca1 Hao Oy
Benzoic acid 6.69 | 122.0364 991 C;Hs O,
Genistein 8.351 | 270.0528 3283 Cis Hio Os
Kaempferol 8.6 286.0478 1113 Ci5Hi0Os
Luteolin 8.6 | 286.0478 1113 Cis Hio Oe
[7]-Paradol 12.554 | 292.2042 462 Cis Has O3
10-Oxo-11-octadecen-13 |15 o0 | 94 29 26706 | Cis Hso Os
olide
Dinoseb 13.175 | 240.075 42351 Cro gf N

12,15-cis-Squamostatin | ;5 165 | ¢3¢ 4784 49342 Cs7 Hee Os

A

cis-Annonacin-10

one 16.349 | 594.4541 28349 Css Hex O
Asitrilobin B 16.669 | 596.4669 27746 Css Hea O7
Squamostatin E 17.615 | 622.4837 118912 Cs7 Hes O7

The base peak chromatogram obtained from ESI in positive
(figure 7.7) and negative (Figure 7.8) mode shows several distinct
peaks eluting between 11 to 21 min. Numerous smaller peaks with
varying intensities are also present throughout the chromatogram,

indicating the presence of multiple components in the analyzed sample.
7.3.2.3 GCMS

GCMS chromatogram of PAF 2 is given in Figure 7.9.
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Figure 7.9 GCMS chromatogram of PAF 2
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Table 7.6 Compounds identified in GCMS of PAF 2

Compound Label RT MW
Phenol, 2,4-bis(1,1-dimethylethyl)- 22.37 206
Nonadecane, 2-methyl- 25.17 282
Tetradecane, 2,6,10-trimethyl- 25.68 240
i-Propyl 12-methyl-tridecanoate 26.52 270
Phthalic acid, hex-3-yl isobutyl ester 26.97 306
Heptadecane, 2,6,10,15-tetramethyl- 27.28 296
7,9-Di-tert-butyl-1-oxaspiro(4,5)deca- 27.40 276
6,9-diene-2,8-dione

Benzo[e]isobenzofuran-1,4- 27.40 248
dione,1,3,4,5,5a,6,7,8,9,9a-decahydro-

6,6,9a-trimethyl

n-Hexadecanoic acid 27.64 256
Phthalic acid, butyl undecyl ester 27.77 376
Hexadecanoic acid, ethyl ester 27.85 284
Adamantane, 2-[2- 28.04 400

(pentamethyldisilanyl)-2-
(phenylthio)ethylidene]-
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Coumatetralyl isomer-2 ME 28.04 306
9,12,15-Octadecatrienoic acid, 2,3- 28.86 496
bis[(trimethylsilyl)oxy]propyl ester,

(Z,Z,Z)'

9,12-Octadecadienoic acid (Z,2)- 28.91 280
Ethyl 9.cis.,11.trans.-octadecadienoate 29.08 308
2-Bromotetradecanoic acid 29.19 306
9,12,15-Octadecatrienoic acid, 2,3- 31.35 496
bis[(trimethylsilyl)oxy|propyl ester,

(Z,Z,Z)'

Chromone, 5-hydroxy-6,7,8- 31.35 280
trimethoxy-2,3-dimethyl-

6-Amino-5-cyano-4-(5-cyano-2,4- 31.39 326
dimethyl-1H-pyrrol-3-yl)-2-methyl-

4H-pyran-3

9,12,15-Octadecatrienoic acid, 2,3- 31.42 496
bis[(trimethylsilyl)oxy]propyl ester,

(Z,Z,Z)'

Octasiloxane, 31.62 578
1,1,3,3,5,5,7,7,9,9,11,11,13,13,15,15-

hexadecamethyl-

1-Naphthoic acid, 2-hydroxy-, 32.04 254
monoanhydride with 1-butaneboronic

acid, cyclic

ester

9,10-Anthracenedione, 1-hydroxy-2- 32.04 254
(hydroxymethyl)-

Columbin 32.13 358
1-Monolinoleoylglycerol trimethylsilyl 32.58 498
ether

The gas chromatogram displays a profile of separated
compounds over 40 min analysis period. Several peaks of varying
intensity are observed, indicating the presence of different

phytochemical compounds.
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7.4 Discussion

