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ABSTRACT

Lung cancer (LC) is the most commonly diagnosed form of cancer and the leading
contributor to cancer-related fatalities across the globe. In India, LC represents 5.9%
of all cancer cases and contributes to 8.1% of all cancer-related deaths. Notably,
approximately 80% of LC patients have a smoking history. Within the realm of lung
cancer, pivotal components of cellular signalling pathways, such as receptor tyrosine
kinases (RTKs), protein kinase C (PKC), and the Ras/mitogen-activated protein
kinase (MAPK) systems, are frequently disrupted in lung cancer cells due to
oncogene-driven overexpression or mutations. This disruption results in the
dysregulation of cell signalling and uncontrolled cell proliferation. While the national
and international markets offer a range of treatment options, including antagonists
and agonists, they often induce severe side effects and can ultimately lead to
remission and resistance. Therefore, the imperative lies in exploring innovative, side-

effect-free approaches to effectively combat LC, overcoming the challenges.

Phytomedicines are renowned for their multifaceted impact on cellular biomarkers
linked to various stages of carcinogenesis. These compounds are celebrated for their
health-enhancing properties. Consequently, our study sought to investigate the chemo
preventive capabilities of specific flavonoids. However, these promising agents face
low bioavailability, solubility issues, and short half-life. To surmount these hurdles,
we turned to nano-based emulsions as a source of drug administration for increased
efficacy. By leveraging nano-based emulsions, we aimed to enhance the effectiveness
and delivery of these flavonoids, thereby addressing their limitations and optimizing

their potential.

Nanoformulation provide self-assembled and building materials that could develop
entirely innovative devices, which may lessen the noxiousness along the
development of drug delivery treatments and their efficacies. It provides us with the
platform to study these nanomaterials during the early stages of cancer progression.
Tremendous applications of metal nanoparticles are envisaged in anticancer,
antibacterial, antioxidant, antidiabetic, and anti-inflammatory activities, as well as for

drug delivery and bioimaging applications. Nano-sized molecular tools can
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potentially increase the selectivity and potency of chemical, physical, and biological
approaches for stimulating cancer cell death while minimizing toxicity to healthy

cells.

Molecular docking is a two-step technique that starts with ligand conformational
changes in the active area of the receptors. Then, depending on the relative
interaction conformational energy for each interaction confirmation, as per their
binding score and affinity. We employ GOLD and GLIDE for molecular docking
because of their performance, precision, adaptability, and extensive analysis. Our
virtual screening tests are premised on the hypothesis that flavonoids may decrease
LC genesis and progression by interfering with objectives. We deploy flavonoids

against specific targets, such as EGFR and ROS1.

When designing novel pharmaceutical substances, pharmacokinetic variables are
among the most crucial things to consider. Any product intended for use as a
medication must possess the highest levels of biological activity and pharmacokinetic
properties. Pgp (p-glycoprotein), found in the liver and vital for drug discovery and
development, functions as an efflux pump regarding pharmacokinetic properties.
They permit the prioritisation and selection of interesting molecules for future
experimental study. Adhering to Lipinski's rule facilitates the identification of
substances with better odds of favourable pharmacokinetic characteristics and
increased possibilities of drug development success. Molecular dynamic simulations
have been undertaken to evaluate the dynamic and solvent influence of the ligands-

receptor complex.

The present work identified a novel flavonoid, Diosmin and Hesperidin, as a
potential candidate against LC. This study investigates anticancer activity by
employing Insilico and In vitro techniques. We used Molecular Docking analysis,
suggesting that Diosmin and Hesperidin inhibit ROS1 and EGFR, respectively.
Further, we used ADME and drug-like properties and found it obeys all the Lipinski
rules and has efficacy in inhibiting Pgp protein. Pgp protein is located in the liver and
works as an efflux pump. If the drug candidate inhibits Pgp, it has high
bioavailability and a high half-life. Further, Nano-formulations, i.e., Silver, Zinc and

Graphene oxide, are utilised to enhance the efficiency of Diosmin and Hesperidin



and tested on A549 cell lines by performing MTT assay and Scratch assay and found
ICso 25ug/ml on A549 for both the compounds. In case of scratch assay, we
induced25pg/ml and it stops the migration at 24hr time interval. So, we conclude that

both the compounds having potential to inhibit LC and also migration of cancer cells.

Moreover, following a thorough cytotoxicity evaluation, we chose Hesperidin for
expression analysis utilizing LC-MS, the applications for LC-MS can be categorized
as either quantitative or qualitative. In qualitative analysis, unknown components
found in often complicated sample combinations are separated and identified.
Quantitative analysis counts the amounts of particular, well-known chemical
substances. Our inquiry delved into network pharmacology, shedding light on the
intricate interplay between flavonoids and molecular targets, emphasizing their

relevance in the context of LC.

In summary, our comprehensive data analysis strongly suggests that Hesperidin holds
promise as a ground breaking therapeutic avenue for LC. It has the potential to serve
as a more effective and better-tolerated alternative to existing treatment methods,

offering a significant advancement in the field of cancer therapeutics.
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PREFACE

The present thesis entitled “Evaluating the Potential Flavonoids based Nano-
formulations as Anticancer Activity against Lung Cancer” encompasses the
details of the studies undertaken and analyses of results obtained under 5 major

chapters as described below:

Chapter 1 - Introduction & Objectives: This chapter includes a brief introduction
and objectives designed to address the novel treatment option to treat lung cancer, the

Hypothesis and objectives of the study.

Chapter 2 - Review of Literature: This chapter summarizes the present literature
available, anatomy of the lung cancer, cause and risk factors, and flavonoids utilized

for the treatment of lung cancer.

Chapter 3 - Methodology: It includes the details of various experimental materials,
procedures and protocols that were employed in order to accomplish the

objectives.

Chapter 4- Results And Discussion: It includes the details of the results

of the experiments and the conclusion of the study.

Chapter 5 — Significance of the study: This chapter briefly tells the significance

of the work that has been presented in this thesis.

Bibliography: This chapter contains citations of references used in the

present investigation.
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Chapter — 1

INTRODUCTION

1.1 CANCER

Gene alterations of somatic cells and proliferation of abnormal cells which led to
Cancer. The formed abnormal cells will be spread different parts of the body (Figure
1.1). Cancerous cells which form neoplasm or tumour. Neoplasm is a group of cells
which may exhibit abnormal growth. Neoplasm produce a bulk mass and it can easily
distribute by simple diffusion (Riaz et al., 2017). Disorder of cancer was projected by
GDC (Global demographic characteristics), is about 420 million novel cases by 2025
yearly, that the rate of incidence growing gradually with time to time. In 2018, over
18 million new cases were reported Globally; it further in female is around 8.5 and in

male is around 9.5 million respectively.

Cancer Cell

Doubling .

. Cancer Cell

Normal Cell

Figure 1.1 : Cancer growth and development

Total 9.6 million deaths may be expected through worldwide with cancer (Ferlay et
al., 2015). More commonly observed cancers are prostate, breast, colorectal, stomach
and non-melanoma skin malignancies (respectively 1.28, 2.09, 1.1, 1.03, 1.04

million) (Fitzmaurice et al., 2019).
1.2 CAUSES OF CANCER (Baylin & Jones, 2016)

e  Most of the cancers are caused by different factors such as consumption of
tobacco (22%), poor intake of diet (10%), less physical activity, over

consumption of alcohol, obesity or other related factors.



i)

Some other infectious diseases also may produce (15%) of cancers through
globally they are including hepatitis b & ¢, human papillomavirus infection,

helicobacter pylori, and HIV, Epstein - Barr virus.
Genetic abnormalities of parents are also producing about 5-10% of cancer.

Different types of carcinogens also cause cancers when consuming externally

they are:

Physical Carcinogens: Radiations like radon (Ionising), UV, uranium, alpha,

gamma, beta, and X-rays.

ii)

Chemical Carcinogens: Chemical substances like N-nitrosamines, asbestos,

cadmium, benzene, vinyl chloride, nickel, and benzidine, drinking water contaminant

(arsenic), a food contaminant (aflatoxin).

iii) Biological Carcinogens: Micro-organisms like bacteria, viruses, or parasites

and Pathogens like HPV, EBV, hepatitis B and C, Kaposi’s sarcoma-associated

herpesvirus (KSHV). One of the other causes is Aging. It is more common incidence,

in which it drastically increases.

Asbestos Environment
(Silicates) (Radon gas)
Tobacco Genetics

(Smoking) (Family history)

Smoke c fC Diseases
(Second hand) auses o ancer (COPD)

Pollution Occupation
(Smog) (Miners)

Aging Radiation

(Senescence) (X-rays)

Figure 1.2 : Causes of Cancer.



1.3 TYPES OF CANCER

Cancers are further classified into different types they are: [cancerresearchuk.org

updated, 2024]

a) Carcinomas (Starts in cells) - Breast cancer, prostate cancer, colorectal cancer,

lung cancer.

b) Sarcomas (Starts in the tissues) - Nerves, tendons, joints, fat, blood vessels,

bone, lymph vessels, muscles, or cartilage.

c) Leukaemia’s (Blood-forming tissue) - Myeloid leukaemia, lymphocytic

leukaemia.

d) Lymphomas (Lymphatic cells) - Hodgkin lymphoma and non-Hodgkin

lymphoma.

e) Central Nervous System Cancers (Brain & Spinal) - CNS lymphomas,
vestibular schwannomas, gliomas, pituitary adenomas, primitive neuro-

ectodermal tumors, meningiomas, and vestibular schwannomas.
f)  Multiple Myeloma (Plasma & Immune Cells) - Kahler disease.
g) Melanoma (Melanocytes) — Skin cancer.
h)  Other Types of Cancers:

Germ Cell (Reproductive cells) — Growth of Tumor cells from reproductive

cells.

Neuroendocrine (Neuroendocrine cells) - It may be either benign or

malignant.



Breast Stomach Brain Prostate

S

Larynlgeal Bone Lymphoma Overian Testicular
Figure 1.3 : Types of Cancer
1.4 CANCER CYCLE
The following steps are help to understand how the cancer begins: (McGuire, 2016)
a) Changes in the Cell

Body is composed by very tiny functional units known as cells, a greater number of
cells which joins with each other and to form body. Initially, Changes in the cell is
more common in cancers. Mostly cells are involved in signal transduction processes.
Any disruption in the cell signalling pathway than the cells undergo uncontrol
proliferation and this proliferation may lead to the formation bulk mass is known as
tumor. There are some other mechanisms also possible that depends on the type of

cancer.
b) Cell Division

Structurally, cells are quite similar but specific cells may exhibit specific functions in
our body. For all functions of the cell, responsible unit is gene which is present in the
nucleus. It is made up of long chain polynucleotides in the form DNA. Every cell has
nucleus, which regulate the cell functions. Nucleus contains chromosomes these are

composed by many numbers of genes. Every gene is coded a signal, which says to the



cell how to perform or division. During the cell division, the parent cells divide into

two similar identical cells, and then these two cells divide into four and so on.

/N /o
® ® @

Figure 1.4 : Cell Division
C)  Mutations

During the cell division there are changes within the gene sequence due to chemical
changes which may from external like smoking. Mutation is nothing but sudden
change in nucleotide base pair sequence. By Mutation gene lost their original
function. Mutations also cause the abnormalities in their function regulation like cell
growth control due to this the cell may undergo uncontrolled proliferation. Mutation
of genes also does not produce the actual required proteins which may stops the cell
division and there may be a chance to producing the high number of proteins, which

may help to rapid cell division. This is another cause to formation of a tumor.
d) Growth of Cancer

Cancer cells may function in a different manner as that of normal cells. Cancer cells
also requires the substances for their survival like that of normal cells. Due to this

function, it will grow continually.
By the following characters the cancer cells are varied from normal cells:
e  Cell division is uncontrolled.

. They are functionally immature.



J They do not recognize the original signals like cell division controlling signals.

. Cancer cells easily spread different parts throughout the body by using

circulatory systems.

J They will injure different tissues and organs.
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Figure 1.5 : Cancer growth Adopted from (https://cancer.ca/en/cancer-

information/what-is-cancer/how-cancer-starts-grows-and-spreads)
e) Spreading

During the growing stage, they are distributed to the different parts of the body by
circulatory systems like systemic or lymphatic. Proliferation of new cancerous cells is

known as metastasis.
1.5 LUNG CANCER

According to current figures (Fitzmaurice et al., 2019) Lung Cancer (LC) is at the
forefront of worldwide cancer occurrence and fatalities. This disease is categorized
into two primary types: small-cell LC (SCLC) and non-small-cell LC (NSCLC). The
non-small-cell LC (NSCLC) category can be further divided into several subtypes. In
2020 alone, 2,206,771 new instances of LC were recorded globally, cementing its
status as the most diagnosed disease (see Figure 1.6). It ranks as the second most

common cancer in men, trailing only prostate cancer, and holds the same position as



the second most prevalent disease in women. Surprisingly, males have a 14.3%
lifetime chance of developing LC, whereas women have a 8.4% of the total risk (Bray
et al.,, 2018; Organization, 2019) . LC is more common in poorer nations wherein
tobacco use is prevalent, resulting in a more than 20-fold disparity in occurrence rates
across locations. This highlights the important relationship between LC and cigarette

smoking behaviours, making it a worldwide public health problem.

Estimated number of new cases in 2020, World, both sexes, all ages

Breast
2 261 419 (11.7%)

Lung
2 206 771 (11.4%)

Other cancers
8 879 843 (46%)

Colorectum
1931 550 (109%)

Prostate
1414 259 (7.3%)
Stomach

1089 103 (5.6%)

Cervix uteri Liver
604 127 (3.1%) 905 677 (4.7%)

Total : 19 292 789

Figure 1.6 : Graph source GLOBOCAN 2020, showing new cases of LC.

LC stands as the foremost contributor to cancer-related deaths on a global scale,
affecting both men and women at an equal rate. In the year 2020 alone, LC accounted
for 1,796,144 casualties, accounting for 18% of all cancer-related deaths globally.
This illness has the unfortunate distinction of being the greatest cause of mortality in
males, contributing to 21.5% of male related to cancer fatalities, and 13.7% in women
(Organization, 2019). These troubling numbers highlight the huge toll that LC exacts
on human lives, underscoring the critical need for ongoing studies, prevention, and

awareness initiatives.
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Figure 1.7 : Landscape of treatment options in Lung Cancer depending on the

stage of Lung Cancer (Sase et al., 2021).

Latest 5-year survival rate for LC, according to SEER (from 2013-2019) was 24.3%
with estimated cases 3,94,312 in both sexes (Thandra et al., 2021). Out of which the
S-year survival rate for women is 29.6% (1,91,855 cases) and males is 21.3%
(2,02,457 cases). Early detection measures, such as the suggested computed
tomography (CT) screening, may be credited to improvements in LC survival rates,
particularly for persons with a strong history of smoking. Furthermore, the progress
in treatment options has made a significant impact, particularly with the introduction
of targeted therapies along with immunotherapies inhibitors. Additionally, developed
countries enjoy a distinct advantage due to their superior access to state-of-the-art
diagnostic tools and advanced treatment methods. This enhanced accessibility
correlates with higher survival rates among LC patients, underscoring the pivotal role

economic factors play in healthcare outcomes (Barta et al., 2019).
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Figure 1.8 : Recent trends in lung and bronchus cancer survival rates from 2013
to 2019, as reported by the SEER database, encompass data across all genders,
races (including Hispanic ethnicity), age groups, and disease stages over a span

of five years. (P. Liu et al., 2012).

The world health organization, in 2022, classified LC into distinct categories (Travis
et al., 2015) and in the Western world, more than 80% of LC cases are directly linked
to cigarette smoking. Efforts to curb smoking, including successful smoking cessation
programs, have led to a decline in both the number of new cases and mortality rates
associated with LC. However, in poor nations, the scenario is different. Persistent
tobacco use remains widespread, and there are additional health risks stemming from
factors such as prolonged exposure to industrial substances like asbestos and
combustion fumes. Despite progress in some areas, these ongoing challenges
highlight the complex interplay of social, economic, and environmental factors in the

global fight against LC.

Well-known genetic modification in LC, such as EGFR, BRAF and KRAS, EGFR
have been confirmed in recent genomic research. Furthermore, these investigations
have revealed previously unreported uncommon but recurrent mutations in LC, such
as amenable to targeting changes in genes including RET, ERBB4, JAK2 and
fibroblast growth factor receptor 1 (FGFRI1) (“Comprehensive Genomic



Characterization of Squamous Cell Lung Cancers.,” 2012; Ding et al., 2008;
Govindan et al., 2012; Ju et al., 2012; Kohno et al., 2012; Lipson et al., 2012; P. Liu
et al.,, 2012). Understanding the complex landscape of LC epidemiology or risk
factors is critical. This understanding not only informs preventative initiatives, but it
also plays a vital responsibility in minimizing the disease's rising worldwide burden
(“Global Burden of 87 Risk Factors in 204 Countries and Territories, 1990-2019: A
Systematic Analysis for the Global Burden of Disease Study 2019.,” 2020).

Significant progress in the understanding and treatment of LC has been achieved in
recent years due to the finding of mutational catalyst such as ROS1, EGFR, ALK and
BRAF. In patients meeting the criteria, targeted therapies utilizing small molecule
inhibitors targeting specific mutations in receptor tyrosine kinases, along with
immunotherapies have emerged as potent alternatives to or supplements for

traditional chemotherapy (Denisenko et al., 2018).

EGFR, an important player in cancer cell signaling, activates pathways such as PI3K-
AKT-mTOR, RAS-RAF-MAPK, and JAK-STAT, controlling crucial oncogenic
processes such as cell proliferation, cell viability, cellular specialization, new blood
vessel formation, cellular infiltration and Disease spreading or distant migration
(Sordella et al., 2004; Yarden & Sliwkowski, 2001). EGFR activating genetic
alteration cause continuous tyrosine kinase activation and the transformation of lung
epithelial cells into malignant forms (Greulich et al., 2005; Sordella et al., 2004).
Similarly, ROSI activation activates signaling pathways such as PI3K-AKT-mTOR,
STAT3, and RA-/MAPK-ERK. ROS1 gene rearrangements have been found,
including 5' fusion partners such as KDELR2, FIG, SDC4, TPM3,EZR,CD74,
SLC34A2, albeit the specific involvement of these partners in the integration of
kinase's oncogenic activity remains unknown (Govindan et al., 2012; Rikova et al.,
2007; Takeuchi et al., 2012). This expanding knowledge of individual abnormalities
and their associated pathways not only provides insight on the molecular processes
behind LC, but it also informs the development of tailored medications, resulting in
more precise and successful treatments for patients. These mutations and alterations
lead to resistance and reoccurrence, which cause DNA damage leading to apoptosis,

clonality and LC (Figure 1.9).
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Figure 1.9: Mutations in NSCLC (Shen et al., 2022).

SCLC, which accounts for roughly 14% of all lung malignancies (Sharp et al., 2016)
is a violent, neuro-endocrine neoplasm with a quick doubling period, fast expansion
rate, and early metastasis initiation (Pietanza et al., 2015; Waqgar & Morgensztern,
2017). For SCLC, no particular protein biomarkers have been discovered. Because of
the poor prevalence and survival rates of SCLC (Y. Zhang & He, 2013), little is called

about the driving iterations that link cancer formation and development.