This chapter describes some analytical strategy for the
identification of photosensitizers in fractions PAF1 and PAF 2. This
includes High-resolution liquid chromatography-mass spectrometry
(HR-LCMS), gas chromatography-mass spectrometry (GCMS), high-
performance thin layer chromatography (HPTLC), and High-
performance liquid chromatography (HPLC). The various methods
were strategically used to obtain additional insights into the chemical
composition of the fractions. GCMS and LCMS were primarily used to

identify volatile and non-volatile compounds in these fractions.

When HR LC-MS analysis was performed on the fraction
collected from the TLC plate of F. tataricum, several compounds were
detected. This may have been influenced by minor manual handling
errors during the scraping of the silica gel, potentially incorporating
surrounding spots into the fraction. However, we made every effort to
carefully collect the spots that specifically contained fagopyrin and

psoralen-like compounds.

In the case of PAF1 our investigation focused specifically on
fagopyrin, as existing literature identifies it as the primary
photosensitizer in F.tataricum. We detected fagopyrin in fraction
PAF1. Furthermore, the detection of other phytochemicals in PAF 1
indicates that this fraction does not contain isolated fagopyrin, but

rather a mixture containing fagopyrin along with their components.

There are six possible chemical structures of fagopyrins, among

which three types of fagopyrins (fagopyrin A, E, and F) have been

153



Identification of Photosensitizers in PAF1 and PAF 2

identified using LC-MS/ MS and NMR. The analysis of the mass-to-
charge ratio (m/z) in our study closely aligns with the findings reported
by Benkovi¢ ef al. (2014) and Jacheol (2020) regarding the fagopyrin
peak, which exhibited an m/z of 671.2356 in positive ion mode,
consistent with the reported m/z of fagopyrin F (671.2401 [M+H]+).
Other fagopyrin peaks did not correlate with any known fagopyrins
(A-E), which may be attributed to insufficient sample amounts for LC-
MS detection or the presence of unknown fagopyrin derivatives,
similar to the conclusions drawn by Jacheol in 2020. This consistency
reinforces the wvalidity of the identification of fagopyrin F and
highlights its significance in the study of tatary buckwheat extracts.
Due to its structural similarity to hypericin (Figure 7.10), a compound
found in St. John's wort (Hypericum perforatum L.), hypericin is
commonly used as a standard for detecting fagopyrin in samples

(Hinnburg et al., 2005, Ozbolt et al.,2008).

Figure 7.10 Structure of hypericin (A) fagopyrin F (B)
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Furan compounds are present in Ficus species, as shown in
existing literature (Chunyan et al.,2008). In the study of PAF 2, we

used psoralen, a well-established furan compound, as a reference
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standard. GC-MS analysis of complex biological and environmental
samples often faces the challenge of incomplete chromatographic
separations, leading to co-elution of compounds at the same retention
time. This occurs when multiple compounds overlap in
chromatographic peaks, making it difficult to extract pure component
spectra and accurately identify individual compounds. As a result,
distinguishing between co-eluting compounds becomes challenging,
especially in samples with hundreds of chemical components, such as
those found in studies of Arabidopsis thaliana leaf tissue extracts by
Likic and team. The overlap of peaks complicates the extraction of
unambiguous mass spectra, hindering accurate identification (Likic et
al., 2009). The presence of 7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-
diene-2,8-dione in the methanol latex extract of Ficus sycomorous was
previously reported by Abdel and team in 2019. In the present study,
we have also identified the presence of this spiro-compound in the leaf
extract of F. auriculata. Columbin, a compound identified in the PAF2,
contains fused oxygenated rings, possibly resembling furocoumarins.
9,10-Anthracenedione, 1-hydroxy-4-methoxy has a conjugated
polycyclic structure with oxygenation. Benzo[e]isobenzofuran-1,4-
dione contains a fused benzofuran and quinone system. More
structurally similar to psoralen due to the oxygenated fused rings.
Chromone, 5-hydroxy-6,7,8-trimethoxy-2,3-dimethyl- contains a

chromone core, similar to psoralen’s oxygenated fused-ring system.
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Figure 7.11 structure of Psoralen (A) 7,9-Di-tert-butyl-1-
oxaspiro(4,5)deca-6,9-diene-2,8-dione (B) Benzo[e]isobenzofuran-
1,4-dione (C) 9,10-Anthracenedione, 1-hydroxy-4-methoxy (D)
Chromone, 5-hydroxy-6,7,8-trimethoxy-2,3-dimethyl- (E)
Columbin (F)
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In addition to the known photosensitizers, the plant fraction
also contains other phytochemicals (Figure 7.11). Therefore, further
purification of these photosensitizers is required to further understand
their effectiveness and accurately assess their anti-cancer activity. This

could expand their potential applications in other areas.
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Chapter 8
In silico Analysis of PAF1 and PAF2

8.1 Introduction

One of the most important members of the human epidermal
receptor (HER) family is the epidermal growth-factor receptor, often
known as EGFR. This family of proteins is accountable for a
significant part of the process of cell growth and proliferation. When
EGFR is overexpressed on the surface of tumor cells, it immediately
becomes a primary target for the development of cancer therapies.
Through the process of growth factors binding to EGFR, intracellular
signaling pathways are activated, which in turn promotes the growth
and division of cells. The EGFR gene has been the subject of intensive
research as a possible therapeutic target (Byrne et al. 2008; Creixell et
al. 2010; Laskin and Sandler 2004). This is because of the significant
role that it plays in the development of cancer. According to Laskin
and Sandler (2004), EGFR engages in interactions with six widely
recognised endogenous ligands, including EGF, TGF-a, amphiregulin,
betacellulin, HB-EGF, and epiregulin. EGF is the most common choice
for targeting EGFR because it is frequently detected in people and
because it strikes the perfect balance between molecular size (6.1 kDa)
and binding affinity (Byrne ef al. 2008). However, any of these ligands
can be implemented to target EGFR. In this chapter, we have done an
analysis of the tumor site-targeting efficacy of the identified

photosensitizers in PAF1 and PAF2 through in silico methods.
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We have shown that the photosensitizers from the studied
plants have the ability to bind EGFR, which is overexpressed on A431
cells. Whenever the photosensitiser is exposed to light, an activation
process happens; this action produces reactive oxygen species (ROS).
Reactive oxygen species have the ability to trigger cellular stress,
which could finally cause the organism to die as well as cells to perish.
This chapter aims to quantify the photosensitiser's binding affinity to
EGFR by means of molecular docking simulations primarily.
Way2Drug was used to identify photoactive compounds in PAF1 and
PAF2 beyond the previously investigated photosensitizers. The
resulting list of compounds was then subjected to a docking study with

EGFR.
8.2 Materials and methods
8.2.1 Materials

For the objective of carrying out PASS online drug prediction,

website  such as  https://www.way2drug.com/passonline  and

https://pubchem.ncbi.nim.nih.gov are vital resources. In addition, in
order to perform molecular docking investigations, it is necessary to
install software tools that include Discovery Studio Visualizer
v24.1.0.23298, Avogadro 1.100.0, UCSF CHimeraX 1.9 and
AutoDock 4.2.6. Both the evaluation of molecular interactions and the
prediction of drug-target affinities are crucial steps in the procedure of
drug discovery research. These programs provide assistance for

advanced computational modelling, which helps complete these tasks.
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8.2.2 PASS online