When assessing tumor heterogeneity, it is crucial to consider that the cumulative
presence of co-occurring genomic alterations in NSCLC can have a more significant
impact than individual mutations within oncogenic driver genes. In comparison to
many other types of tumors, both LUADs and LUSCs exhibit a notably higher
average number of somatic mutations per mega base. While a substantial portion of
these mutations may be considered as passenger mutations, its noteworthy that
combinations of somatic mutations within cancer driver genes have been identified in
a significant proportion of LUADs and a considerable fraction of LUSCs. (Skoulidis
& Heymach, 2019)
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EGFR is the central concept of molecular targeted treatment in LC, which is currently
widely employed in clinical trials throughout the globe (Lynch et al., 2004; Paez et
al., 2004; Pao et al., 2004). The majority of EGFR mutations discovered in NSCLC
were determined to be somatic, with just a few, like T790M, being germline in origin.
Exons 18 to 21 in the tyrosine kinase domain were the most thoroughly sequenced
because they are thought to include mutational hot spots. Other EGFR variants exist
outside of these hot area exons, with some having a distinct influence on TKI
sensitivity, although at a lesser frequency; for example, the E884K mutation in exon
22 can be more sensitizing to gefitinib but imparts insensitivity to erlotinib (Choong
et al., 2006; Tang et al., 2009). The bulk (85%) of the recently discovered EGFR
kinase mutations are due to the L858R missense substitution in exon 21 and short in-
frame deletions variants in exon 19, (Gazdar et al., 2004; Greulich et al., 2005) both
of which have been demonstrated to be EGFR TKI sensitizing.

The ROS-1 protein consists of an extracellular domain featuring a hydrophobic
segment, allowing for permeability passage. Its intracellular region contains a
tyrosine-kinase domain with a terminal carboxyl group (Roskoski, 2017). While the
exact physiological role of ROS-1 is yet unknown, research suggests that the wild-
type ROS plays a crucial role in embryonic growth, activating signaling processes
essential for the differentiation of epithelial tissues (Acquaviva et al., 2009). ROS-1 is
pivotal in activating multiple signaling pathways crucial for cell proliferation,
differentiation, developmental processes, and cell survival. Rearrangements of ROS-1
occur at specific points within the gene, including the 5’ end of exons 32, 34, 35, or
36, or introns 31 or 33 (Cui et al., 2020; Davies & Doebele, 2013). Common fusion
partners include CD74 (38-54%), EZR (13%-24%), SDC4 (9-13%), and SLC34A2
(5-10%) (Cui et al., 2020; Huang et al., 2021). Notably, lung adenocarcinomas with
ROS1 mutations have been found to be associated with EGFR mutations, suggesting

a complex interplay of genetic factors in these cancer cases.

Despite rising interest in the research of targeted medicines, chemotherapy remains
the basis of NSCLC treatment. However, chemotherapy resistance restricts our
capacity to treat advanced LC successfully. Some LCs are fundamentally resistant to

treatment, and in nearly all instances acquired resistance quickly. While targeting
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histology may result in increased tumor sensitivity to a certain chemotherapeutic
treatment, a greater knowledge of the molecular drivers of chemotherapy sensitivity/
resistance is necessary. Some potential options for overcoming chemotherapy
resistance in LC include the discovery of predictive biomarkers for personalizing
chemotherapeutic drugs and the combination of new medicines targeting particular

resistance pathways with conventional chemotherapy (Kim, 2016).

Despite significant developments in treatment technologies and a better knowledge of
LC, which led to the development of tailored medicines, chemotherapy remains the
cornerstone of NSCLC treatment. Several chemotherapeutic drugs with various
modes of action are now being utilized to treat LC. Almost all cancers, however,
acquire resistance to all of these drugs (Kim, 2016). Persistent research is required to
understand the molecular causes of chemotherapy resistance and to identify
biomarkers that are predictive for chemotherapy sensitivity. Improved molecular
knowledge of resistance mechanisms may open up potential to combine
chemotherapeutic medicines with molecularly targeted therapies, which might be a
viable method for overcoming chemotherapy resistance and optimizing treatment for

LC patients.

The initial therapies for LC, according to FDA-approved medications, were mostly
connected to chemical components like cisplatin, known to be capable of inducing
apoptosis. However, adverse effects, limited particularity, and resistance have
prompted the development of new medicines. Interestingly, cisplatin remains the
simplest synthetic chemical utilized as a chemotherapeutic therapy, with less side
effects arose in the subsequent decades. The growth of technology then led to a
pivotal discovery, which resulted in the creation of novel anti-cancer medicines

(Ruiz-Casado et al., 2017).

Aside from the expense of therapy, patients often endure consequences of the illness
itself as well as adverse effects of cancer treatment. The combined impact of the
illness and hazardous medications reduces patients' quality of life and may make
therapy difficult for them. Another critical concern among the individual receiving

therapy and the treating physician is the emergence of resistance of malignant cells to
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medication treatment. After a lengthy period of treatment, the tumor may grow
resistant to chemotherapy, resulting in a poor response to the chemotherapeutic
medicines. Because cancer treatment is a burden globally, several solutions have
proposed to reduce the expense of treatment options while improving the result

(Kolodziej et al., 2011; Siddiqui & Rajkumar, 2012).

One of the ways mentioned is the incorporation of phytomedicine with conventional
treatment. Phytomedicine is a herbal-based ancient medical practice that employs a
variety of plant materials in preventative and therapeutic methods. Clinical trials
investigating the effectiveness of herbal medications in patients with cancer have
shown mixed findings (Hamilton-Reeves et al., 2013; Troger et al., 2014). A primary
problem in this objective is the search for medications with less toxicity. Natural
products have significant anti-cancer activities with fewer side effects than
conventional chemotherapeutic medicines owing to chemoresistance and high

cytotoxicity.

The majority of the phytochemicals categories have remarkable pleiotropic activities
that are being investigated for potential anti-tumor activities (Berk et al., 2022).
Flavonoids are most significant and ubiquitous types of phytochemicals, present in
most of the eatable items as well as several drinks. Flavonoids are primarily generated
in certain organs of plants to help development and defend against infections, to
colour and provide scent, and to entice pollinators (Dias et al., 2021). Flavonoids also
protect plants from biotic and abiotic stresses and function as distinctive UV filters
(Takahashi & Ohnishi, 2004). Flavonoids' exceptional antioxidant and anti-
inflammatory properties have made them an essential component of a wide range of
nutraceutical, pharmaceutical, medical, and cosmetic goods. Furthermore, flavonoids
are appealing molecules because of their pharmaceutical and bioactivities

characteristics (Figure 1.10). (Falcone Ferreyra et al., 2012; Walker et al., 2000).
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Figure 1.10 : Molecular compositions of flavonoids and their corresponding

classes (Berk et al., 2022)

Flavonoids' major biological activity is to suppress the creation of ROS, and this
ability may modify a broad range of key cellular processes that influence multiple
molecular pathways in tumor cells (Batra & Sharma, 2013; Budisan et al., 2017).
Modulation of cell signaling pathways and suppression of critical transcription factor
activity are examples of these strategies. (Braicu et al., 2017; Khan & Mukhtar,
2013). These pathways are directly relevant to the prevention or treatment of LC. The
impact of the flavonoids on enzyme functions might be separate from their primary
function as antioxidant effects, however they could also be linked with the ROS
triggered MAPK  (mitogen-activated  protein  kinase) cascade, PI3K
(phosphatidylinositol 3-kinase)/Akt(serine/ threonine kinase 1) or Janus kinase/signal
conversion devices and activators of transcription (JAK/STAT) pathways

(Shanmugam et al., 2016; H. Zhang et al., 2018) (Figure 1.11).
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Figure 1.11. Flavonoids impact cellular signaling pathways by targeting various
components disrupted in LC, including protein kinase C (PKCs) and integrin.
Integrin, a key regulator of cancer cell proliferation and adhesion, is influenced
by flavonoids, leading to modulation of these crucial pathways (H. Chen et al.,

2022) (Kopustinskiene et al., 2020).

1.6 PHYTOMEDICINES AND LUNG CANCER

Natural commodities are valuable offerings from nature to humans. They comprise
plants and animals extracts, insect, oceanic, and microbial metabolic products, and
also a variety of chemical components found naturally in humans and animals.
Furthermore, traditional Chinese medicine (TCM) is based on a mix of natural
ingredients and TCM philosophy. Natural products have traditionally been a valuable
source for medication development. According to the most recent data on
pharmaceuticals authorised by the Food and Drug Administration (FDA) in the
United States, many prescription medicines for treatment are derived from natural
ingredients. From 1946 to 2019, almost half of newly authorised medications were

natural small molecules (Newman & Cragg, 2020). Plant preparations and Chinese
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medicines are products that have several components, channels, and targets. Natural
products remain to pique researchers' interest because of their various forms and
functions. Although the TME has been extensively explored, the natural compounds

that target and modulate the TME of lung cancer have not been well reviewed.
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Figure 1.12. : Natural compounds modulate the TME (Shen et al., 2022)

1.7 ROLE OF FLAVONOIDS IN CANCER CHEMOPREVENTION

Natural chemicals are the most pervasive family of plant chemicals and include
molecules having a -OH connected to an aromatic hydrocarbon. They are an
exceptional variety of FL. The term "flavonoids" encompasses a diverse group of
compounds that share a common structure known as C6-C3-C6, also referred to as a

phenyl benzopyran structure (Kumar & Pandey, 2013). The fundamental framework
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of all FL consists of two aromatic rings denoted as the A and B rings, interconnected
by a three-carbon bridge. In most FL, this three-carbon bridge connects with oxygen
and the "a" ring to form the "c" ring, which is a pivotal ring structure. This central
ring configuration is referred to as a chromane ring, and it is a shared feature with FL
and tocopherols. Notably, chalcones, a specific subclass of FL, lack the essential "c"
ring. FL, 1soFL, and neoFL are categorized as distinct classes based on their structural
characteristics, as outlined by Kumar and Pandey in 2013. Within the core chromane
ring structure of essential FL, further subgroups are defined by variations in

chromane ring saturation. Flavanones and flavanols, characterized by the absence of

carbon-carbon double bonds within the central ring, are differentiated from flavones.
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Figure 1.13 : In vitro and in vivo preclinical cancer research, flavonoids show
significant anti-cancer actions that target crucial stages of metastatic

development (Liskova et al., 2020)

The realm of FL encompasses approximately 9000 identified compounds in nature,
with the potential for many more due to the vast array of possible substitutions at
various positions on the FL carbon framework. Furthermore, each hydroxyl group and
certain carbons can be further modified with a variety of sugars, which can, in turn,
be substituted by a range of organic and aliphatic acids. This intricate diversity
contributes to the extensive spectrum of FL. Due to their widespread prevalence in
plant life, FL are an essential element of the human diet, with daily consumption

estimates ranging from 50 to 1,000 mg. The enormous discrepancies in predicted FL
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intake are attributable in part to the assessment of different FL types based on

separate studies.
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Figure 1.14 : Phytochemicals are used to chemo sensitize cancer treatment
resistance. By targeting numerous signalling molecules and pathways,
phytochemicals extracted from diverse plants help to sensitise resistant cells to

various anti-cancer therapy (Jameel et al., 2023).

Because the bulk of FL in nature are glycosylated, studies assessing FL glycoside
intake vastly overstate FL consumption compared to researchers assessing aglycone
consumption. Regardless of estimates, the intake of FL in the Western diet, which is
low in fruits and vegetables, much outweighs that of other phytochemicals like
vitamin E and -carotene. Because of the widespread use of FL, it is critical that we

investigate their safety and underlying impacts on human health and illness.

The range of FL effects on mammalian biological structures is very remarkable. In
vitro, FL influence a broad spectrum of cell techniques. Numerous thousands of
studies on this topic have shown a number of concerns. First, the impressive in vitro
effects of FL have not been confirmed in the in vivo setting. This will be explained by

a variety of variables, including poor FL absorption, high metabolism, and the
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complexity of the in vivo environment, which is difficult to reproduce in vitro.
Secondly, the research considers the relevance of FL form in relation to their
biological effects, such that positive systems (e.g. flavonols) have a much stronger
organic impact than others (e.g. Flavanones). One source of this latter impact may be
the additional planar structure of flavonols (due to the double bond inside the c-ring)
that makes these molecules considerably more likely to bind with active locations on

enzymes.
1.8 BIOAVAILABILITY AND METABOLISM OF FL

The primary site of FL absorption is the small intestine, with only minimal absorption
occurring through the stomach mucosa. The process of FL absorption is significantly
influenced by their glycosylation status. It is important to note that a large proportion
of naturally occurring FL exist in glycoside forms. Initial investigations proposed that
FL glycosides might not be absorbed intact in the human intestine due to their high
hydrophilicity. However, subsequent studies have raised questions about this

assumption.

Further investigations have revealed that certain FL glycosides, particularly quercetin
glycosides, are not only absorbed but are absorbed more efficiently than their
aglycone counterparts. Typically, the initial step in FL glycoside absorption involves
the hydrolysis of the sugar moiety, primarily occurring in the colon, leading to the
formation of FL aglycones. It was previously believed that this hydrolysis was solely
facilitated by colonic microorganisms due to the absence of the necessary enzymes

for breaking B-glycosidic bonds of FL glycosides in the small intestine.

However, recent findings suggest that extensive-specificity glucosidase enzymes
present in lactase phlorizin hydrolase and enterocytes is found in the small intestine
brush border may also participate in the hydrolysis of such B-glycosidic bonds,
indicating a more complex and dynamic process of FL glycoside absorption than

initially thought.

The hydrolysis of FL glycosides has also been demonstrated to occur in the oral

cavity (Walle et al., 2005), indicating that the process of FL transformation begins
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earlier in the digestive system than previously understood. The conversion of FL
glycosides into aglycone forms, initiated by the cleavage of sugar moieties, results in
the formation of aglycones that exhibit significantly higher lipid solubility. This
increased lipid solubility facilitates their absorption in the colon through passive

diffusion.

FL that successfully reach the colon encounter the action of bacterial glucosidases,
leading to further transformations. Post-sugar hydrolysis, FL undergo aromatic ring

scission, culminating in the generation of simpler phenolic molecules.
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Figure 1.15 : Metabolism of FL. (M. Wang et al., 2022) .

FL-glucosides exhibit higher absorption rates in comparison to FL-rutinosides.
Furthermore, among FL, methoxylated derivatives are more readily absorbed than
their hydroxylated counterparts due to their increased lipophilicity. The absorption of
FL primarily occurs through passive diffusion, a more environmentally efficient
process, especially for hydrophobic FL (Walle, 2007). FL absorption is subject to
several other influencing factors, including the protein content of concurrently
ingested foods. Given that FL tend to bind to proteins, their absorption remains
limited until the concurrent dietary protein undergoes digestion. This dynamic
interaction underscores the intricacies of FL absorption within the gastrointestinal

tract. (Prasain & Barnes, 2007).
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Continued biotransformation of FL in enterocytes. The key metabolic changes consist
of glucuronidation, methylation, and sulphation. These conjugations are essentially
phase II detoxification processes that increase the molecular mass and solubility of
the drug, hence facilitating its excretion in bile and urine. Consequently, the
enterocyte is necessary for FL metabolism. Certain FL aglycones that enter
circulation are bound to albumin. Evidently, binding to albumin has no effect on the
antioxidant Capacity of FL, which is significant in terms of the potential biological

effects of FL that are absorbed (Janisch et al., 2004).

Finally, FL entering the bloodstream undergo segment ii liver detoxification.
Formation of FL-glutathione adducts inside the liver contributes to more appropriate
excretion (Spencer et al., 2004). Additionally, FL are excreted in bile and urine. For
quercetin and other FL, the absorption and metabolic kinetics in humans have been
examined. Hollman as al. (Hollman et al., 2001) demonstrated that subjects
consuming 33.3 grammes of fried onion attained peak plasma levels of quercetin in

2.9 hours.

A flavonol, is thought to have unique immersion and dynamics relative to other
classes. Anthocyanins are evaluated to be poorly absorbed and rapidly eliminated
through urine. Citrus flavanones are efficiently absorbed but exhibit relatively short
half-lives in the plasma (Manach et al., 2004). The pharmacokinetic characteristics of
different FL are expected to display significant variability. Similar to many other
orally ingested compounds, inter-individual differences play a crucial role in shaping
the pharmacokinetic profiles of FL in the human body. Moreover, dietary instructions
can exert variable effects on the bioavailability of FL. For example, the removal of
peels from fruits and vegetables significantly reduces the FL concentration, as these

peels often contain substantial amounts of FL.

For example, cooked onion, while onions are being cooked, FL diffuse out into the
broth, enriching it with FL. Forty minutes of frying onions had no effect on the total
quercetin content. Microwaving is associated with an increase in quercetin due to
increased extractability (Nemeth & Piskula, 2007). Consumption of FL and protein
together, although hypothesised to inhibit FL absorption, is no longer supported by
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evidence. Accordingly, cooking seems to increase the FL availability of foods, as is

now trendy.

1.9 THE EPIDEMIOLOGY OF FLAVONOIDS IN RELATION TO
CANCER

Extensive epidemiological research has provided substantial evidence supporting the
health benefits associated with FL consumption, with particular emphasis on their
anticancer effects. Cancer has drawn significant consideration in this context due to
considerable disparities in mortality between populations with high FL. consumption
(e.g., China) and those with low consumption (e.g., North America and Europe). This
phenomenon has been substantiated through numerous epidemiological studies,
including both case-control and cohort investigations. It is noteworthy that, among
the seven case-control studies conducted, two did not yield evidence supporting a
protective relationship between FL consumption and the risk of cancers (Bosetti et al.,

2006).

Even at the greatest levels of FL consumption, chemo preventive levels were not
reached in any of these studies. These studies also vary from the study that
demonstrated a strong negative correlation between FL consumption and mortality by
virtue of their very long pattern duration. The chemo preventive potential of FL in the
context of various cancer has garnered substantial support through extensive studies.
These studies have consistently revealed a noteworthy contrary relationship between

FL consumption and the risk of developing cancer.

It is important to underscore the scientific rigor and statistical significance of these
large-scale prospective cohort studies, which have robustly demonstrated the inverse
correlation between FL intake and cancer risk. Such findings underscore the
considerable potential for FL to serve as chemo preventive agents against cancer,

offering valuable insights for both clinical and epidemiological research in the field.
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Figure 1.16 : Molecular actions of FL in cell signaling in cancer (Ponte et al.,

2021).

In various studies, the consumption of soy isoflavones and green tea has shown

significant reductions (Kurahashi et al., 2008)in the risk of cancer.

The favourable impact of FL on cancer extends beyond different malignancies. These
bioactive compounds have demonstrated their potential as beneficial agents in the
prevention and management of various cancer types. It is imperative to acknowledge
that the scope of FL' anti-cancer effects encompasses a broader spectrum of
malignancies, underlining their versatility and significance in oncological research

and potential clinical applications.