Utilising specialised drug prediction tools, we can analyse and
compare the photosensitising potential of the targeted chemicals that
were found within the photoactive fractions. Using this approach, we
can determine the likelihood that each compound would be able to
produce a photosensitising effect when it is exposed to light. This is
vital for applications in fields such as photodynamic treatment. We
succeeded to obtain probability ratings for the photosensitiser activity
of each compound, by implementing predictive software techniques.
These scores furnished us with significant insights into the possible
effectiveness and selectivity of the compounds. The procedure

consisted of the following steps:

» PASS Online can be accessed by going to

https://www.way2drug.com/passonline. After logging in to the

website we can utilise the drug prediction tools that are available

on PASS Online.

» In order to prepare the compound data, one must first get the
chemical structures of the compounds that you need to analyse in
the SMILES format. This format is compatible with PASS Online.
You are able to identify and convert chemical structures into
SMILES format by utilising resources that include PubChem
(https://pubchem.ncbi.nim.nih.gov). This simplifies the process of

entering the information into the PASS Online platform.
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» In the PASS online interface, locate the input field for SMILES
strings. Choose the types of biological activity you wish to predict.
PASS online provides a variety of activity classes, ranging from

the therapeutic effects to specific molecular targets.

» Click “Predict” to start the prediction. PASS online will process
the input and proven an output with predicted activities. Each
activity will be accompanied by “Pa” and “Pi” values, representing
the likelihood of the compound being active or inactive,

respectively.

The PASS user receives output as a list of predicted activity
types, each with an estimated probability for "active" (Pa) and
"inactive" (P1) status, ranging from zero to one. These probabilities, Pa
and Pi, also represent the estimated probabilities of errors of the first
and second kind, respectively. These values can be understood as
indicators of the likelihood that the predicted compound belongs to
fuzzy categories of active or inactive compounds (Filimonov et

al.,2014).
8.2. 3 Molecular Docking

The assessment of the chemical compounds' capability to bind
to the Epidermal Growth Factor Receptor (EGFR) was carried out with
the assistance of AutoDock 4.2.6 in collaboration with Discovery
Studio. The structure of EGFR was downloaded from RCSB Protein
Data Bank (PDB ID: INQL) (Sun et al.,2015). Ligands were
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downloaded from Pubchem using Pubchem ID. In order to guarantee
that the docking investigation has only the atoms that are pertinent to
the problem at hand, removed water molecules from the EGFR
structure. Ensured that receptor is adequately prepared by adding polar
hydrogen atoms and Kollman charges to the protein. Prepared the
ligand in a similar manner, which involves the addition of polar
hydrogen atoms. Ligand preparation was done using Avogadro
1.100.0.The middle of the grid was set to be found using the following
coordinates: X: 169, Y: 183, and Z: 237. These coordinates should
coincide with the active site of the EGFR protein, where ligands will
attach to the protein. Receptor preparation was done using UCSF
Chimerax 1.9,CHARMM-GUI, Autodock and AGFR. Docking was
done by using Autodock 4.2.6. By means of critical analysis of the
expected binding energy values incorporated in the results, one can
better appreciate the strength and stability of the ligand-receptor
interaction. Usually, lower binding energy values indicate the
presences of greater affinities. The docked structures were visualized

using Discovery Studio Visualizer v24.1.0.23298.
8.3 Results
8.3.1 PASS online analysis

The results of PASS online are given in table 8.1 for PAF1 and
table 8.2 PAF2.
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Table 8.1 List of compounds that possess photoactivity in PAF1

Compound name Pa Pi
Betavulgarin 0.353 0.023
Maritimetin 0.347 0.025
Melicopicine 0.310 0.044
Fagopyrin 0.347 0.025
2,6-dihydroxybenzoic 0.369 0.017
acid

Monomethyl phthalate 0.403 0.009
Resorcinol 0.407 0.008
O-Cresol 0.389 0.012
Kaempferol 0.396 0.010
Enol - phenylpyruvate 0.362 0.019
Genistein 0.445 0.005
2,4-Di-tert-butylphenol 0.396 0.010
Dibutyl phthalate 0.425 0.006
Benzenepropanoic acid, 0.524 0.003
3,5-bis(1,1-

dimethylethyl)-4-

hydroxy-, ethyl ester
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Table 8.2 list of compounds that possess photoactivity in PAF2

Compound Name Pa Pi

(1R,6R)-6-Hydroxy-2 0.388 0.012
succinylcyclohexa-2,4-
diene-1 carboxylate

Caffeic acid 0.348 0.025
Ellagic acid 0.479 0.004
Genistein 0.445 0.005
Kaempferol 0.396 0.010
Luteolin 0.357 0.021
[7]-Paradol 0.443 0.005
Dinoseb 0.337 0.030
Phenol, 2,4-bis(1,1- 0.396 0.010
dimethylethyl)-

7,9-Di-tert-butyl-1- 0.350 0.024

oxaspiro(4,5)deca-6,9-
diene-2,8-dione

1-Naphthoic acid, 2- 0.305 0.47
hydroxy-, monoanhydride
with 1-butaneboronic
acid, cyclic ester

9,10-Anthracenedione, 1- 0.471 0.004
hydroxy-4-methoxy

Chromone, 5-hydroxy- 0.403 0.009
6,7,8-trimethoxy-2,3-

dimethyl-

Table 8.1 and 8.2 provided a list of compounds predicted to
exhibit photoactivity by using PASS online. In each of the fractions
PAFI1 and PAF2, 14 compounds were identified, that are predicted to

have photo-activity.

8.3.2 Docking

The binding energy with EGFR, of compounds present in PAF
1 and PAF 2 are given in table 8.3 and 8.4. Among the analysed 14
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compounds from each fraction, 11 in PAF1 and 9 in PAF2 show
binding with EGFR.

Table 8.3 Binding energy of predicted compounds in PAF1

Compound name Binding energy (KCal)
O-cresol -4.00
Kaempferol -4.43
Genistein -4.82
Resorcinol -3.92
Fagopyrin -5.76
2-(Methoxycarbonyl)benzoic_acid -4.18
2,6-dihydroxybenzoic_acid -3.89
Melicopicine -4.11
Maritimetin -5.31
enol-phenylpyruvate -4.75
Betavulgarin -4.65

Table 8.4 Binding energy of predicted compounds in PAF 2

Compound name Binding energy KCal
Kaempferol -4.45
Caffeic_acid -4.38
Chromone, 5-hydroxy-6,7,8- -3.80
trimethoxy-2,3-dimethyl-

luteolin -4.69
Genistein -4.82
DINOSEB -5.04
7,9-Di-tert-butyl-1- -5.30
oxaspiro[4.5]deca-6,9-diene-2,8-

dione

9,10-Anthracenedione, 1-hydroxy- | -5.06
4-methoxy

Ellagic acid -4.61
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Most intense binding is exhibited by fagopyrin (-5.76 KCal) in
PAF1 whereas 2-Pentanone, 4-hydroxy-4-methyl-1, 1, 1-triphenyl (-
5.39 KCal) shows the same in PAF2. Other compounds also show
binding with EGFR, but to a lesser extent.

The structural representation of EGFR is given in Figure 8.1.
Figures 8.2 and 8.3 depict the molecular interactions of EGFR with the
photoactive compounds in PAF1 and PAF2, respectively.

Figure 8.1 Structure of EGFR
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Figure 8.2 Molecular interactions of Fagopyrin and EGFR
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2D illustration of the interactions within the optimal binding pose of Fagopyrin F at
the EGFR binding site, demonstrating a binding affinity of -5.76 kcal/mol.