This broad-spectrum effect of FL in countering cancer underscores the need for
comprehensive investigation and exploration across diverse cancer types. The diverse
mechanisms through which FL exert their anti-cancer properties further emphasize
their potential for broader therapeutic applications. Consequently, understanding these
mechanisms and their impact on different cancer forms can lead to valuable insights
for cancer prevention and treatment strategies. Studies investigating the relationship
between FL intake and the consequence of colon, stomach, and pancreatic cancer

have yielded inconsistent results (Zeng et al., 2014). Variability in the methods used
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for estimating FL intake in nutritional assessments has contributed to these
discrepancies within the scientific literature. Furthermore, higher intake of
isoflavones, black tea, and specific flavonols such as kaempferol and luteolin has
been associated with a reduced risk of ovarian cancer (Ide et al., 2007). Despite the
predominant evidence of FL anticancer properties, there is a unique case where an

increase in FL intake connected with a reduced the cases of bladder cancer.
1.10 ARE FLAVONOIDS SAFE FOR HUMAN USE?

The availability of a wide variety of FL as nonprescription dietary supplements to the
majority of the population brings FL protection to the forefront of public health
concern. Numerous studies have examined the protective properties of FL, including
in vitro and in vivo genotoxicity experiments that have been used to explore the

impact of these FL (Yamakoshi et al., 2002).

In an in vitro salmonella mutagenicity experiment, studies assessing the toxicity of
EGCG revealed no mutagenicity; nevertheless, dosages of 210 m were clastogenic.
EGCG became non-toxic to rats at 50 mg/kg as an intravenous bolus and at 500
mg/kg/day after 13 weeks of treatment. Rats can only survive a lethal oral dosage of 2
mg/kg (Isbrucker et al., 2006). To determine procreant noxiousness, 14000ppm
EGCG was supplied to pregnant mice throughout the course of gestation. Even

though domestic pup growth and mortality had decreased, there was no evidence of
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Figure 1.17: Role of flavonoids in cancer as well as in other illnesses (L. Wang et

al., 2021).
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There have been no abnormalities in haematology or serum chemistry. In vitro,
EGCG does not seem to be mutagenic even at very high levels. At some time during
pregnancy, EGCG must be avoided. ((Michael McClain et al., 2006). Similar to
EGCQG, treatment of genistein during gestation (1 g/kg) increased pup mortality
without causing teratogenic effects (Odle et al., 2017). No adverse effects on growth,
development, or subsequent reproduction have been confirmed by research on the
effects of soy-based infant formula (Testa et al., 2018). Following administration of
600 mg of genistein per day to people for many weeks, neither micronucleus

production nor rearrangement of the MLL gene occurred.

McClain and colleagues conducted an investigation to assess the impact of both short-
term and long-term treatment with genistein at a dosage of 500 mg/kg/day in rats.
Their findings revealed that this dosage had adverse effects on the rats, manifested by
a decline in body weight and a decrease in food intake. The prolonged administration
of genistein for a duration of 52 weeks revealed certain notable effects. It was
associated with an improvement in liver gamma glutamyl transferase levels and a
reduction in bile duct proliferation, indicative of a beneficial impact on liver health.
However, the observations also pointed towards potential effects on hormone-

sensitive tissues.

These consequences on hormone-subtle tissues were characterized by ovarian
shrinkage. These findings collectively suggest that high-dose genistein has estrogenic

effects on these tissues (Spagnuolo et al., 2015).

In summary, genistein did not exhibit genotoxicity in vivo when administered at high
doses over a short term (2 mg/kg). However, in in vitro assessments, it displayed
clastogenic properties. At significantly higher dosages, particularly at 500 mg/kg,
toxic effects of genistein were observed, encompassing estrogenic side effects. It is
noteworthy that a safe dosage for human consumption is determined to be 600 mg per
day. Nevertheless, it is essential to underscore that the potential adverse effects on

fetal development should discourage the use of genistein during pregnancy.

In conclusion, the amount of FL toxicity is dose-dependent. Extremely high dosages

(>1 gramme per kilogramme) may cause hazardous adverse effects. FL supplements
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sold over-the-counter are recommended at roughly 14 mg per kilogramme. However,
FL self-supplementation is unlikely to have adverse effects in people. Although large
dosages of FL were not teratogenic in the majority of trials, there was an increase in
foetal loss and a decrease in pup weight. For these reasons, excessive FL consumption

during pregnancy should be avoided.

In the present study, we employed an in-silico and in-vitro approach to evaluate the
potential of Diosmin (DS) and Hesperidin (HS) as a ROS1 and EGFR in LC therapy.
DS and HS are naturally occurring flavonoids found in citrus fruits and has been
shown to possess anticancer properties in different cancer types (Patel et al.,
2013),(Sheoran et al., 2023). Therefore, we aimed to investigate the binding affinity
of DS and HS with ROS1 and EGFR associated with LC, assess its drug-like
properties, and evaluate its stability during molecular dynamics simulations.
Additionally, we analysed DS and HS absorption, distribution, metabolism, and
excretion (ADME) properties as well as In-vitro analyses to gauge its potential as a

lead compound for further development.

By employing Computational analysis, we aimed to provide a comprehensive
understanding of the potential of Diosmin and Hesperidin as a ROS1 and EGFR in
LC therapy. The findings from this in silico investigation can serve as a basis for
future experimental analysis to validate and expand upon the computational results.
Furthermore, successfully identifying DS and HS as a promising lead compound
could pave the way for developing novel targeted therapies against LC, offering new

treatment options for patients facing this challenging disease.

Molecular docking is a sophisticated process involving two stages. Initially, it focuses
on the ligand's conformational changes within the active site of receptors. These
conformations are then ranked based on their respective interaction energies, as
outlined by Seyedi et al. in 2016 (Seyedi et al., 2016). To assess the interaction
affinity between various ligand-receptor conformations, widely used tools like Auto-
Dock, Swiss-Dock and GOLD are employed, as highlighted by Lounnas et al. in 2013
(Lounnas et al., 2013). In our research, we opt for GOLD and GLIDE for molecular

docking due to their superior performance, accuracy, flexibility, and comprehensive
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analytical capabilities. These tools enable us to delve deeply into the intricate
interactions between ligands and receptors, providing valuable insights for our

studies.

Pharmacokinetic factors are among the most essential features to consider while
developing new medication compounds. Any medicinal substance produced as a
medicine must have the best biological activity and pharmacokinetic qualities.
Regarding pharmacokinetic characteristics, Pgp (p-glycoprotein), which is present in
the liver and essential for drug discovery and creation, serves as an efflux pump
ROS1 gene rearrangement have been observed with different 5' fusion partners,
including CD74, SLC34A2, KDELR2, FIG, TPM3, SDC4, EZR and LRIG3.
However, the specific role, if any, that these partners play in the oncogenic function
of the fusion kinase remains unclear (Govindan et al., 2012; Rikova et al., 2007;
Takeuchi et al., 2012). In order to account for the dynamic nature and solvent effects
of the ligand-receptor complex, molecular dynamic simulations were conducted. We
performed Nano-formulations to enhance the efficacy and bioavailability of our

chosen flavonoids.
1.11 DIOSMIN

Diosmin, a naturally occurring flavonoid found in citrus fruits, has gained significant
interest for its diverse biological activities beyond its well-established role in
improving venous health. Recent research suggests promising potential for diosmin in

the realm of cancer prevention and treatment.
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Figure 1.18 : Chemical Structure of Diosmin
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Studies have revealed diosmin ability to interfere with various hallmarks of cancer,
including uncontrolled cell proliferation, invasion, and metastasis. One mechanism
involves its interaction with signaling pathways crucial for cancer cell growth and
survival. Diosmin has been shown to downregulate the expression of specific proteins
involved in these pathways, leading to cell cycle arrest and apoptosis (programmed
cell death) in cancer cells (J. Liu et al., 2016). Previously, Diosmin is known for its
bioactivities like, antioxidants, anti-inflammatory, neuro-protective, anti-diabetic,

anti-pain and anti-mutagenic (Rahman et al., 2024).
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Figure 1.19. Diversified effects of Diosmin.

Furthermore, diosmin exhibits anti-angiogenic properties, hindering the formation of
new blood vessels that tumors require for growth and dissemination. This disrupts the
tumors ability to obtain essential nutrients and oxygen, ultimately leading to its
demise. Additionally, diosmin antioxidant and anti-inflammatory effects are believed
to contribute to its potential anticancer activity by mitigating oxidative stress and

inflammatory processes that can promote tumorigenesis (Liskova et al., 2020).

While these findings are encouraging, it's important to note that most current

evidence comes from preclinical studies conducted in cell lines and animal models.
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1.12 HESPERIDIN

Hesperidin, a flavanone found abundantly in citrus fruits, exhibits a range of
biological activities beyond its established role in improving vascular health. Recent
research has shed light on its potential as a promising candidate in cancer prevention

and treatment strategies.

z OH

OH OH O
Figure 1.20 : Chemical structure of Hesperidin

Hesperidin's anticancer properties are attributed to its multifaceted approach,
targeting various hallmarks of cancer progression. Studies suggest its ability to inhibit
uncontrolled cell proliferation, a key driver of tumor growth. This effect is achieved
through multiple mechanisms, including cell cycle arrest, induction of apoptosis
(programmed cell death), and suppression of pro-angiogenic factors that promote
blood vessel formation essential for tumor sustenance (Aggarwal et al., 2020)

(Rahmani et al., 2023).
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Figure 1.21 : Mechanism of action of Diosmin in cancer care or prevention

(Rahmani et al., 2023).
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Furthermore, hesperidin's antioxidant and anti-inflammatory properties contribute to
its potential anticancer activity. By scavenging free radicals and modulating
inflammatory pathways, hesperidin helps mitigate oxidative stress and chronic

inflammation, both of which are implicated in tumorigenesis (Qiu et al., 2023).
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Figure 1.22 : Role of Hesperidin activity in various cancer type.

While preclinical studies in cell lines and animal models demonstrate promising
results, further research is crucial. Well-designed clinical trials are needed to
definitively establish the efficacy and safety of hesperidin in human cancer prevention
and treatment. Nevertheless, the current evidence highlights the exciting potential of

hesperidin as a natural compound with promising anticancer properties.
1.13 HYPOTHESIS

During the preliminary stages of LC, a complex interplay of causative agents, both
endogenous and exogenous, sets the groundwork for the proliferation of this deadly
disease. These factors trigger a chain reaction, leading to genomic instability and the
failure of apoptosis, a natural process where damaged cells are programmed to self-
destruct. Consequently, the intricate cellular surveillance system, designed to detect

and eliminate abnormal cells, becomes compromised.
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In this compromised state, the affected cells gain clonality, forming a genetically
identical group. This clonality, coupled with a newfound survival advantage, propels
the progression of the disease towards a more aggressive form—metastatic LC. This
metastasis, where cancer cells spread from their original site to other parts of the
body, marks a critical juncture, often significantly reducing the chances of successful

treatment.

Understanding this intricate process is crucial in developing targeted therapies and
interventions that can disrupt these pathways, offering hope to patients grappling with

the challenges of LC.
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Figure 1.23 : Hypothesis of Study

1.14 AIM & OBJECTIVE

Evaluating the potential Flavonoids-Based-Nano-formulation as anticancer activity

against LC
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Research Objectives
1.  To screen the anti-cancer Flavonoids using Insilco based approaches
2. To evaluate the selected molecules based nano formulations against LC

3. To examine the qualitative and quantitative assessment of altered proteins

through system biology-based approaches.

33



Chapter —2

REVIEW OF LITERATURE

Cancer is a normal phrase used as malignant modes of pathological celldevelopment
when identifying a population of at least 100 diseases in one or more organs. In a
series of genetic mutations, cancer creates and kills natural cell growth regulators.
This cancer cells also divide and grow to tumors. Cancer cells may infiltrate and
spread through the lymph or blood to distant organs. Biochemical pathways are
understood to convert a regular cell into a cancer cell, but some of them are unclear
(Fitzmaurice et al., 2019) Cancer is a metabolic disease explained by the dynamic
relationship of carcinogenesis triggers with the hereditary and environmental
influences. It is one of the world's most extreme diseases (Schiliro & Firestein, 2021).
Cancer is a disease of cellular structure abnormalities. Mutual events involving the
genetic material of a cell are known to deregulate the pathways of cell most critical
processes. In fact, there have been many genetic defects prior to cancer (Pistritto et
al., 2016); contributing to de-regulation of cell growth, apoptosis and repair
mechanisms of signal DNA. Cancer cells will proliferate and expand until converted
to suppress cell regulation effects in the absence of usual restrictions. There are
several well-developed methods to transform normal cells into cancer cells.
Oncological studies in the latter half of this century found that nearly all cancer cells
had very low genetic and biochemical and cellular characteristics arising from

significant routes of alteration (Kreeger & Lauffenburger, 2010).
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Figure 2.1 : The cancer progression process.
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Angiogenesis facilitates the growth of primary tumors, enabling them to expand
within the organ of origin and metastasize to distant parts of the body through the

circulatory system.
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Figure 2.2 : Cancer Pathogenesis (Fidler, 2003).
2.1 CARCINOGENS

The bulk of human cancers are induced by the reaction to industrial cancer from both
common and human-made toxins, radiation and viruses. Can be split into many
carcinogenic groups (Timbrell 2000). Genotoxic cancerous acids or main cancerous
acids are influenced, and cell components are reacted to. Alternatively,
procarcinogens and non-genotoxic carcinogenic may require carcinogenesis with
mitochondrial activation. The molecular forms of substances that cause cancer range
considerably from metals to complex organic chemicals. The variations in shape and
intensity suggest that carcinogenesis involves more than one direction. Original levels

of carcinogenicity in diets are mold and aflatoxin, romantic fats, frying oils, smoking
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and other foodstuffs, cigarettes, chemicals and preservatives. If deficient foods are
added in the adverse setting, a food combination is blended in because of DNA and
cancer damages, smoking, ultraviolet radiation, free radicals, lack of exercise and

tension.
2.2 CARCINOGENESIS

It is understood that a regular cell will sometimes grow into a cancer cell over years
or even decades. The cancerous stage consists of initiation, induction, and growth.
The firststep requires a reaction between the cancer agent (carcinogen) of the tissue
cell and DNA. Genetic vulnerabilities can occur (Torgovnick & Schumacher, 2015).
This is an idle time and only at a later stage is the individual at risk of cancer. The
second phase takes place very progressively over many months or years. A shift in
nutrition and lifestyle can have a beneficial influence now such that people cannot
grow cancer during their lives. The third and final stage consists of cancer growth and
distribution, such that the diet has less effect.
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Figure 2.3 : Different phases of carcinogenesis (I. A. Siddiqui et al., 2015)
2.3 CELLCYCLE

Improved growth and impaired apoptotic activity of cancer cells. In a cell for DNA
propagation, sufficient cell organs, membranes, soluble protein, etc. should be
reliably reproduced, and the daughter's cell should likewise be divided between two

daughter cells. This method needs immense guidance control to ensure the systematic
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and precise synchronization of molecular activities. The inability to control the
function of the cell cycle is quite expensive. Top eukaryotes have a defensive network
where their basic life programme will display apoptosis. Cell multiplication is a
process that has been tightly controlled and involves many control points to control
the continuation of the unpredictable cell cycle. The cyclin, cyclin-dependent kinase
(CDK) and CDK (CKI) inhibitors are regulated by transformations in the G1, S and
G2/M phases modulated by a different transmission of the extracellular growth cue
in an intracellular signal (Obaya & Sedivy, 2002). Using a minimal (R) or S phase
feedback, transformations from G1 into S have been shown to be regulated until now
by mitogenic reagents, intact cyto-skeletal network and cell obedience (Assoian &
Zhu, 1997). In addition to the G1 control level, cell systems often prevent weak or
abnormally synthesized DNA for girls at the G2 surveillance phase. (Kermi et al.,
2019). One of the involving cell growth molecules is P53, a cell cycle receptor
inhibition such as p21Wafl CKI (J. Chen, 2016). The CKI p21Waf1 inhibits CDC2-
cylinder B G2arrest complex (Hitomi et al., 1998).

2.4 INDUCTION OF APOPTOSIS IN HUMAN CANCER CELLS

Cells which are no longer required or pose a hazard to the species are Killed in
multicellular creatures by a tightly controlled suicide of cells procedure referred to as
programmable cell death or apoptosis. Apoptosis is generally seen throughout
embryonic stages during growth to maintain homeostasis and verify the integrity of
cell fractions. Another role of apoptosis has been characterized as a defensive
mechanism that safeguards the immune system from injury or sickness. The process
of apoptosis is characterized by specific cellular events, including membrane
blebbing, DNA fragmentation, and condensation of both the nucleus and cytoplasm.
These changes are accompanied by various phenomena and cellular activities, making
apoptotic cells recognizable and eventually leading to their phagocytosis. This
fundamental biological phenomenon occurs in a range of histo-physiological
contexts, including tumor regression, regulation of damaged cell proliferation, and
tissue remodeling (Sundarraj et al., 2012). Apoptosis plays a crucial role in
maintaining cellular balance and is essential in various biological processes,

contributing significantly to the overall understanding of cell biology. Tissue
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homeostasis and proper growth is involved in apoptosis (Kaziet al., 2004).
Autoimmunity, neurodegenerative diseases, immune disorder, and any cancer may
contribute to apoptotic disruption. The p53 protein plays an important role in
neoplasm pathogenesis (Greenblattet al., 1994). The mechanism involved rapidly
raises p53 protein levels and mediates numerous cellular reactions, including the
arrest of G1, corrective action to avoid degradation of DNA and activation of
apoptosis (Bhaumiket al., 2000). Intracellular caspases (Salvesen and Dixit 1997), a
class of systemic cysteine proteases, are one of the key symptoms of apoptotic cell
death. Caspase operations are responsible for the cleavage of the regular cell-protein
proteolysis, direct or indirect during apoptosis; for example, Caspases —2, -3, -6, —7
and —9 can be cleavage polymerase (PARP) polymerase (ADP- ripose). Bcl-2 is
now recognized as one of the apoptosis regulators. A central control point for most
apoptotic forms is the homologous protein Bgl-2, which is responsible for irreversible

harm to the cell portion upstream (Adams and Cory, 1996).
25 LUNG CANCER

LC, a highly aggressive and swiftly spreading malignancy, stands as the topmost
cause of mortality in America. The likelihood of developing tobacco-induced LC is
determined by intricate gene-enzyme interactions. These interactions influence the
activation or detoxification of carcinogens, as well as the formation of DNA adducts,
highlighting the complexity of the biological processes underlying susceptibility to
this disease. Additionally, it is influenced by the effectiveness of the body's
mechanisms for repairing DNA lesions. Notably, LC exhibits significant
heterogeneity, emerging from various sites within the bronchial tree. Consequently, its
symptoms and signs vary widely depending on its specific location. Alarmingly, 70%
of LC cases are diagnosed at advanced stages (III or IV), underscoring the urgency

for early detection and improved therapeutic interventions.

LC is one of the deadliest tumors for men and women (Fitzmaurice et al., 2019). The
death risk is linked with three of the most common cancers (colon, breast and
pancreas). More than half of those afflicted inone year after death was about 17.8

lakh, about five years after LC mortality and recovery. LC is also one of the leading

38



causes of tumor death linked with slow post-operative healing. Almost half of stage |
patients and one third of stage Il patients had primary treatment for an average of 5
years. But the NSCLC population is particularly heterogeneous relative to
adenocarcinomas (ADCs), pseudo-cell carcinomas (SCC), large cells and anaplastic

carcinomas.