Fagopyrin's interaction with EGFR involves several key
residues of the B chain. A n-m stacking interaction is observed with
TYR B:22, while VAL B:19 exhibits a pi-alkyl interaction.
Conventional hydrogen bonds are formed between GLU B:5 and CYS
B:20. Van der Waals forces also contribute to binding via residues
CYS B:6, SER B:4, MET B:21, GLU B:24, and TYR B:29. A carbon-
hydrogen bond also exists with PRO B:7, which overall indicates a
multifaceted binding mode of fagopyrin to EGFR.
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Figure 8.3 Molecular interactions of 7,9-Di-tert-butyl-1-
oxaspiro[4.5]deca-6,9-diene-2,8-dione and EGFR
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2D illustration of the interactions within the optimal binding pose of 7,9-Di-tert-
butyl-1-oxaspiro[4.5]deca-6,9-diene-2,8-dione at the EGFR binding site,
demonstrating a binding affinity of -5.30 kcal/mol.

The docking of 7,9-Di-tert-butyl-1-oxaspiro[4.5]deca-6,9-
diene-2,8-dione with EGFR reveals alkyl interactions with LEU A:595
and PRO A:598. Vander Waals forces are contributed by PRO A:598,
HIS A:597, CYS A:596, TRP A:584, VAL A:583, THR A:581, and
LEU A:582. Furthermore, hydrogen bonds are established with LYS
A:600 and THR A:601, indicating a combination of hydrophobic and

polar interactions in the binding of this compound to EGFR.
8.4 Discussion

An important protein tyrosine kinase associated with signal

transduction pathways is EGFR, or epidermal growth factor receptor.
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Some essential physiological events, including cell survival and
proliferation, are under control by these channels. Among the most
exciting breakthroughs in cancer treatments aimed at the molecular
level are EGFR-targeted approaches. Currently among the most
clinically advanced, these techniques show great promise in precision
oncology by selectively disrupting signalling pathways linked with
tumor growth and resistance mechanisms (Tortora et al., 2001,
Albanell ef al., 2001, Chinnaiyan et al., 2006, Cerea et al., 2006, Saba
et al., 2006). EGFR thus has the possibility to be a therapeutic target.
Nonetheless, to confirm the EGFR binding capabilities of these
compounds, additional validation through wet lab experiments is

essential.

The in silico analysis described here gives evidences for the
photo activity and tumor-targeting efficacy of compounds from PAF1
and PAF2. Apart from fagopyrin, many other compounds show the
probability to act as photosensitizers, in PAF1. However, when
comparing their ability to target tumor cells, fagopyrin shows
maximum efficacy. The compound 7,9-Di-tert-butyl-1-oxaspiro [4.5]
deca-6,9-diene-2,8-dione with a lactone ring, which is also present in
psoralen shows maximum binding affinity to EGFR, when the cyclic

compounds from PAF2 were subjected to in silico analysis.
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Chapter 9
Summary and Conclusion

The cold extraction of F. auriculata and F. tataricum using
ethanol yielded stable crude extracts, analyzed for potential
photosensitizers. The photodynamic activity of photosensitizers from
these plants was confirmed by uric acid degradation, with F.
auriculata showing stronger singlet oxygen generation. Photoactive
fractions (PAF1 and PAF2) were obtained from plant extracts by thin-
layer chromatography (TLC). Their phototoxicity was subsequently

confirmed using the uric acid and linoleic acid assays.

MTT assay confirmed the dose and time-dependent
cytotoxicity of PAF1 (29.08 + 0.234) and PAF2 (46.45 + 1.192) on
A431 cells, with increased effects under light exposure. PDT-treated
groups showed reduced ICso values and higher cell death (40—45%)
compared to non-light-treated groups (2-5%), as revealed by trypan
blue test. Morphological analysis showed apoptosis-specific changes in
PDT-treated cells, confirming the selective phototoxicity of light-
activated PAF1 and PAF2.

PAFI1 and PAF2 preferentially accumulated in mitochondria,
triggering apoptosis. PDT-treated groups showed apoptotic features,
ROS generation, DNA damage, elevated caspase-3 activity, chromatin
condensation, and nuclear fragmentation. Cell cycle arrest (S-phase for
PAF1/PAF2, G2-phase for ALA) and reduced cell adhesion further

confirmed PDT-induced apoptosis and impaired cell viability.
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MTT assay revealed that PAF1 and PAF2 had minimal effects
on L929 cell viability over 24, 48, and 72 h, indicating low toxicity.
Morphological analysis further supported these findings, showing no
significant structural changes in treated L929 cells across all groups,
with control and experimental cells maintaining normal shape, size,
and membrane integrity, confirming the less-toxic nature of PAF1 and

PAF2 on normal cells.

Using HPLC, HR-LCMS and GCMS, the photosensitizers in
PAF1 and PAF2 were identified. Additional PASS online analyses
predicted 14 and 13 photoactive compounds in PAF1 and PAF2
respectively. Docking studies revealed that fagopyrin and pentanone
compounds exhibited high affinity for the EGFR. This suggests that
the photoactive compounds contained in the fractions contribute to the
observed photoactivity against A431 cells. Future research should
focus on the individual purification and potency testing of these
compounds, as well as in vitro and in vivo studies, to identify the most

promising photosensitizer.

PDT with photosensitizers from F. tataricum and F. auriculata
shows promise for cancer treatment. Future research may enhance
cancer therapy, dental infection treatment, and thrombolysis, while
exploring applications in viral infections, vaccine development, and
vitiligo. PDT could also provide antibiotic-free solutions in veterinary
medicine, improve antimicrobial resistance, and offer benefits in
agriculture by controlling pathogens and reducing contamination.

Additionally, it could help purify air and water and accelerate plastic
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degradation, making PDT a powerful tool for health and environmental

sustainability.

In conclusion, PDT using photosensitizers from F. auriculata
and F. tataricum shows significant potential for medical applications.
The study confirmed the presence of active compounds like fagopyrin
and psoralen-like molecules through various analytical methods. PDT
using these plant derived photo active fractions demonstrated
photodynamic activity, with selective cytotoxic effects on cancer cells
and minimal toxicity to normal cells. Molecular docking and

predictions support their use in cancer therapy.
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Chapter 10
Recommendations

The results of our research on photodynamic therapy (PDT)
with natural photosensitizers from F. tataricum and F. auriculata
provide a basis for future bio-medical and environmental applications
of natural photosensitizers. There are some potential approaches for
further research, leveraging the high efficacy of PDT to target specific
cells and pathogens. The intention of these proposals is to expand the
use of PAF1- and PAF2-mediated PDT, increase its efficiency, and
contribute to solving significant environmental and health problems on
a global level. In future works, we have to purify fagopyrin and 7,9-
Di-tert-butyl-1-oxaspiro[4.5]deca-6,9-diene-2,8-dione ~ to  further
explore their efficacy in A431 cells in vitro, as well as their application
for the treatment of skin cancer in vivo and in clinical trials. In
addition, in silico studies might include molecular dynamics (MD)
simulations and other relevant tests. This preliminary work forms the
basis for further investigations. PDT (photodynamic therapy) has
numerous medical and therapeutic applications, including improving
molecular docking studies to directly target EGFR, advancing its use in
dental infection control, and investigating its potential in treating
strokes through blood clot dissolution. PDT is also being investigated
in veterinary medicine to combat viral infections, support vaccine
development, and improve infection control. PDT also shows promise
in the treatment of vitiligo, combating antimicrobial resistance, and
applying advanced light therapy systems. PDT is being investigated in

the cosmetics industry to make treatments more effective. In food
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safety and agriculture, PDT is used to sterilize food and protect plants
from pathogens. Finally, PDT is used in environmental engineering to
purify air and water by killing microbes and degrading plastics, thus
contributing to the reduction of environmental pollution. The natural
photosensitizers identified in the present study can be explored further

in all these aspects.
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