Small lung carcinoma and non-small lung carcinoma are two main types of LC,
inducing respectively 15 and 85% of all lung cell cancers (Sher et al., 2008). (Sher et
al. 2008). 2008. NSCLC is further categorized in three classes as squamous cell
carcinoma, adenocarcinoma and large cell carcinoma. Squamous cell carcinoma
accounts for approximately 25% and 30% in all cases of LC. Early copies of the
spinal cells are found in the bronchial tubes in the center of the epithelial lungs. This

subtype of NSCLC shows a strong smoking cigarette link. (Kenfampet al. 2009).

Adenocarcinoma is the most frequent type of LC, involving around 40% ofall LC. It
is derived from small alveolar cells of the type Il epithelial airways which secrete
mucus and other materials (Noguchi et al., 1995). Adenocarcinoma insmokers and
non-smokers, regardless of age, is the most prevalent type of LC (Curaud et al. 2012).
This is obviously the case at the outskirts of the pulmonary system (Travis et al.,
1995) due to the presence of smoke philters which prevent the penetration of the
palm by large particles. This contributes to stronger smoke inhalation from peripheral
lesions (Stellmanet al., 1997). Adenocarcinoma also develops more steadily than
most types of LC and is most often diagnosed before it grows outside of the lungs.
10% of pulse tumors are severe (undifferentiated cell carcinomas); no squamous or
glandular maturation of this carcinoma type and therefore other alternatives may be
considered mostly chance through elimination. Significant cell carcinoma begins
mainly inthe central lung, especially in surrounding lymphatic nodes, chest walls and
remote bodies (Brambilla). In specific, smoking-related large-cell carcinoma tumors
are (Muscat et al., 1997). The most prominent malignant tumor in the pulmonary
system is by far, LC. Roughly 30% of LC is histologically multiple. The sporadic
reaction to chemotherapy and comparatively low survival of neuroendocrine

dysfunction will directly diagnose small cell LC. (Brambilla etc., 2009).
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2.6 EPIDEMIOLOGY

LC is the third most often identified gene carcinoma in Germany. There isa net
incidence of men and women in Germany of 65 per 100,000 and 21 per 100,000. The
peak incidence is 75 to 80 years. Men are stable or marginally lower, but the trend is
growing for women. The human community's prevalence and death rates about 20

years ago reflect the use of tobacco.

In LC development, exogenous agents, especially cigarette smoke, which can
adversely affect the body, play a vital role. This trigger will connect approximately 90
percent of LCs. The risk of contracting LC reduced in the post-smoking age (Batzler
et al. 2008). LC can appear years or decades after cancer. In infected cells, there are

several genetic variations that ultimately contribute to invasive lung carcinoma.

Number of new cases in 2020, both sexes, all ages

Number of deaths in 2020, both sexes, all ages
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K - j Liver
1414259 (7.3%) 375 304 (3.8%) % i 830 180 (8.3%)
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Lung
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604 127 (3.1%)

Liver Stomach Oesophagus Breast
905 677 (4.7%) 1089 103 (5.6%) 544 076 (5.5%) 684 996 (6.9%)

Total: 19 292 789 cases Total: 9 958 133 deaths

Figure 2.4 : The Epidemiology of Cancers (Globocon, 2020)

2.7 ETIOLOGY

A blend of critical factors and carcinogenic agents at work is part of the pathogenesis
of LC. Pre-invasive lesions, including adenocarcinoma and adenocarcinoma with
reduced invasion, have demonstrated a steady rise in malignant dysplasia (Alberg et
al., 2013). Non-smokers with a lung disorder will also suffer from family and
hereditary changes. In tumours, multiple genetic variants were reported. For example,
an EGFR gene for EGFR (erlotinib [ Tarceva] and afatinib [Gilotrif]) or the EGFR
monoclonal antibody (cetuximab [erbitux]) mutates 20 percent of adenocarcinoma.

EGFR is an EGFR limited counselling applicant. The tumour mutations required for a
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future analysis may alsopredict certain reactions or chemotherapy toxicity (Amann et
al. 2005).

2.8 TYPES AND STAGING OF LC

Two primary forms of LC exist, NSLC and small cell LC (SCLC). Pulmonary
condition depends on the locality of the cancer or when lymph nodes or
pulmonary organs have spread. Since the lungs are huge, tumors can occur even
before they are detected. And although there are signs such as coughing and
exhaustion, other factors can be attributed. Early LC (stages I and II) is difficult to
classify for this cause (Wistuba et al. 2019).

LUNG CANCER STAGES

4 4
5 #

Stage | Stage Il Stage lll Stage VI
Tumor appears in the lung Tumor in lymph nodes Tumor in surrounding tissues Tumor in other organs

Figure 2.5 : Different Stages of Lung Cancer.
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Figure 2.6 : Types of Lung Cancer.
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2.8.1 NSCLC

NSCLC makes up 85% of the total number of LCs, including: adenocarcinoma, the

most frequent kind of LC in both the sexes in the United States.

. Squamous cell carcinoma, which is responsible for 25% of all lung
malignancies; These, referred to as epidermoid carcinomas, accounting for
about 30-40% of all primary lung malignancies. This form of cancer often

develops in the core regions around large bronchi in a tiered configuration.

. Large-cell carcinoma, which accounts for around 10% of NSLC tumors, has
epithelial tissue development and individual cell keratinization. (Becket et al.
2017) are huge and without any distinguishing physical characteristics. They
are the least prevalent kind of NSCLC and commonly referred to as

undifferentiated carcinomas.
2.8.1.1 Stages of NSCLC Cancer
Step I: Instead of all lymph nodes, cancer formed only in the lung.
Step II: lung and lymph nodes with tumours all over.

Step III: lung and lymph node cancer, also known as progressive disease, is in the

centre of the abdomen. Step III consists of two subtypes:

Step IIIA notes that cancer has recently spread to the lymph nodes on the same sideof

the chest in which cancer has begun.

Step IIIB is called as cancer spreads through the chest or the lymph nodes' collar

bone.

Step IV: This is the current form of LC that is now known as advanced. Cancer
travels through the abdomen, the lungs or some other section of the body, such as the

liver or other glands (Kay et al., 2018).
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2.8.2 SCLC

The remaining 15% of lung tumors in the US are a small cell lung disorder. They tend
to develop faster than NSCLC tumors. SCLC is typically more tolerant than NSCLC
of chemotherapy.

2.8.2.1. Stages of SCLC : Restricted stage: at this phase, cancer arises on one side of
the thorn and occupies just one section of the lung and the lymph nodes surrounding

it.

Extensive step : Cancer has at this point spread to other chest or other sections of the
body (Lovly et al., 2019).

The American Joint Committee on Cancer established a more elaborate staging
system which uses roman numerals and letters (e.g. process I1A) for the identification
of the LC of small cells. This mechanism is the same as for non-small cell LC
development and proliferation (Rami-Porta et al. 2017). Cancer's anatomical

staging is elucidated through a set of descriptive criteria. in Table 2.1

Table 2.1 : Anatomic Stage/ Prognostic Groups

Stage Metastasis Node Tumor
la MO NO Tla
MO NO T1lb
Ib MO NO T2a
lla MO N1 Tla
MO N1 T1lb
MO N1 T2a
MO NO T2b
b MO N1 T2b
MO NO T3
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Stage Metastasis Node Tumor
Ia MO N2 T1
MO N2 T2
MO N2 T3
MO N1 T3
MO NO T4
MO N1 T4
b MO N2 T4
MO N3 T1
MO N3 T2
MO N3 T3
MO N3 T4
v M1la or 1b N Any T Any

29 LC AND GRADING

Cancer grading assesses the appearance and behavior of cells in tumors and
neoplasms when examined under a microscope. It differs from staging, indicating the
degree to which the cancer has spread. The grade is assigned numerical values,
representing the extent of cellular differentiation and the tumor cells' spread
compared to their healthy counterparts.
recommended by organizations like the American Joint Commission on Cancer,

provides valuable information for understanding the cancer's aggressiveness and

planning appropriate treatments.
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Figure 2.7 : Gleason Grading
2.10 PATHOGENESIS

LC, like other cancers, is driven by the activation of oncogenes or the suppression of
tumor suppressor genes in the lungs, often due to mutations caused by carcinogenic
agents. Notably, K-ras mutations contribute to a significant portion of lung
adenocarcinomas, while the EML4 ALK tyrosine kinase fusion gene is found in a
small percentage of non-small lung cell carcinomas. Inactivation of tumor suppressor
genes can lead to changes in DNA methylation, histone modifications, and microRNA
regulation. The epidermal growth factor receptor (EGFR) plays a crucial role in
regulating cell processes and is commonly mutated in non-small-cell lung carcinoma,
making it a target for treatment with EGFR inhibitors. Additionally, several other
genes, such as C-MET, NKX2-1, LKBI, PIK3CA, and BRAF, are often mutated and
amplified in LC. The role of stem cells in LC development is not fully understood,
but they are implicated, particularly Keratin-5 stem cells, which are associated with
squamous carcinoma in the proximal respiratory system. Metastasis in LC involves a
transition from epithelial to mesenchymal cells, driven by signals like Akt/GSK3Beta,
MEK-ERK, Fas, and Par6.
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Figure 2.8. The Pathogenesis in Lung Cancer as Point of Immunology
(Anggaraditya et al., 2019).

2.11 RISK FACTORS

DNA and epigenetic alterations were caused by cancer after genetic disorders. This
influences natural cell functions such as cell division, cell death (apoptosis)
programming and DNA repair. The higher the chance, the higher the incidence of

cancer (Brown et al. 2010).

1.  Tobacco: Smoking, particularly tobacco, is the greatest risk to LC. At least 73
documented carcinogenic compounds like benzo[a] pyrene are present in
smoke. NNK, 1, 3-butadiene polonium isotope and 210 nuclear polonium
(HechSS 2012, Kumar et al 2013). 90% (7% in women) of the men who died
of LC arose in the industrialized world in 2000 (Peto et al., 2006). Smoking
represents 85 percent of deaths from LC. Passive smoke - another individual
smoking causes non-smoking LC. Almost 3,400 deaths from lung disease are
suspected of passive smoking in the United States. Smoking pot is a significant

source of carcinogenic chemicals, including tobacco smoke.

2.  Carbon Radon: Radon gas is an odorless, colorless, radiation-declining gas

that decreases the atomic uranium in the surface of the planet. The radiation
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materials ionize genetic material and trigger cancer mutations. Radon is the
second primary indicator of LC in the United States and induces about 21,000
deaths annually. For each 100 Bg/m3 radon therisk improves by 8-16 percent.
The amount of radon gas varies according to area, soil and rock. Roughly one
household out of 15 has radon levels above appropriate per liter (pCi/l)
(148Bq/m3) picocurie criteria (Schmid et al. 2010).

3. Air and Asbestos Exposure : The quality of external contamination has a
minor influence on the high rate of LC. Small particulate matter (PM2,5) and
sulphate sprays emitted by the traffic from the pollution fumes are highly
probable. The chance of LC with nitrogen dioxide is 14 percent higher by 10
per billion. The quality of outdoor exposure is estimatedto account for 1 to 2
percent of LC. A range of lung disorders, including LC, can be related to
asbestos. Tobacco and asbestos affect the growth of LC synergistically.

4.  Genetics and Complex Risk Generators: Residual conditions cause nearly 8
percent of LC. The frequency is doubled in households of lung disease. The
gene mixture may be related to this (Dela Cruz et al., 2015). Polymorphism is

known to impair LC in chromosomes 5, 6 and 15.

Common risk factors for lung cancer

| ol® |H

Occupation — | '22 —
(miners, * * * *

heavy metal Smoking/ Second-hand Dietary

workers) tobacco Family history factors

Exposure to
radiation

Figure 2.9 : The Risk Factors of Lung Cancer.
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2.12 SYMPTOMS OF LC

Cases with LC are almost always symptomatic due to diagnosis. Primary tumors
might cause symptoms (e.g., cossing, hemoptysis), spreading intrathoracic (e.g.
Horner syndrome, upper-vein cava obstruction) and remote (e.g., bone pain). Tables 2
and 3 summaries these signs. Paraneoplastic syndromes may also cause symptoms,
such as excessive anti-diuretic hormone syndrome (Table 4). These effects are a
direct result of thetumor hormone ectopic or the body's response to the tumor. About
10 percent of patients with paraneoplastic syndrome have the most stable SCLC
medicine for paraneoplastic syndromes. Wireless clubbing is a general misconception

in paraneoplastic Syndrome that is most observed with NSCLC (Beckles et al. 2003).
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Figure 2.10 : Symptoms of Lung Cancer.

Many records of symptoms of LC originate from referral facilities, which renders
extrapolating primary treatment challenging. Hemoptysis and digital clubbing are two

48



separate symptoms (Hamilton et al., 2005; Shapley et al., 2010, Schim et al., 2014).
These independent LC predictors include appetite drop, weightlessness, nausea,
exhaustion, dyspnea, chest and rib pain. Patients seldom experience a special,
stronger symptom when two or three signs are known. For example, the combination
of weight lossand hemoptysis is 9.2% essential (Hamilton and Sharp. 2004). LC is
expected to develop in patients 40 years of age who have risk factors and symptoms.
Doctors might be aware, but LC develops without established risk factors for younger
adults and individuals.

Dysphagia (difficulty swallowing) may result from esophageal invasion. Large
blockages may cause lung collapse in extreme instances, raising the possibility of
pneumonia (Mavros et al., 2011). These symptoms reflect the diverse and frequently

severe effect of LC on the respiratory system and overall health.
2.12.1 Symptoms related to Metastasis

If LC cells migrate to the bones, they may cause agonizing pain. When bone
metastasis occurs, it may induce a variety of neurologic symptoms such as seizures,

headache, altered vision, or signs of stroke (Horn et al., 2012).
2.12.2 Paraneoplastic Symptoms

Most lung tumors tend to be accompanied by symptoms caused by the tumor cells'
release of hormone-like chemicals. The paraneoplastic syndromes are most typically
associated with SCLC, although they may also occur with other kinds of cancers in
certain situations. The most common paraneoplastic symptom found with NSCLC is

the production of a parathyroid hormone-like substance (Horn et al., 2012).
2.12.3. Non-Specific Symptoms

Weight loss and weariness are two non-specific symptoms of LC. Many individuals
(approximately 25%) have no indications of LC, yet the illness is diagnosed as a
single lump on a routine chest X-ray or CT scan. At the time of diagnosis, some of
these individuals with tiny and/or single masses had no symptoms (Alberg and
Samet, 2010).

49



2.13 PREVENTION

The widespread use of cigarettes in the 20th century contributed to the 21st century
outbreak of LC. >1.3 million worldwide LC deaths in 2001 are estimated. The
identification of LC was limited to advanced methods of identification and
improvement in local and systemic procedures. In all phases of LC, the average
survival rate of 5 years was 5 percent in the 1950's equivalent to 14.5 percent in
1992-97 (Rieset al., 2001, Khuriet al., 2001).

These sober findings have contributed to greater consideration being given to clinical
methodologies for avoidance of health and LC by reduction of cancer through
stopping smoking, and to pharmacological attacks directed at multi-stage tumor-
original pathways induced by cancer of tobacco. More commonly recognized as
chemoprevention, this latter approach was marked by a combination of

achievements and failures affecting tobacco-related epithelial cancers.
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Figure 2.11 : The preventive measures against lung cancer.

Specifically, 13 cis-retinoic acids are used to control pre-malignant oral lesions and to

prevent primary cancer of the head and neck (Hong et al.,2000). This technique was
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nonetheless related to considerable toxicity, which excludes extended administration
and does not preserve the feasibility of discontinuation. Several clinical studies have
found that NSCLC chemical avoidance has either been ineffective orhas possible
harmful consequences in retinoids, alpha-tocopherol and p-carotenes (Lippman et al.,
2001, Tockman et al., 2001).

2.14 DIAGNOSIS OF LC

The diagnosis of LC involves histological examination validation, determining the
tumor's distribution (staging), and assessing the patient's overall health for further
treatment decisions. The course of action depends on the patient's general condition
and prognosis. In cases with confirmed distant metastases, complex diagnostic
procedures for precise staging are not typically initiated. Managing non-small cell LC
effectively hinges on accurately determining the cancer's stage and evaluating the

patient's health status.
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Figure 2.12 : Diagnosis of Lung Cancer.
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2.15 HISTOLOGICAL CONFIRMATION

The crucial aspect in LC treatment is distinguishing between SCLC and NSCLC.
Differentiating subtypes of NSCLC is increasingly important because to licensing
variations and the effectiveness of various chemotherapies and targeted drugs. In both
cases, histological proof may be necessary, but clear cytological findings can suffice
when a biopsy is not feasible. Diagnostic tools such as bronchoscopy, ultrasound,
fluoroscopy, or CT scans are used to determine tumor characteristics and lymph node
involvement. Preferably, histological confirmation is based on a metastatic sample,

minimizing damage to the lung tissue.
2.16 EVALUATING THE EXTENT OF DISEASE

The international stage treatment is used for cancer of small cells and non-small cells
of the lung. A separation between ‘limited illness' (i.e., one hemithorax-only
disorder) and a 'extensive disease' (expansion outside one hemithorax) is created with
small cell LC (Simon et al. 2007).

T Descriptor : CT enhanced contrast is the most important T-descriptor
measurement measure. MRI may provide more specific information about the
penetration of thoracic structures in a few instances. Silvestri et al. 2007). 2007. 2007.
2007. MRI is of paramountsignificance in the examination of invasion of brachial

plexus vascular and neural structures in patients with Pancoast tumors.

N Descriptor : Contractually improved chest CT is sensitive to mediastinum alone in
patients without remote metastasis between 51 and 64 percent, and has a vulnerability
between 74 and 86 percent, which is inadequate to assess mediastinum alone.
Positron emission tomography (PET) or PET-CT has become the most effective,
non-invasive therapy for mediastinal N-staging, but it is not optimal at least with a
sensitivity of 74% and a precision of 85%. When the lymph node is extended (>1cm),
the immunity of PET/PET-CT is up to 100% with a precision of 78% (Gould et al.
2003). The PET-positive mediastinal lymph knots are biopsied for final inspection if
curative treatment is intended. Mediastinoscopy (includes lymphadenectomy aided on

media), endobronchial, esophageal,and transbronchial (TBNA), based on where the
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goal lymph node is situated, are important(Dette becket al., 2007). PET and PET-CT
allow the accurate identification of the target node for lymph node stadium biopsy

validation.

M Descriptor: Far metastases typically talk against healing medication. Far
metastases in the brain, liver, skeleton, lung and surreal are more frequently found.

2.17 TREATMENT OF NSCLC

In this segment, normal and new therapies will be addressed for early, advanced and

persistent NSCLC and brain metastasis.
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Figure 2.13 : Treatment options of lung cancer.
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2.17.1 Treatment of Early Stage (Stage I and Stage 1I) NSCLC

Surgery was used to treat early-stage cancer and operational disease (stages | & 1),
which is the greatest option for prolonged survival (Sangha et al., 2010). The 5-year
average recovery rate following surgery is 60%-80% for stage | NSCLC patients and
30%-50% for stage Il NSCLC patients (Tanoue & Detterbeck. 2009). In situations of
rejection or unresectable tumors in high-risk patients, key radiology, including
stereotactic body radiation treatment (SBRT), may be employed. However, post-
operative radiation treatment is not recommended for patients in Phase | or Phase Il
(Howington et al., 2013). Adjuvant platinum-based chemotherapy has been
demonstrated to be effective in stage Il patients with NSCLC (Pignon et al. 2008),
and therapeutic approaches for totally resected patients have been proposed. Step |
adjuvant chemotherapy, on the other hand, may not give a clear benefit in patients
with NSCLC (Group et al., 2010).

2.17.2 Treatment of Stage III NSCLC

Roughly 70 percent of NSCLC cases are identified in early phases (Travis et al.
2013), as well as in metastatic diseases (stages Il and IV). NSCLC Step Il is a
multi-node multiple microscopic tamp heterogeneous disorder (Winton et al. 2005).
The five-year OS occurrence ranges for Stage I111A N2 from 10 to 15 percent and for
Stage A bulk mediasis from 2 to 5 percent (Scagliottiet al., 2003). The clinical
approaches, including radiation therapy, chemotherapy and surgical resection, are
chosen and resistible in this heterogeneous population of patients with NSCLC.
(Hottaet al. 2004). 2004.

Operation is the standard care of resectable stage I11A patients with NSCLC with the
following chemical treatment (Arriagada et al., 2004, Edell et al., 1992). Adjuvant
chemotherapy revealed that clinical evidence indicates major increases in OS levels
and better control of resected stage 111A-N2 disease by adjuvant therapy (Group PM-
aT., 2005). Meta-analysis of many clinical trials reveals that during the past five
years, survival by neoadjuvant chemotherapy increased moderately by 5 to 6 percent
(Gilligan et al., 2007).
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Unresectable stage I1IA patients may receive conventional drugs for patients that
cannot be handled with combination therapy, with either concomitant or combined
combination chemotherapy and radiation (chemoradiation) or with external care.
Meta-analysis of multiple randomized clinical studies indicated that platinum
chemoradiation therapy significantly reduced the likelihood of death by 10 percent in
contrast with radiation treatment alone (Auperinet al. 2006, Rowell et al. 2004).
Several clinical tests have demonstrated that drastic intervention may offer up to 50%
for stage IIA patients with dense primary tumors of the five-year survival rate in
comparison to incomplete patients with resection (Doddoliet al. 2005, Faccioloet al.
2001, Matsuokaet al. 2004). Phase 11IB NSCLC accounts for about 17.6% of all LCs
with an estimated 5-year survival of between 3% and 7%. Step I1IB NSCLC care
options and sequence are focused on the position of the tumor presence and patient
condition (PS). In addition, the treatment itself would not support patients with Step
I11B NSCLC. Standard care comprises either of a sequential chemotherapy cocktail or
external radiation treatment in these situations. NSCLC Stage I11B should only be
treated as external radiation treatment to reduce discomfort and other symptoms and

enhance quality of life.
2.17.3 Treatment of Stage IV Non-Small Cell LC

Step IV NSCLC accounts for 40% of newly diagnosed NSCLC patients. Thechoice
of phase IV NSCLCs is dictated by different factors, including variations of external
radiation care, merged chemotherapy, blended chemotherapy and internal or laser
treatment, including co-orbidity, PS, histology and molecular genetic features of
patients with phase IV NSCLC disorder. Operation can often be utilized in some

cases to control disease-related conditions close to radiation therapy.
2.17.4 Towards EGFR Tyrosine Kinase Inhibitors (first line)

The first NSCLC approved medicines for use in agents such as inhibitor tyrosine
kinase (TKI) Erlotinib (Tarceva) and gefitinib (Iressa), which directly block EGFR.
This recipient will lead irregularly to EGFR mutations that cause unregulated cell
proliferation that is responsible for several cancer subsets, including NSCLC
(Maemondoet al., 2010).
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Several randomized clinical test data suggest that first-line treatment may be
administered with a single-agent gefitinib for patients with EGFR active mutations,
especially for platinum contraindications. (Swedish and some, 2011). 2012. 2012.
Conversely, it facilitates cytotoxic chemical care if the position of an EGFR mutation
is unacceptable or unknown. Three large randomized controlled experiments have
shown that fitinib or erlotinib is better in Eastern Asia than first-line phase Il or IV
platinum compound chemotherapy for non-smokers or former bright smokers
(Mitsudomiet al. 2010). It has been demonstrated that fitinib or erlotinib improves
PFS, not OS, and favorable toxicity profiles were reported in a large European
randomized clinical trial for EGFR-negative and adenocarcinoma patients.
Comparable benefits against platinum-driven chemotherapy were recorded early in
the early phase (PFS: 9.7 versus 5.2 months; neither erlotinib nor gefitinib in

conjunction with cytotoxic chemotherapy was reported as initial treatment.
2.18 EGFR INHIBITORS FOR RECURRENT NSCLC

Erlotinib has been shown to improve survival in the randomized Phase Il trial to
contrast gefitinib and placebo in chronic patients with NSCLC, suggested as a valid
treatment of NS CLCC patients with improved placebo survival in non-smokers
(median 8.9 MB versus 6.1 MB) and in Asian patients (median 9.5 MB versus 4.5
MB) (Thatcher et al. 2005). (Thatcher et al., 2005). In comparison, erlotinib therapy
has improved the outcomes of patients rather than placebo, for example contaminants,
discomfort and breathing difficulties. Erlotinib has not increased survival of standard
second-line docetaxel or pemetrexed chemotherapy in the first-line platinum

combination treatment in recurrent NSCLC patients (Ciuleanuet al., 2012).
2.19 TREATMENT OF SCLC

About 15 per cent of all lung carcinomas are represented by Small Cell LC
(SCL4*56742C). Smoking is the highest risk factor for growth of SCLC, and a
reduction in smoking and tobacco intake per person in the US could account for the
recent decrease in the rate of SCLC (Murray et al. 1993). Limited-stage illness (LS-

SCLC) is diagnosed to be30 per cent of patients in SCLC who have cancer-confined
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hemithorax, mediastinum or supraclavicular lymph nodes. In 70 per cent of SCLC
cases, tumors that reach into supraclavicular regions are diagnosed with large-stage
cancer (ES-SCLC). While SCLC is at first more sensitive to chemotherapy and
radiation than any other type of LC, itsrapid growth and widespread diagnosis are

exceedingly challenging to handle. Govindan etal.,2006.

The care options of SCLC patients are like other LCs, depending on the histology,
degree, general health and patient comorbidities. Standard LS-SCLC care options
involve platinum chemotherapy and radiation, combination chemotherapy alone,
surgery accompanied by chemotherapy, or chemoradiation, as well as cranial
prophylaxis (Joshi et al., 2013). Chemotherapy and palliative care are the therapeutic
methods for persistent SCLC. Whereas chemotherapy and radiation therapy may lead
to extreme initial reactions in SCLC, disease recurrence is common. The overall
forecast for SCLC patients, considering the improvements in research and treatment
during the past two decades, is still below average. Untreated SCLC, with median
diagnostic survival of just 2-4 months, is the most aggressive of all LCs. The two-
year DFS remains decreased by 10 percent afterthe care of SCLC patients (Johnson
et al.,, 1990). In comparison, the operational system of each patient aged 5 to 10
percent (Fry et al. 1996, Lassenet al. 1995) of every 5-year-old SCLC patient is
greater than the ES-SCLC patient (a 14% five-year survival) (Janne et al. 2002,
Turrisiet al. 1999). Cranial prophylactic radiation can prevent recurrence of brain
metastases in fully-chemo rated cases, thereby improving patient safety(Auperinet al.,
1999, Slotmanet al., 2007).

Although LS-SCLC-patients may gain from surgery or chemotherapy alone,
combination treatment has demonstrated increased survival (Videticet al. 2003,
Janneet al. 2002). Especially the combination of chemotherapy and thoracic radiation
therapy (TRT) improves OS by five percent in comparison to chemotherapy alone
(Pignonet al., 1992, Warde and Payne, 1992). Although the median survival in ES-
SCLC patients can be maintained for 6-12 months, long-term DFS is uncommon in
ES-SCLC patients (Perry et al., 1987, Takada et al., 2002).
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2.19.1 Targeted therapies in SCLC
a) EGFR inhibitors

EGFR mutation is less prevalent in SCLC than NSCLC, with just about 4 percentof
patients exhibiting haven mutation (Tatematsuet al., 2008). The patients have been
stratified and treated with gefitinib in a phase Il study focused on chemosensitizer or
chemical-refractory SCLC. However, in SCLC patients, the above research did not
show a gefitinib benefit (Moore et al., 2006).

b)  VEGEF inhibitors

ES-SCLC investigated the circulation of VEGF inhibition with bevacizumab.
Cisplatin, irinotecan and bevacizumab ingenuous patients seeking chemical therapy,
75% ORR had 11.6 months of median OS and 7.0 months of median PFS (Ready et
al. 2011). Astudy of cisplatin, etoposide and bevacizumab research showed that the
elevated baseline levels of vascular molecular adhesion (VCAM) but no other
biomarker may be correlated with the clinical result of previously untreated ES-SCLC
patients (Horn et al., 2009). Other VEGF antagonists, including sorafenib, sunitinib
and cediranib multicinase inhibitors, are also studied on a clinical basis (Gitlitzet al.,
2010). Aflibercept (AVE0005)is a completely humanized immunoglobulin protein
that fuses in the IgG1l constant area of both VEGF VEGFR1/2 receptors. These
soluble receptors function as a VEGFR trap and prohibit VEGF from connecting to
its normal receptors. Aflibercept is being tested in combination with topotecan in ES-
SCLC (Joshi et al., 2013).

2.20 PROGNOSIS

Of all patients with LC in the United States, 16.8% remain after diagnosis for a five-
year duration (Ridge et al. 2013). Total LC mortality in England and Wales was
measured at 9.5 percent between 2010 and 2011. Outcomes in developed nations are
usually poorer. Diagnosis has even improved. In the NSCLC situations generally,
30%—40% is in stage 1V and 60% is in stage 1V.

The NSCLC's predictive variables are the lung signs, large tumors (> 3 cm), cell form
non-squamous (histology), step (proliferation) and numerous lymphatic and vascular
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invasion metastasis. The outcomes for those with poor efficiency and weight
reduction was greater by more than 10% than those with inoperative diseases. The
prognostic factors for small lung cells include diagnostic performance, biologic sex,

illness and central nervous system or liver involvement.

The highest prediction for NSCLC is full operative resection with a survival of up to
70% of stage IA cancer over five years. (Spiro SG. 2010) The average survival rate
for individuals with large-scale SCLCs for five years is less than 1 per cent. The total
remission time for limited-stage diseases is 20 months, with a survival rate of five
years of 20 percent. According to National Cancer Center, the median age of
diagnosing LC is 70years in the USA and the median age of death is 72 years. In the
US, individuals with medical insurance are more likely to receive positive

performance. (Slatore et al., 2010).

In 2021, Melosky and others reported that a complete review of accessible data, as
well as an easy-to-use interface to the present state of new targeted treatment in
oncogene-driven advanced NSCLC This rapidly growing area has yielded several
new targeted therapeutic options and encouraging results have resulted to the FDA
approval of 7 novel medicines for use in advanced NSCLC. Several phase Il studies
are under ongoing to completely examine novel potential medicines under
development for enhancing outcomes in patients with NSCLC having various
molecular subgroups. Advances in NSCLC molecular characterization have resulted
in a more rapid capacity to precisely block molecular changes of concern. As a result,
there has been an explosion of innovative target chosen therapy for oncogene-driven
advanced NSCLC, resulting in a slew of new therapeutic choices for advanced
NSCLC. Despite the challenges of remaining on top of this ever-changing therapy
environment, these discoveries help us get closer to our goal: better treatment for

cancer sufferers (Melosky et al., 2021).

In 2021, Cong Zhang and colleagues reported that, Cox15 emerged as a promising
prognostic molecule for LC patients. Identified as a novel oncogene, Cox15 plays a
crucial role in promoting the growth of LC cells. Notably, Aripiprazole, a potent

Cox15 inhibitor, demonstrated substantial inhibitory effects on LC cell proliferation
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and tumor development both in vivo and in vitro, showcasing its therapeutic potential.
The study also revealed that Cox15 expression profiles are correlated with overall
survival rates in LC patients, indicating its significance as a potential prognostic
biomarker. Targeting Cox15 in future treatments holds promise for highly effective
and specific therapeutic approaches in LC patients. However, it's important to note a
limitation of this study: there is still a lack of comprehensive understanding regarding
the underlying processes through which Cox15 enhances LC growth [11]. Despite
this, the findings provide substantial evidence linking Cox15 to LC progression,
paving the way for further research and potential targeted therapies in the future
(Zhang et al., 2021).

In 2021, Pratibha Pandey and others stated that Hesperidin has the potential to be a
powerful and attractive option for medications and cancer care. Hesperidin works by
influencing many pathways in cancer cells, including cell cycle arrest, apoptosis,
antiangiogenic, ant metastaticity, and DNA repair. Hesperidin has been shown to
affect a variety of carcinogenic molecular targets. Combining chemotherapy
medications with phytoconstituents would be a more effective strategy to treating
cancer. In most cases, hesperidin has little effect on the action of chemo medicines
when used in combination, however it does slightly augment drug-induced
cytotoxicity in organ tissues. Hesperidin has been shown to have both chemo
preventive and chemotherapeutic actions against a variety of carcinomas. Hesperidin
may influence numerous cells signaling pathways linked to cancer growth. Several
techniques, such as combining hesperidin with some other phytochemicals,
chemotherapeutic medicines, irradiation, and nano-formulations, might be used to
boost its bioavailability and antitumor potency. Nonetheless, hesperidin's anticancer
activity has been determined solely in preclinical research using in vivo and in vitro
cancer models. However, due to the scarcity of clinical investigations on the
pharmacological characteristics of hesperidin, it is difficult to develop a clear picture
of the therapeutic dose for cancer control in the human body. As a result, further
research is needed to determine the most effective dosages for future clinical trials in
cancer patients to verify hesperidin's position as one of the prospective and successful

therapeutic options for cancer treatment (Rahmani et al., 2023) .
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In 2021, Atefeh Satari et al., stated that the impact of rutin, which may be a suitable
option for cancer therapy in vitro in combination with other anticancer drugs or alone,
were investigated. Furthermore, rutin has been demonstrated to lessen medicine
resistance and the side effects of chemotherapy. Rutin has been demonstrated to
inhibit the development of several cancers. Furthermore, rutin has been shown to
modulate several signaling pathways such as the Ras/Raf and PI3K/Akt, MAPK, and
TGF2/Smad2/3Akt/PTEN, amongst others, which are involved with carcinogenesis
and apoptosis induction, either alone or in combination with other pharmacological
therapies. Pairing rutin alongside additional chemotherapy drugs may aid in tumor
cell prevention by decreasing drug resistance and the side effects of chemotherapy.
Furthermore, rutin causes apoptosis in conjunction with the medicinal medication. It
has been shown that it inhibits cell proliferation, regulates mortality and the cell phase
in cancer cell lines, and assists in the creation of the most effective treatment choices.
However, further study is required to fully comprehend the process of action of rutin
on cancer cell lines in the future. Furthermore, further study is required to establish
the impact of rutin on the generation of anti- or proapoptotic pathways and genes,

either alone or in conjunction with other components (Satari et al., 2021) .

In 2021, Y. Lee and others stated that Flavonoids' anticancer impact is due to both
their antioxidative activity and their prooxidative activity. This study aims to conduct
a thorough examination of the findings of distinct and separate studies on the
modification of redox status in cancer cells by flavonoids. It focuses on the

mechanism of action of anti-cancer flavonoids (Lee et al., 2021)

In 2020, Xuewen Wang and others reported that the link between flavonoids' anti-
cancer properties and their potential regulatory functions in specific types of
mutations that might lead to EGFRTKI resistance in NSCLC EGFR-TKIs (EGFR-
TKIs) are widely utilized in the treatment of NSCLC with EGFR mutations. Patients
treated with EGFR-TKI, on the other hand, acquire resistance with time. Flavonoids,
as prospective adjuvants for cancer treatment, shown anticancer effects such as
suppression of chemoresistance by interfering with ABC transporter induced drug
efflux, inhibition of c-MET amplification, and reversal of T790M mutation mediated

resistance in laboratory experiments. Furthermore, flavonoids may be a beneficial
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option to help prevent side effects during cancer therapy, with findings from
randomized clinical trials supporting the usefulness of Delica flavone, a component of
SDEA extract. However, pharmacokinetic data on flavonoids is still insufficient, and
most research have focused on in vitro NSCLC models rather than flavonoids' clinical

use. As a result, more work is still necessary in these sectors (Pmc_7603574, n.d.)

In 2020, Kopustinskiene, D. M. etal. stated that flavonoids' biochemical
characteristics and bioavailability, anticancer potency, and mechanisms of action
Numerous investigations have demonstrated their potent anti-inflammatory, immune-
modulating, and cell-supporting and cellular-restoration properties. Flavonoids have a
wide spectrum of anticancer properties, making them ideal substances for future
research into the creation of new cancer chemo preventive medicines and
understanding their exact mechanisms of action. Furthermore, regular use of
flavonoids as in form of flavonoid-rich foodstuffs or flavonoid fortified foods may
elicit beneficial changes in the gut flora, lowering the risk of cancer and restoring

critical processes at the cellular level (Pmc_7071196, n.d.).

In 2019, P. Aiello, and others stated that the anticancer efficacy of nanoparticles
(NPs) generated from food-derived flavonoids has been studied in vivo. A total of 60
studies were discovered through a comprehensive search. The flavanols EGCG &
quercetin were studied extensively in delivery and combined delivery (with other
medicines of cancer) systems. Moreover, other investigations investigated the effects
of other flavonoids. In both xenograft and chemical induced animal models of

carcinogenesis, NPs suppressed tumor development (Aiello et al., 2021)

In 2019, Haroon Khan and others stated that the influence of nano-formulated
flavonoids on the enhancement of their bioavailability, therapy, and less side effects
will provide new insights in the field of cancer therapeutic drug research. Flavonoids
have showed considerable promise in the treatment of several forms of cancer;
however, the primary problem is their low bioavailability, non-specificity at specific
sites, and propensity to interact with other therapeutic drugs. These problems can be
solved by creating flavonoids nanoparticles. Similarly, in vitro and in vivo research

have demonstrated the applications and advantages of nanoparticle-based
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formulations of flavonoids alone or in combination in cancer therapy, but relatively
few clinical trials have been conducted. Given the positive results, clinical
investigations to thoroughly examine nanoparticle formulations of flavonoids in

cancer therapy may be encouraged (31374244, n.d.).

In 2019, Imran, M. and others stated that eating and intake of bioactive chemicals
derived from natural sources have been linked to a lower risk of several human
illnesses, including tumor. The inhibitory effects of phytochemicals present in plants
on major illnesses are widely recognized in the literature. Because of its natural
origin, safety, and cheap cost in comparison to manufactured cancer medications,
luteolin has the potential to be an essential supplemental therapy for the prevention
and treatment of several types of malignancies. More research on different parameters
is required in the future before this substance becomes a prescribed drug.
Furthermore, clinical trials might be used to investigate the creation of uniform dose
(S. A. Siddiqui et al., 2023).

In 2019, M. ERSOZ and team reported that the encapsulation of hesperetin into
PLGA nanoparticles and the subsequent detailed characterization of these HspNPs
proved to be highly effective. Moreover, in vitro testing of the antitumor activity of
HspNPs was conducted, comparing it with free hesperetin. Remarkably, this study
marks a significant milestone as it is the first to demonstrate that both hesperetin and
hesperetin-loaded PLGA nanoparticles exhibit anti-proliferative, apoptotic, and

antioxidant effects in C6 glioma cells (Ersoz et al., 2019a)

In 2018, Civiletto et al., reported that Cox15 was shown to be participate in the
stimulation of autophagic flux, and cellular metabolism contributes to the efficient
clearance of defective mitochondria, suggesting that Cox15 promotes LC

development by activating autophagy (Ersoz et al., 2019b)

In 2017, D. Raffa and team reported that the most recent breakthroughs in anticancer
activity of the family of naturally occurring flavonoids, spanning the previous five
years, as well as the targets and methods of action, as well as the molecules' structure-
activity connections The most promising anticancer flavonoids are still being

researched, and none are currently being utilised in clinical trials (Raffa et al., 2017)
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Chapter — 3

METHODOLOGY

3.1 INTRODUCTION

LC is the most dangerous after heart disease [1] and has a high fatality rate, making it
critical to find potential treatment options [2]. However, there are numerous treatment
options present in International as well as National markets, like agonists and
antagonists to treat the malady [3] [5], [6]. But they have various side effects.
Researchers are trying hard to develop advanced therapies for treating LC, but these
have not been discovered over the past 40 years. LC was responsible for 9.3% of
cancer fatalities in India, affecting both male and female patients [4]. Many
individuals diagnosed with metastatic LC contribute to poor survival rates (57%). LC
remains a significant global health challenge, with non-small cell lung carcinoma
(NSCLC) accounting for approximately 85% of cases and exhibiting a high mortality
rate [1]. Small cell lung carcinomas (SCLCs) account for 35% of the population [2].
The dysregulated activation of these signaling cascades leads to abnormal cell
growth, whereas the inhibition of apoptosis activates oncogenic pathways, thereby
exacerbating the severity of the pathological condition [3]. Although numerous
pharmaceutical agents are available for cancer treatment, their high cost, the
challenge of developing resistance, and the increased toxicity following drug
administration are substantial obstacles to achieving effective therapy. Furthermore,
these issues have adverse effects on non-malignant cells. So, there is a significant
effort to prioritize the development of novel therapeutic agents that exhibit low cost

and high bioavailability to address these challenges in the field of therapeutics.
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Figure 3.1: Workflow

3.2 MATERIALS

Standard laboratory-grade chemicals/ reagents were used for the study. Chloroform
(CHCI3), methanol (CH30H), ethyl acetate (C4H802), petroleum ether, ethanol
(C2H50H), DMEM high glucose media, FBS, Silver nitrate (AgNO3) was purchased
from HI Media, Mumbai, India. MTT dye was purchased from Thermofischer
Scientific, U.S. and dimethyl sulphoxide (DMSO) was purchased from LobaChemie
Pvt. Ltd., Colaba, Mumbai. All other solvents and reagents were of analytical grade.

Utensils and Instrument Utilised:

1. Beakers
2. Separating Funnel
3.  Pipette

4.  Pipette tips
5. Centrifuge tubes (50 ml)
6.  Eppendorf tubes (2ml)

7.  Magnetic Stirrers
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8. Glass tubes

9.  Petri plates

10. Spatula

11. 96 well plates

12. 24 well plates

13. 6 well plates

14. Weighing machine

15. Centrifuge

16. Autoclave

17. Air flow Laminar

18. Incubator

19. UV visible spectrophotometer
20. -80-degree Celsius freeze
21. Co2 incubator

22. Hot air oven

23. Probe Sonicator

24. Microscope

25. Elisareader
3.3 CELL CULTURE MAINTENANCE

A549 (LC) cell lines were obtained from NCCS, Pune, India. They were sustained in
DMEM with 10 % (v/v) FBS and 1 % penicillin/streptomycin solution (10,000
Units/ml penicillin and 10,000 pg/ml streptomycin) in a humidified atmosphere of 5
% CO2 at 37 °C temperature.

3.4. COLLECTION OF COMPOUNDS

We collect Diosmin and Hesperidin from otto Kemi Pvt. Ltd. Mumbai and Protein

structures from PDB database.
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3.4.1 Diosmin

Diosmin, a naturally occurring flavonoid found in citrus fruits, exhibits a diverse
range of bioactivities with intriguing implications for human health. Studies have
revealed its potent anti-inflammatory, antioxidant, and antimicrobial properties,

highlighting its potential as a therapeutic candidate for various ailments.

Particularly captivating is diosmin potential role in cancer prevention and treatment.
Research suggests it can modulate multiple cellular pathways involved in
carcinogenesis, including cell proliferation, apoptosis (programmed cell death), and
angiogenesis (blood vessel formation). Diosmin has been shown to suppress the
growth and induce apoptosis in various cancer cell lines, including those of breast,
colon, and prostate cancers. Additionally, it may hinder tumor progression by
interfering with the formation of new blood vessels that tumors rely on for

sustenance.

While the precise mechanisms underlying diosmin anticancer effects are still being
unravelled, exploring its efficacy in combination with conventional therapies and
delving deeper into its molecular targets hold promise for developing novel strategies

in cancer management.
3.4.2 Hesperidin

Hesperidin, a naturally occurring flavanone found abundantly in citrus fruits, boasts a
diverse range of bioactivities with significant implications for human health. Studies
have demonstrated its potent anti-inflammatory, antioxidant, and antimicrobial

properties, making it a potential candidate for various therapeutic applications.

However, hesperidin's potential extends beyond these established benefits. Recent
research has shed light on its intriguing potential as a promising player in cancer
prevention and treatment strategies. Hesperidin's multifaceted approach targets

various hallmarks of cancer progression, offering a unique advantage.

Studies suggest hesperidin's ability to inhibit uncontrolled cell proliferation, a key
driver of tumor growth. It achieves this effect through multiple mechanisms,

including inducing apoptosis (programmed cell death), arresting the cell cycle, and

67



suppressing the production of factors that promote blood vessel formation, crucial for

tumor sustenance.

Furthermore, hesperidin's antioxidant and anti-inflammatory properties contribute to
its potential anticancer activity. By scavenging free radicals and modulating
inflammatory pathways, hesperidin helps mitigate oxidative stress and chronic

inflammation, both of which are implicated in tumorigenesis.
3.43 ROS1

The ROS-1 gene plays a pivotal role in the development of various tumors,
particularly in non-small-cell lung cancers (NSCLCs), where ROS-1 rearrangements
are found in 0.9% to 2.6% of cases, predominantly in lung adenocarcinomas. This
genetic alteration is notably more common in women, non-smokers, and younger
individuals. Extensive research has firmly established ROS-1 as a genuine oncogenic
driver, and the use of tyrosine kinase inhibitors (TKIs) specifically designed to target
ROS-1 has proven remarkably effective in halting tumor growth and delivering

significant clinical benefits to patients.

The ROS-1 gene encodes a transmembrane protein consisting of 2347 amino acids.
Interestingly, this protein shares structural similarities with both insulin receptors and
the ALK family. The ROS-1 protein is composed of an extracellular domain that
contains a hydrophobic segment, aiding in its transmembrane function. Additionally,
it possesses an intracellular component housing a tyrosine-kinase domain with a
terminal carboxyl. Notably, ROS-1 plays a crucial role in activating multiple
signaling pathways associated with processes such as differentiation, proliferation,

cell growth, and overall cellular survival.
3.4.4 EGFR

For advanced non-small cell LC (NSCLC) patients with EGFR mutations, (EGFR-
TKIs) are the preferred treatment choices. Osimertinib is a powerful irreversible
third-generation EGFR-TKI that targets EGFR mutations but has no impact on wild-
type EGFR. Because of its outstanding effectiveness and manageable toxicity,
Osimertinib has been recommended as the usual first-line therapy for progressed or

metastatic non-small-cell LC patients with mutations in the EGFR. Priority is given
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to patients with EGFR-sensitizing mutations, such as EGFR exon 19 deletions

(Ex19del) and L858R variants.
3.5 INSILICO STUDIES
3.5.1 Introduction

In recent years, there has been a radical transformation from traditional drug design
methodologies to Computer Aided Drug Design (CADD) as a viable tool for
predicting biological activity. Rational drug design methodologies combined with
structural biology have a lot of potential for facilitating the development of new
therapeutic medicines [Rao, V. S., & Srinivas, K, 2011]. Computational drug
discovery is a good way to speed up and save money on the drug research and
development process. Because of the dramatic increase in the availability of
biological information at the macro and micro levels, computational drug discovery
has been extended and widely applied to nearly every stage of the drug discovery and
development workflow, including target identification and validation, lead discovery

and optimization, and preclinical tests.

Computational drug discovery approaches such as molecular docking,
pharmacophore modelling and mapping, de novo design, molecular similarity
computation, and sequence-based high - throughput screening have all made
substantial developments during the past few decades [Ou-Yang, S. S ef al., 2012].
Advancements in pharmacology, biochemical, molecular genetics, and biomedical
sciences, together with developments in genomic technologies, have resulted in a
large number of new biological targets that might be used for treatments,

encouraging this trend.

Integrating experimental and theoretical approaches has shown it is very useful in
identifying and developing new promising compounds. Molecular docking is
becoming a more important method in drug development. The goal of this section is
to look at current molecular modelling procedures in drug development and medicinal
chemistry, as well as the advances in the area and the role that structure, and ligand-

based methods play.
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The relevant basic information including the structures, physicochemical and
toxicological molecular properties, pharmacokinetics, drug-likeness and medicinal
chemistry friendliness of small molecules and target protein are summarized with
different software and an online free web-server tools. This project outlines molecular
docking and structure based virtual screening protocols used to predict the interaction
of small molecules with the molecular targets for cancer diseases. An elaborate
procedure on how to carry out a molecular docking for the candidate compounds with
a wonderful software known as Schrodinger tools was discussed. A detailed
description of the molecular docking and structure based virtual screening procedures

and an evaluation of the results are provided.

New Drug Discovery
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Figure 3.2 : Conceptual illustration of in-silico methods and traditional drug
discovery procedure.
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3.5.2 Computational Studies for Drug Analysis

Exploring cancer pathways reveals a complex network of interconnected markers
driving oncogenesis. Identifying a suitable target for therapy amid this complexity
can be daunting. Docking, a method predicting how molecules bind to each other to
create a stable complex, offers valuable insights. Researchers employ diverse
experimental and computational techniques to pinpoint potential protein binding
partners. The prediction of these protein-ligand interactions, studied through
computational docking methods, has become increasingly vital in the realm of

structure-based drug design.
3.5.3 Natural Compounds

Natural substances have been shown to have anti-cancer properties due to their
capacity to lower reactive oxygen species and preserve essential cellular components
including lipids, proteins, and DNA from oxidative damage. They may also interfere
with intracellular signaling networks that govern proliferation, apoptosis induction,
and oxidative stress response. The current study's goal is to look into the anti-LC

effects of Diosmin and Hesperidin using in-silico and in-vitro research.

3.6.  METHODS UTILIZED FOR IN-SILICO ANALYSIS

3.6.1. ROS1

3.6.1.1. Preparation of ligand for docking study : The molecular structures of
ligand, i.e., Diosmin were retrieved from the PubChem database in the SDF 3D file
format (Ali et al., 2019; Patidar et al., 2019; Sweta et al., 2019; Yadav et al., 2019).
The Avogadro program and the MMF (Molecular Mechanics Force field) minimised
the ligands' energy. The steepest descent technique was applied with 200 rounds to
achieve optimisation, and RMS gradients were set to 0.1. This process allowed for
the refinement of the ligand structures, ensuring their stability and reliability for
further analyses. Subsequently, the minimized ligands underwent docking studies,
which involved predicting their binding interactions with specific target proteins or

receptors.
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3.6.1.2. Preparation of Protein for Docking Study : The three-dimensional
structures of the chosen protein targets for LC, namely ROS1, were acquired from the
Protein Data Bank (PDB) database and prepared for further investigation. Using the
software Chimera, all extranecous water molecules were removed from the protein
structures, and polar hydrogens were added to the molecules to ensure a biologically
relevant environment. Energy optimization was carried out to enhance the structural
accuracy to address any potential localised strain arising from minor imperfections in
the initial protein models, such as suboptimal Van der Waals interactions. The energy
optimization was performed under a vacuum hypothesis to eliminate loosely bound

connections and achieve a more energetically favourable protein conformation.

Chimera was utilized for energy minimization by generating optimized protein
structures with partial atomic charges. These optimised protein structures and their
respective atomic charges were subsequently employed in docking analyses. The
docking studies aimed to predict and estimate the optimal orientations of the ligand-
receptor complexes within the active sites of the ROS1. Moreover, the docking
analysis identified essential amino acid residues involved in specific interactions with
the ligand molecules, providing valuable insights into the molecular basis of ligand-

protein interactions.

3.6.1.3. Molecular Docking Protocol : The glide modules was employed to
investigate the binding mechanism and selectivity of target proteins with various
drugs. It was also employed to distribute hydrogen molecules and active peptide
torsions, which were attached farther into binding pockets, according to the literature.
Within a 5-A distance range, the binding site region was constructed. Water
molecules and undesirable ligands were removed after choosing binding sites or
atomic ligands. We next choose a binding energy score, use the standard generic
algorithm, and execute. To categorize and analyse the generated structures, a scoring
function was utilized. Finally, the docking findings were compared to excellent
conformation posture, and the group of groups with the greatest docked value were

selected for further investigation.

3.6.1.4. Drug-like & pharmacokinetic properties : Pharmacokinetic factors are

among the most essential features to consider while developing new medication
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compounds. Any medicinal substance produced as a medicine must have the best
biological activity and pharmacokinetic qualities. Regarding pharmacokinetic
characteristics, Pgp (p-glycoprotein), found in the liver and plays a vital role in drug
discovery and development, functions as an efflux pump (Muthumanickam et al.,

2020). If the drug molecule inhibits the Pgp, it is a good candidate and vice versa.

3.6.1.5. Drug-like properties : Lipinski's rule was applied to evaluate the drug-like
properties of the compounds, which encompasses the assessment of several critical
molecular characteristics. Molecular weight (MW), partition coefficient (Log P),
hydrogen bond donors (HBD), hydrogen bond acceptors (HBA), and the number of
rotatable bonds were predicted using two online tools, namely the zinc online server
and SwissADME. Utilising the zinc online server and SwissADME facilitated the
accurate prediction of these drug-like properties, enabling prioritising and selecting of
promising compounds for further experimental investigations. Adhering to Lipinski's
rule aids in identifying compounds with higher probabilities of favourable

pharmacokinetic profiles and improved chances of successful drug development.

3.6.1.6. Swiss ADME : Molecules may be submitted to this publicly accessible web
server for ADME, physiochemistry, drug-likeness, pharmacology, and pharmaceutical

applications compatibility estimation. [Kassel Database, 2004]

Deploying the web server Molecular and physicochemical characteristics such
molecular weight (MW), molecular refractivity (MR), molecular formula, and the
number of heavy atoms The number of aromatic heavy atoms, the number of rotatable
bonds, the number of H-bond acceptors and donors, the Molar Refractivity count of

certain atom types, and the polar surface area (PSA) may all be calculated.

3.6.1.7. The Bioavailability Radar : The Bioavailability Radar is provided to
quickly assess drug-likeness. The radar examines six physicochemical characteristics.
The pink coloured region represents the ideal values for the six parameters listed

above

3.6.1.8. Molecular Simulation : Desmond software was employed to perform

molecular dynamics simulations on an Acer workstation running the Ubuntu 22.04
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operating system. In order to create the topology of the molecular complex under
examination, the OPLS-2005 force field was used. The complex was constructed via
the use of a system builder platform. This included the integration of explicit water
models, which were represented as basic point charges, into an orthorhombic

simulation box.

To emulate physiological conditions, the solvated complex system was neutralised by
the addition of appropriate Na+ and Cl- counterions, resulting in the formation of a
0.15 M salt concentration. The ligand-receptor complex was simulated using the
OPLS-2005 force field, and a transparent fluid model consisting of SPC water atoms

was inserted into an orthorhombic simulation box.

Subsequently, Desmond simulations were carried out for a total duration of 200
nanoseconds, maintaining a temperature of 300 Kelvin and a pressure of 1.0325 bar.
Prior to the simulation runs, the system underwent a minimization process for 100

picoseconds, followed by system relaxation using the default approach.

3.6.1.9. BOILED EGG plot analysis : The Estimate D permeation technique,
commonly referred to as the BOILED-Egg model, stands as a reliable predictive tool
for the assessment of ligand lipophilicity and polarity within the context of brain or
intestinal tract permeation. This model offers a structured statistical framework for
the comprehensive analysis of the bioavailability characteristics exhibited by various

ligand molecules.

The underlying principle of the BOILED-Egg model draws an analogy to the
physicochemical properties of cooked eggs, which can be correlated to important
aspects of drug development, including gastrointestinal absorption and blood-brain
barrier permeability. It is worth noting that the Swiss ADME online service is
proficient in generating BOILED plots (Figure 5), which serve as indispensable
resources in the field of drug research and discovery. These plots facilitate a deeper
understanding of the critical factors governing ligand permeation and guide the

development of pharmacologically effective compounds. (Daina et al., 2017).
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Figure 3.3 : SwissADME web server snapshot of Diosmin.

3.6.2. EGFR

3.6.2.1. Preparation of ligand for docking study : The molecular structures of
ligand, i.e., Hesperidin, were retrieved from the PubChem database in the SDF 3D
file format (Ali et al., 2019; Patidar et al., 2019; Sweta et al., 2019; Yadav et al.,
2019). The Avogadro program and the MMF (Molecular Mechanics Force field)
minimised the ligands' energy. The steepest descent technique was applied with 200
rounds to achieve optimisation, and RMS gradients were set to 0.1. This process
allowed for the refinement of the ligand structures, ensuring their stability and
reliability for further analyses. Subsequently, the minimized ligands underwent
docking studies, which involved predicting their binding interactions with specific

target proteins or receptors.

3.6.2.2. Preparation of Protein for Docking Study : The three-dimensional
structures of the chosen protein targets for LC, namely EGFR, were acquired from

the Protein Data Bank (PDB) database and prepared for further investigation. Using
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the software Chimera, all extraneous water molecules were removed from the protein
structures, and polar hydrogens were added to the molecules to ensure a biologically
relevant environment. Energy optimization was carried out to enhance the structural
accuracy to address any potential localised strain arising from minor imperfections in
the initial protein models, such as suboptimal Van der Waals interactions. The energy
optimization was performed under a vacuum hypothesis to eliminate loosely bound

connections and achieve a more energetically favourable protein conformation.

Chimera was utilized for energy minimization by generating optimized protein
structures with partial atomic charges. These optimised protein structures and their
respective atomic charges were subsequently employed in docking analyses. The
docking studies aimed to predict and estimate the optimal orientations of the ligand-
receptor complexes within the active sites of the EGFR. Moreover, the docking
analysis identified essential amino acid residues involved in specific interactions with
the ligand molecules, providing valuable insights into the molecular basis of ligand-

protein interactions.

3.6.2.3. Molecular Docking Protocol : The glide modules was employed to
investigate the binding mechanism and selectivity of target proteins with various
drugs. It was also employed to distribute hydrogen molecules and active peptide
torsions, which were attached farther into binding pockets, according to the literature.
Within a 5-A distance range, the binding site region was constructed. Water
molecules and undesirable ligands were removed after choosing binding sites or
atomic ligands. We next choose a binding energy score, use the standard generic
algorithm, and execute. To categorize and analyze the generated structures, a scoring
function was utilized. Finally, the docking findings were compared to excellent
conformation posture, and the group of groups with the greatest docked value were

selected for further investigation.

3.6.2.4. Drug-like & pharmacokinetic properties : Pharmacokinetic factors are
among the most essential features to consider while developing new medication
compounds. Any medicinal substance produced as a medicine must have the best

biological activity and pharmacokinetic qualities. Regarding pharmacokinetic
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characteristics, Pgp (p-glycoprotein), found in the liver and plays a vital role in drug
discovery and development, functions as an efflux pump (Muthumanickam et al.,

2020). If the drug molecule inhibits the Pgp, it is a good candidate and vice versa.

3.6.2.5. Drug-like properties : Lipinski's rule was applied to evaluate the drug-like
properties of the compounds, which encompasses the assessment of several critical
molecular characteristics. Molecular weight (MW), partition coefficient (Log P),
hydrogen bond donors (HBD), hydrogen bond acceptors (HBA), and the number of
rotatable bonds were predicted using two online tools, namely the zinc online server
and SwissADME. Ultilising the zinc online server and SwissADME facilitated the
accurate prediction of these drug-like properties, enabling prioritising and selecting
of promising compounds for further experimental investigations. Adhering to
Lipinski's rule aids in identifying compounds with higher probabilities of favourable

pharmacokinetic profiles and improved chances of successful drug development.

3.6.2.6. Swiss ADME : Molecules requiring ADME estimation, drug-likeness,
pharmacokinetics, and medicinal chemistry friendliness qualities may be submitted

to this publicly accessible online site. [DB Kassel, 2004]

Implementing a web server Descriptors at the molecular and physicochemical levels,
including the number of heavy atoms, molecular weight (MW), and molecular
refractivity (MR). The following may be calculated: polar surface area (PSA),
number of aromatic heavy atoms, number of rotatable bonds, number of H-bond

acceptors, number of H-bond donors, and a polar refractivity count of certain atom

types.

3.6.2.7. The Bioavailability Radar : By using the Bioavailability Radar, a rapid
assessment of the drug-likeness may be achieved. The radar takes six
physicochemical characteristics into account. Flexibility, size, polarity, solubility, and
saturation are among them. A significant deviation from any of these parameters

would suggest that the ligand lacks oral bioavailability [Daina, A et al, 2017].

3.6.2.8 Molecular Simulation : Desmond software was employed to perform

molecular dynamics simulations on an Acer workstation running the Ubuntu 22.04
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operating system. The OPLS-2005 force field was selected for constructing the
topology of the molecular complex under investigation. The complex was generated
using a system builder platform, which involved the incorporation of explicit water

models represented as simple point charges within an orthorhombic simulation box.

To mimic physiological conditions, the solvated complex system was neutralized by
introducing appropriate Na+ and Cl- counter ions, resulting in a salt concentration of
0.15 M. The receptor-ligand complex was modeled utilizing the OPLS-2005 force
field, and an orthorhombic simulation box was filled with a transparent fluid model

composed of SPC water atoms.

Subsequently, Desmond simulations were carried out for a total duration of 200
nanoseconds, maintaining a temperature of 300 Kelvin and a pressure of 1.0325 bar.
Prior to the simulation runs, the system underwent a minimization process for 100

picoseconds, followed by system relaxation using the default approach.

3.6.2.9. BOILED EGG plot analysis : The Estimate D permeation technique,
commonly referred to as the BOILED-Egg model, stands as a reliable predictive tool
for the assessment of ligand lipophilicity and polarity within the context of brain or
intestinal tract permeation. This model offers a structured statistical framework for
the comprehensive analysis of the bioavailability characteristics exhibited by various

ligand molecules.

The underlying principle of the BOILED-Egg model draws an analogy to the
physicochemical properties of cooked eggs, which can be correlated to important
aspects of drug development, including gastrointestinal absorption and blood-brain
barrier permeability. It is worth noting that the Swiss ADME online service is
proficient in generating BOILED plots (Figure 5), which serve as indispensable
resources in the field of drug research and discovery. These plots facilitate a deeper
understanding of the critical factors governing ligand permeation and guide the

development of pharmacologically effective compounds. (Daina et al., 2017).
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Figure 3.4 : SwissADME web server snapshot of Hesperidin.

3.7.  METHODS UTILIZED FOR IN-VITRO ANALYSIS

3.7.1. Materials and Instruments

Eppendorf centrifuge 5810R, roto shake-Genie, Sigma4kl5 centrifuge, Labtech
water bath, Thermo electron corporation sterically CO2 incubator, Sigma 1-18k
centrifuge, Nikon Eclipse TE 2000-S electron microscope, innovative air systems
laminar air flow hood, New Brunswick Galaxyl70S Eppendorf CO2 incubator,

TKA-GenPure water unit, Spectra ax M5 Elisa plate multimode reader.

DMEM (Dulbecco’s Modified Eagle Medium), Fetal Bovine Serum (Gibco, U.S
Origin), antibiotic solution (Gibco), sodium bicarbonate (Sigma), DMSO (Sigma),
MTT reagent (SRL), propidium iodide (sigma), 10x PBS (Sigma), 0.5% Trypsin-
EDTA solution (Lonza), tritonX100, tween20 (sigma) were procured from BD

Biosciences and conjugated was purchased from Santacruz.
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Sterile cell culture plastic ware such as T-25 flasks, T-75 flasks, 6well plates, 12 well
plates, 96 well plates, 1.7ml, S5ml, 15ml, 50ml centrifuge tubes were purchased from
Eppendorf, Micropipette tips 1.0ml, 200 pl, 10 pl (Tarsons), 2.0ml, 1.5ml, 0.6ml,
0.2ml microcentrifuge tubes (Axygen Inc), 0.2um Polyether sulfone (PES) syringe
filters and 60um Nylon net filters (Merck, Millipore).

3.7.2 Nano-formulation

To develop a nano-formulation, firstly we performed some pre-formulation studies

1.e., Solubility studies, Lambda max, and straight-line graph.
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3.7.2.1. Zinc Diosmin Nano-formulation

Methodology

We adopt methodology as per MA Saleemi 2022 published in antioxidants 2022 with
some modifications (Saleemi et al., 2022). Further, we take 15mg of Zinc acetate and
30 Mg of Diosmin. Moreover, we dissolve Zinc acetate (1.5 Gms) in 90ml Distilled
water and placed it on a Magnetic stirrer. After that Diosmin (30mg) is dissolved in
10 ml of Distilled water in a separate beaker and Use NaOH and HCL if flavonoids
in not dissolved properly. pH 7. After that, mix the solutions and place them on a
magnetic stirrer at 800-1000 RPM and temp 50-60 degrees Celsius. Colour change
indicates the starting point of the reaction. After yellow or white colour appears after
approx. 4 hrs. stop the stirrer. Placed at room temperature for 1 hour, let the particles
settle and then, centrifuge at 2000 RPM for 10 minutes for cleaning or removing

unwanted chemicals. After cleaning store, it for further use.
3.7.2.2.  Zinc Hesperidin Nano-formulation

Methodology

We adopt methodology as per MA Saleemi 2022 published in antioxidants 2022 with
some modifications (Saleemi et al., 2022). Further, we take 15mg of Zinc acetate and
30 Mg of Hesperidin. Moreover, we dissolve Zinc acetate (1.5 Gms) in 90ml
Distilled water and placed it on a Magnetic stirrer. After that Hesperidin (30mg) is
dissolved in 10 ml of Distilled water in a separate beaker and Use NaOH and HCL if
flavonoids in not dissolved properly. pH 7. After that, mix the solutions and place
them on a magnetic stirrer at 800-1000 RPM and temp 50-60 degrees Celsius. Colour
change indicates the starting point of the reaction. After yellow or white colour
appears after approx. 4 hrs. stop the stirrer. Placed at room temperature for 1 hour, let
the particles settle and then, centrifuge at 2000 RPM for 10 minutes for cleaning or

removing unwanted chemicals. After cleaning store, it for further use.
3.7.2.3.  Silver Diosmin Nano-formulation

Methodology
We adopt methodology from Zhao et. Al. 2020 published in ACS Omega with some
modifications (Li et al., 2020). We take 15mg of silver nitrate and 30 Mg of Diosmin.
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Further, we dissolve Silver Nitrate (1.5 Gms) in 90ml Distilled water and placed it on
a Magnetic stirrer. Then we add Diosmin (30mg) in 10 ml of 1:1 ethanol and water in
a separate beaker. Use NaOH if flavonoids in not dissolved properly. pH 8. After that,
mix the solutions and place on a magnetic stirrer at 800 RPM and temp 50 degrees
Celsius. Note for Colour change starts after 10-15 minutes indicating the starting
point of the reaction. Continue stirrer for 3-4 hrs. After the brick red/brown colour
appears stop the stirrer. Placed at room temperature for 1 hour, let the particles settle
and centrifuge at 2000 RPM for 10 minutes 3 times to clean or remove unwanted

chemicals. After cleaning store, it for further use.
3.7.2.4. Silver Hesperidin Nano-formulation
Methodology

We adopt methodology from Zhao et. Al. 2020 published in ACS Omega with some
modifications (Li et al.,, 2020). We take 15mg of silver nitrate and 30 Mg of
Hesperidin. Further, we dissolve Silver Nitrate (1.5 Gms) in 90ml Distilled water and
placed it on a Magnetic stirrer. Then we add Hesperidin (30mg) in 10 ml of 1:1
ethanol and water in a separate beaker. Use NaOH if flavonoids in not dissolved
properly. pH 8. After that, mix the solutions and place on a magnetic stirrer at 800
RPM and temp 50 degrees Celsius. Note for Colour change starts after 10-15 minutes
indicating the starting point of the reaction. Continue stirrer for 3-4 hrs. After the
brick red/brown colour appears stop the stirrer. Placed at room temperature for 1 hour,
let the particles settle and centrifuge at 2000 RPM for 10 minutes 3 times to clean or

remove unwanted chemicals. After cleaning store, it for further use.
3.7.2.5. Graphene oxide Diosmin nano-formulation
Methodology

We adopt methodology from Nazanin Rahmanian et. al. 2014 in colloidal and
surfaces B: Bio interfaces with some modifications (Rahmanian et al., 2014). We take
50 Mg of Graphene Oxide and 50 Mg of Diosmin (1:1). Then we dissolve both in 100
ml distilled water and placed them under probe sonication for 15 minutes. Further rest

for 10 minutes and then places again for 20 minutes under probe sonication. Once
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both the chemicals dissolved and dark black colour appears stop the probe sonication.
After this Placed at room temperature for 1 hour, let the particles settle and centrifuge
at 3000 RPM for 15 minutes to clean or remove unwanted chemicals. After cleaning,

store it for further use.

3.7.2.6. Graphene oxide Hesperidin nano-formulation
Methodology

We adopt methodology from Nazanin Rahmanian et. al. 2014 in colloidal and
surfaces B: Bio interfaces with some modifications (Rahmanian et al., 2014). We take
50 Mg of Graphene Oxide and 50 Mg of Hesperidin (1:1). Then we dissolve both in
100 ml distilled water and placed them under probe sonication for 15 minutes. Further
rest for 10 minutes and then places again for 20 minutes under probe sonication. Once
both the chemicals dissolved and dark black colour appears stop the probe sonication.
After this Placed at room temperature for 1 hour, let the particles settle and centrifuge
at 3000 RPM for 15 minutes to clean or remove unwanted chemicals. After cleaning,

store it for further use.
3.7.3. Characterization of the developed Nano-formulation
For characterization we utilise FTIR, XRD, and FESEM.

3.7.3.1. Fourier transform infrared (FT-IR) : To analyse the functional groups
present on the biosynthesized AgNP, Zinc NP, and GoNP, Fourier-transform infrared
spectroscopy (FTIR) analysis was meticulously performed employing the advanced
Perkin Elmer Spectrum 400 instrument. The analytical procedure involved the
application of the KBr pellet method, encompassing a broad wavelength range from

4000 to 400 cm™', with a spectral resolution finely set at 4 cm™.

3.7.3.2. X-Ray diffraction (XRD) : The investigation into the crystalline properties
of nanoparticles (NPs) was conducted through X-ray diffraction (XRD) analysis,
employing the XPERT-PRO instrument located at Panjab University, Chandigarh.
The XRD analysis was performed utilizing Cu Ka radiation with a wavelength (A) of
1.5406 A, operating at 45 kilovolts (kV) and 40 milliamperes (mA), under ambient

conditions at 25°C, employing a 26/0 scanning mode.
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Data acquisition encompassed a diffraction angular range (20) spanning from 10° to
89.99°, with a finely resolved step size of 0.017° and a scan step time of 29.85
seconds. This meticulous XRD procedure enabled a comprehensive exploration of

the structural characteristics of the nanoparticles under investigation.

3.7.3.3. FESEM & EDS-mapping : The surface morphology of nanoparticles
(NPs) was examined and characterized through the utilization of Field Emission
Scanning Electron Microscopy (FE-SEM), specifically employing the FESEM
SU8010 Scanning Electron Microscope. This analysis was conducted under an

accelerated voltage of 10 kilovolts (kV).

Additionally, the elemental composition of the NPs was thoroughly assessed using
Energy-Dispersive X-ray Spectroscopy (EDS) with the Bruker X Flash 6130 system.
The EDS analysis included mapping to provide detailed insights into the spatial
distribution of elements, enhancing our understanding of the elemental makeup of the

NPs' surface structure.
3.7.4. Biological Assays

3.7.4.1. Human lung cancer cells : A549 (human lung cancer) cells were procured

from the cell repository of the National Centre for Cell Sciences, Pune, India.
3.7.4.2. Reagent Preparation

3.7.4.2.1.Phosphate Buffered Saline (PBS) : Ready to use potassium phosphate
buffer salts (PBS) was dissolved into 800mL of autoclaved milli Q water and the pH
was adjusted to 7.4 and the volume was made up to 1 litre with water. The PBS

solution was passed through 0.22-micron filter and stored at 4°C.

3.7.4.2.2. MTT reagent preparation : Smg/ml primary stock of MTT reagent was
prepared in sterile PBS and stored at -20°C until use. The final working

concentration was 0.5mg/mL in the wells.

3.7.4.3. Invitro cell culture procedures

3.7.4.3.1.Cell culture of A549 : A549 were grown in DMEM medium containing

10% heat-inactivated FBS along with 1% Pen-Strep antibiotic solution. Cells were
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grown at 37°C at a relative humidity of 85% containing 5% CO2. lung cancer cells
were expanded and frozen each one million cells per vial of 20 were cryopreserved in

liquid nitrogen for future usage.

3.7.4.3.2. Micro culture tetrazolium (MTT) assay : Anti-cancer drug development is
carried out in four distinct phases include drug discovery, in-vitro screening, pre-
clinical tests on animal models and clinical trials. The first two phases are aimed to
find out the efficiency of the drug and the last two phases are to find out both
efficiency and safety or toxicity. Cytotoxic chemotherapeutic drugs are used in the
treatment of certain types of Cancer [Koch S.et.,al 2003].Cytotoxicity of the newly
synthesized anticancer drugs can be evaluated by in-vitro methods rather than by in-
vivo methods using animal models. In-vitro methods provide more rapid and precise
information than in-vivo methods [Person RM et.,al 1986).Cell based assays are
useful in determining the potency of the chemotherapeutic anti-cancer agents

[Carmichael Jet.,al 1987 and Alami N et.,al 2007].

Various physical and chemical agents such as pesticides drugs induce cytotoxicity by
different mechanisms such as disruption of cell membrane, inhibition of DNA
synthesis protein synthesis and enzymatic reactions [IshiyamaM et.,al 1996].
Anticancer agents can kill cancer cells by causing cytotoxicity to cancer cells
specifically. Cytotoxicity of chemotherapeutic agents designed used for treatment of
can be assessed by cell viability tests and cytotoxicity assays. Cytotoxicity assays
plays an important role in toxicology, oncology and pharmacology. These cell
viability / cytotoxicity assays are more rapid, inexpensive and reliable than in-vivo
tests [Chrzanowska C et.,al 1990],Drugs are screened for their cytotoxicity by
cytotoxicity assays and cell viability tests on cultured cell lines. Cell viability tests
are based on various cellular functions such as enzyme activity, cell membrane
permeability, cell adherence, ATP production, co-enzyme production, and nucleotide

uptake activity. There are various cell viability tests.

MTT assay is one of the most frequently used cell viability assay. MTT assay is
sensitive and quantitative colorimetric assay used to determine the cell viability

[Mosmann et al., 1983]. MTT assay is based on metabolic activity of the cell which
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determines the functional state of the Mitochondria. Apart from cell viability studies,
MTT assay is also used to study the cytotoxic potential of the drugs. MTT assay is
most widely used assay to evaluate the anticancer properties of drugs. MTT assay
measures the cell proliferation rate. MTT assay is more sensitive method for study of
cell viability when compare to determining the LDH levels for assessment of cell

viability. (Fotakis and Timbrell et al., 2006).

MTT assay depends on biochemical reduction of yellow tetrazolium MTT [3-(4, 5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide] into insoluble purple (E,Z)-5-
(4,5-dimethylthiazol-2-yl)- 1,3-diphenylformazan (formazan) by mitochondrial
NAD(P)H-dependent oxidoreductase[Berridge et al., 2005].
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Figure 3.6 : Formation of MTT into Formazan crystals.

Cell viability by MTT assay is studied by determining the amount of formazan
formed by reading its absorbance at 540nm. There is linear relationship between the
cell proliferation and the purple colour formazan formed (van de Loosdrecht et al.,
1994). The cell viability is directly proportional to the intensity of the purple colour.
Less intensity of purple colour formazan indicates cell death of drug treated cells due

to cytotoxicity. MTT assay is most widely used screening test to determine anti-
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proliferative activity of newly synthesized drugs on cell cultures [Wang, P., Henning,
S. M. et.,al 2010].In cell cultures the MTT assay results depends on cell culture
conditions which in turn affect the metabolic activity of the cells [Magaud et al.,

1988 and Tagaki et al., 1993].
3.7.4.4. Cell growth inhibition assay (MTT assay)

3.7.4.4.1. Principle : Mitochondrial dehydrogenase is responsible for catalysing the
transformation of the yellow-coloured tetrazolium salt, MTT, into a purple-coloured
complex known as formazan. The intensity of this resultant coloration is directly
correlated with mitochondrial activity and serves as a reliable indicator of cell

viability.

3.7.4.4.2. Procedure : The human lung cancer cell line A549 was sourced from the
National Centre for Cell Science (NCCS) located in Pune. These cells were
maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with
10% foetal bovine serum (FBS). For experimental purposes, the cells were seeded
into 96-well plates at a density of 10,000 cells per well in a total volume of 100 ul of
the respective medium, which also contained 10% FBS. The plates were then
incubated at 37°C with a 5% CO2 atmosphere for 24 hours, allowing the cells to
adhere overnight. Subsequently, a serum-starvation period of 6 hours was imposed

prior to the commencement of the experiment.

Diosmin and Hesperidin, a pharmacological agent, was initially dissolved in dimethyl
sulfoxide and subsequently diluted in serum-free culture medium. To evaluate the
influence of both the compounds on cell viability, the culture medium in the wells
was replaced with a medium containing 1% FBS, which was supplemented with
varying concentrations of drug candidate (ranging from 200 to 2 pg/ml). Following
this, the cells were incubated at 37°C in a 5% CO2 environment for an additional 24
hours. Each concentration was tested in triplicate, while wells containing medium
devoid of drug served as the control. After the incubation period, 10 pl of a 5 mg/ml
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) solution in
phosphate-buffered saline was added to each well and incubated at 37°C for 4 hours,

resulting in the formation of dark blue crystals.
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To dissolve these crystals, 10 pl of a solubilizing solution was introduced and
meticulously mixed. Following thorough dissolution of all crystals at room
temperature, the plates were subjected to optical density measurement at 570 nm
using a microplate reader. Percentage cell viability was computed using the
prescribed formula. A graphical representation was established, correlating percentage
cell viability with drug concentrations, and the half-maximal inhibitory concentration
(IC50) was determined according to the method elucidated by Mossman in 1983. The

inhibitory rate of cell proliferation was quantified using the subsequent formula :

OD control — OD treated
*

0D Control 100

Growth inhibition =

3.7.4.4.3. Scratch/wound healing assay : A total of 0.25 million A549 cells were
seeded into 24-well plates and allowed to grow until reaching full confluency. To
create a controlled wound, a scratch was made in the cell monolayer using a P200
pipette tip. Following a gentle wash and media change, images were captured at both
the start (0 hours) and after 24 hours, using an inverted microscope (Ziess, Germany).
The analysis of cell migration was performed using NIH ImageJ software, which
calculated the percentage of the open wound area. Each cell line was analysed in a

minimum of three independent repetitions, ensuring the reliability of the results.

Figure 3.7 : Schematic representation of workflow of the scratch assay.
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3.7.4.4.4. Statistical analysis : The data presented in this study is expressed in terms
of the mean value accompanied by the standard deviation (SD) as a measure of data
variability. To evaluate the statistical significance of the observed results, a widely
recognized analytical approach known as one-way analysis of variance (ANOVA)
was applied. This statistical test, executed through GraphPad Prism software, serves
the purpose of comparing means derived from multiple groups to ascertain whether

significant differences exist among them.

In the context of result interpretation, a significance threshold of p < 0.05 was
adopted. In essence, when the calculated p value falls below 0.05, it signifies that the
observed differences among the groups are unlikely to be attributed to random
chance. This outcome underscores the presence of meaningful and noteworthy

findings within the scope of the study.
3.7.5. LCMS Analysis

Sample preparation: 200uL of chilled acetone was added to 200uL of the sample
(AgH) and incubated at -20°C for 2hours to precipitate the proteins. After incubation
the sample was centrifuged at 10000 rpm for 10 mins. The pellet was dissolved in

200uL of 50mM Ammonium Bicarbonate and used for further processing.

SDS page:
Resolving gel 2 12%
Stacking gel : 5%

Volume of sample used : 10ul

Staining :  Coomassie Brilliant Blue
Sample digestion:
1. 100pg of the sample was taken for digestion.

2. The sample is diluted with 100mM NH4HCO3 and treated with 100mM DTT
at 95°C forlhr followed by 250mM IDA at room temperature in dark for

45min.
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3. The sample is then digested with Trypsin (1:20) sample: Enzyme and incubated
over night at 37°C.

4.  There sulting sample was vacuum dried and dissolved in 50ul of 0.1% formic

acid in water

5. After centrifugation at 10000g the supernatant was collected into a separate

tube

6.  8uL of sample was injected on BEH C18PeptideUPLC column for separation
of peptides

7. The peptides separated on the column were directed to Waters XevoG2Q-TOF

instrument for MS analysis.

Instrument Settings:

LC Method Conditions:

Buffer A : 0.1% FA in MS Grade water
Buffer B : 0.1%FAin ACN

Run Time : 60mins

Flow Rate : 0.3mL/min

Injection Volume : 8.0 pL

Column . AcquityUPLCBEHPeptideC18,150X2.1,1.71,300A°
Gradient :
Time %A %B
Initial 95.0 5.0
5.00 95.0 5.0
35.00 55.0 45.0
52.00 0.0 100.0
56.00 0.0 100.0
56.10 98.0 2.0
60.00 98.0 2.0
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MS Method Conditions

Ionization Mode : Positive
Scan Range : 50-3000 m/z
Capillary Voltage : 3kV

Source Temperature : 100¢
Desolation Gas Flow : 900L/Hr
Desolation Temperature :300¢

Cone Voltage : 25V

Reference lock Mass Compound : Leucine Enkephalin
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Chapter — 4

RESULTS AND DISCUSSION

Objective 1: To screen the anti-cancer Flavonoids using /nsilco-based approaches.
4.1. Insilico STUDIES
4.1.1. ADMET and Drug related Properties of Hesperidin

The prediction of whether or not chosen and developed compounds possess the
characteristics of drug-like molecules is achieved using Lipinski's rule of five. This is
contingent upon the chosen molecule meeting the five criteria outlined in this
regulation: molecular weight below 500 Da, log P below 5, number of H-bond
donors and acceptors below 5, refractivity between 40 and 130 molar, and total polar
surface area below 140. Hesperidin went past Lipinski filters with just one or two
identified breaches. The expected drug-like compounds were shown in Table 1, as
indicated by the following studies: Christopher AL et al. (2001), Kent B et al. (2004),
Philip JH et al. (2000), and Lakshmi S et al. (1986). The molecular weight of the
molecule is 610.6g/mol. Each compound is composed of less than five HBDs and ten
HBAs. Each compound consists of a minimum of four and a maximum of seven

rotatable bonds. The compounds were discovered to include 'N' and 'O’ heteroatoms.
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Figure 4.1 : BIOLLED Egg prediction of Hesperidin
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The distribution of a molecule inside a biological system is significantly influenced
by its log P, or partition coefficient, which it utilises to traverse membranes and
dissolve in bodily fluids. The prediction of LogP was performed on a subset of
flavonoids using a variety of algorithms and calculating methods (Table 2). The first
approach is LogP, a physics-based technique that was introduced by Daina A et al. It
was observed that the evaluated compounds had LogP values ranging from 2.68 to
3.26 [Daina A et al. 2014]. The compounds exhibited XLOGP3 values ranging from
2.63 to 4.14, as determined by the XLOGP software using both atomic and
knowledge-based methods [Fik-Jaskotka, M. A et al., 2020]. In a similar vein, the
WLOGP3 atomic technique, which was developed by Wildman SA and Crippen GM
in 1999, determined the present compounds to have a range of 3.16 to 4.1 [Wildman,
S. A et al., 1999]. Moriguchi et al. (1992) and Lipinski PA et al. (2001) developed the
topical MLOGP technique; the compounds were determined to have a minimum of
1.39 and a maximum of 2.76 [Moriguchi, 1. et al., 1992; Lipinski, C. A et al., 1997].
SILICOS-IT is an alternative approach that utilises a hybrid fragmental/topological
technique for computation. It was computed using the FILTER-IT software with the
assistance of SILICOS-IT. The resulting value was about 2.4 to 3.07 [Daina, A et al.,
2014]. It was noted that the predictions of the various compounds varied among
programmes and algorithms; hence, a Consensus Log P ranging from 2.47 to 3.05
was calculated as the mean of the five techniques [Plante, J et al., 2018]. It was noted
that the LogP value of each compound is less than 5, indicating compliance with the

Lipinski ROS criterion.
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The prediction of water solubility was exclusively performed using the Swiss ADME
online tool, using several calculation methodologies, as shown in Table 3. In
accordance with the ESOL predicted by Delaney JS et al. (2004), it was determined
that compounds 5a and 5b were soluble at 0.0567 mg/ml with a LogS value of -3.78;
compounds 5S¢ to 5g were moderately soluble at 0.00691 to 0.027 mg/ml with LogS
values ranging from -4.14 to -4.69 [Delaney JS et al. 2004]. All compounds were
moderately soluble, with LogS values ranging from -4.43 to -5.58 and solubility
values between 0.0009 and 0.0126 mg/ml, according to Ali et al. (2012). All the
compounds were expected to be weakly soluble by Silicos-IT calculations, with LogS
values ranging from -6.17 to -6.58; their solubility was determined to range between
0.000088 and 0.00027 mg/ml. On the basis of the ESOL and Ali projections, it was
hypothesised that the proposed compounds had a moderate solubility in water,

notwithstanding the uncertainty around the water solubility in the data.

In addition to skin penetration, the pharmacokinetic features of absorption,
distribution, and protein binding were anticipated. As determined by the BOILLED
EGG technique, all of the examined compounds exhibited a high degree of
gastrointestinal absorption. The compounds exhibited non-permeability across the
blood-brain barrier and did not function as substrates for p-Glycoprotein. The
majority of the substances were hypothesised to block CYP enzymes, including
CYPI1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4, which are accountable for
the metabolism of xenobiotics. Based on the skin permeation predictions made by
Potts RO and Guy RH in 1992, it was determined that the logKp values for the
compounds ranged from -5.42 to -6.45 cm/s, indicating their suitability for topical

administration on the skin.

It was determined that none of the compounds violated the drug likeness standards,
as proposed by Lipinski, Ghose, Veber, Egan, and Muegge. A estimated
bioavailability of 0.55 was attributed to each component. Non-brenk and PAINS
warnings were generated in response to any of the substances that were evaluated.
[Mitragotri, S. et al., 2011] projected that every chemical would resemble lead, and
their synthetic feasibility was estimated to be between 2.7% and 3.04%, indicating
that they are readily synthesizable.
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By using the Bioavailability Radar, a rapid assessment of the drug-likeness may be
achieved. The radar system incorporates the analysis of six physicochemical
characteristics. Flexibility, size, polarity, solubility, and saturation are among them.
The region coloured in pink indicates the ideal values for the six factors listed above.
The specific parameter's range is defined as follows: The ligand should possess the
following characteristics: lipophilicity: XLOGP3; size: MW, polarity: TPSA;
valence: 20-130 A; solubility: molar solubility in water (log S) should not exceed 6;
saturation: fraction of carbons in the sp3 hybridization should be 0.25 or greater; and
flexibility: a maximum of 9 rotatable bonds. A significant deviation from any of these
parameters would suggest that the ligand lacks oral bioavailability. Each molecule
has shown physical qualities that are ideal. With the exception of the proportion of
sp3 hybridization carbons, all other parameters fall within acceptable limits. The

chemicals are thus safe for consumption orally.

The capacity of tiny compounds to enter the brain and passive gastrointestinal
absorption were evaluated using the BOILED-EGG technique for prediction.
Compounds having a high possibility of penetrating the BBB and entering the CNS
are often denoted by a yellow ellipse (i.e. the yolk). In contrast, the white ellipse
represents substances that have a high possibility of being passively absorbed by the
gastrointestinal system. Those compounds that do not penetrate BBB molecules and
are not efficiently absorbed by the GIT are located in the grey zone. It was
determined that every molecule that underwent testing had white space
characteristics and passive GIT absorption, indicating their potential inability to
traverse the BBB. Compounds shown by red colour spots are incapable of

functioning as substrates for the P-glycoprotein (PGP-).
4.1.2. Virtual Screening and Molecular Docking Analysis (ROS1)

Diosmin exhibits greater binding energy (64.57 kcal/mol) with the drug target protein
ROS1 (PDB ID: 3ZBF) (Figures. 4.3 and 4.4), suggesting the potential of Diosmin’s
binding affinity and possible anti-LC effect. Moreover, to validate the result, we
utilized Glide, molecular docking of diosmin with the receptor ROS1, showing the

Glide XP score of -11.24 kcal/mol with a glide energy of -57.04 kcal/mol. Table 4.1

95



shows the top 10 compounds with their GOLD score. The binding of Diosmin within
the active site of ROS1 was stabilized by six hydrogen bonds with the residues
Lys1980, Glh1997, Arg2083, Met2029, and Glu2030. Higher energy and XP scores

depict the favorable and stable binding of Diosmin in the receptor protein.

Table 4.1 : Top 10 compounds having high GOLD scores with ROS1.

S.no. Compound Name GOLD score
1. Diosmin 64.57
2. Myrciacitrin V 52.15
3. Pedalitin 51.32
4. Velutin 48.81
5. Wogonin 48.54
6. Tricin 47.23
7. Rhamnetin 45.35
8. Myricetin 44.74
9. Naringenin 44.20
10. Sorbifolin 43.94
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Figure 4.3 : 2D and 3D images of interactions with ROS1 and Diosmin, in green

color, showing hydrogen bonding.
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Figure 4.4 : A. Schrodinger's docking complex is shown to have a Glide energy
of -57.044 and an Xp score of -11.239. 3B. Demonstrating the precise connections

between all atoms of diosmin and protein sites throughout the 100ns simulation.

4.1.3 DFT Analysis

DFT calculation was carried out to understand the molecular structure, geometry and
electron distribution (figure 4.5), which also predicts the stability and reactivity of
the compound. The characters of the electron donors and electron acceptors in the
diosmin are explained by the frontier molecular orbitals HOMO energy and LUMO
energy, respectively. The higher values of HOMO and LUMO energies correspond to
the higher capacity of electron donors and acceptors in the molecule. The HOMO and
LUMO values of the Diosmin are -0.230962¢V and -0.081269 eV, respectively. The
smaller HOMO and LUMO values predicted from DFT analysis show the Diosmin
compound's limited electron donor and electron acceptors. However, Diosmin has
higher electron-donating groups than the electron-accepting group, evident from the
HOMO (-0.230962¢V) and LUMO (-0.081269 eV) values. The predicted energy gap
of the Diosmin compound is 0.149693 eV, a relatively tiny energy gap. The smaller
energy gap predicted for the Diosmin compound shows that the molecule is highly

polarizable and reactive.
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ELUMO = .0.081269 eV
(Excited State)

Energy Gap—0.149693 eV

EHOMO = () 230062 eV
(Ground State)

Figure 4.5 : HOMO-LUMO border chemical orbitals of diosmin and the

associated transition energies.

4.1.4. ADME Analysis

ADME prediction is crucial to the pharmaceutical research and development
processes to forecast in-vivo pharmacokinetics. ADME analyses are done in
conjunction with molecular docking studies to categories the safety and efficacy of a
pharmaceutical compound [30]. It depicts the process of Absorption, Distribution,
Metabolism, and Excretion of any drug. CYP and P-gp protein play a vital role in this
process, while if the compound inhibits the P-gp protein, it has high bioavailability
and vice-versa. At last, we found that diosmin inhibits the Pgp and cannot inhibit

other important targets i.e., Cyp Substrate and inhibitions.

We predicted Lipinski's rule of 5 using the online zinc server, including other
properties. With one or two exceptions, the findings showed that all the compounds

adhered to the Lipinski rule. Furthermore, the results indicated that the compounds
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possess a drug-like characteristic that may be able to produce oral bioavailability.
DIOSMIN has Log P 2.66, Molecular Weight is 608.54 and has 8 Hydrogen bond

donors and 15 accepters, and last, it has 7 rotatable bonds.
4.1.5. BOILED Egg Plot Analysis

Aside from ADME prediction, failures due to undesirable pharmacokinetic features
include small molecule toxicity and efficacy. The BBB and gastrointestinal
absorption are two advantageous pharmacokinetic characteristics of the DIOSMIN
Boiled Egg plot. In contrast, the blood-brain barrier and gastrointestinal absorption
rate of DIOSMIN are not seen in the white and yellow zones of the egg, respectively
(Figure 4.6). Consequently, the brain cannot pass through the DIOSMIN molecule.
These observations suggest potential limitations regarding the compound's
distribution and absorption in these regions. Overall, our investigation showed that
DIOSMIN was the most successful anti-cancer drug. Further, pre-clinical analysis is

required.

VLOGP

Figure 4.6 : The graph- as shown, diosmin is not present in the white or yellow
center, so it has no or moderate gastrointestinal absorption rate and BBB

permeability.
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4.1.6. Molecular Simulation Evaluation

Studying the behavior of a protein and its ligand over a certain period is the focus of
MD simulation. The production phase of the ligand complex was exposed to the
whole simulation for 100 ns. The structural and dynamic properties of the protein-
ligand complexes were investigated as RMSD over the 100 ns simulation period and
according to the RMSD plot for DIOSMIN bound with ROSI1 in Figure 4.7, the
ligand-binding protein displayed substantial stability in the range of 1.6 - 3.2nm over
the 100ns of the MD simulation. However, it becomes stable after 10ns at 2.4nm as
the median throughout the 100ns. The RMSD result decodes that diosmin did not
dissociate from the protein during the 100 ns simulation, and the relationship

between ROS1 and diosmin remained stable.
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Figure 4.7 : MD simulation by employing Schrodinger.
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Figure 4.8 : PSA, RGYR, MolSA, SASA, RMSD, and IntraHB.

The MD simulation (Figure 4.8) also looked at rGyr, MolSA, SASA, and PSA
variations. Figure 4.8 shows the ligands' root-mean-square deviations. rGyr serves as

rn

a representation of the ligands' "extendedness". Calculating the molecular surface
area with a 1.4 probe radius is called molecular surface area (MolSA). The reciprocal
of this number is a van der Waals surface area. SASA refers to the surface area of
each ligand that a water molecule may reach. Oxygen and nitrogen are the only
atoms in the ligands that provide solvent-accessible surface area. This is known as

PSA.

The Root Mean Square Deviation (RMSD) value of the ligand remained relatively
stable within the range of 1.5 to 4.3 A over the course of the simulation. The radius
of gyration exhibited minor fluctuations but predominantly fluctuated within the
range of 4.8 to 6.0 A. The molecular surface area also displayed variations, primarily

within the range of 475 to 510 A2 during most of the simulation.
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Moreover, the solvent-accessible area underwent dynamic changes, commencing at
approximately 200 A2, increasing to 380 A2 within the first 50 ns, and subsequently
stabilizing at around 200 A2 for the remaining 100 ns with minimal fluctuations.
Similarly, the polar surface area experienced fluctuations, initially ranging from 360
to 420 A2 during the first 50 ns, followed by reaching an equilibrium state at
approximately 360 A? for the subsequent 100 ns.

A. Protein Secondary Structure C. Protein ligand Contacts
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Figure 4.9 : A. The protein secondary structure. B. Protein RMSF. C & D:

Exploring the Diverse Interactions Between ROS1 and Diosmin

Throughout the simulation, we investigated how the bioactive compounds interacted
with the active sites of ROS1 through hydrogen bonds. For ROS1-DIOSMIN, H-
bonds were seen in the molecules MET2029, ASP2033, ASP2102, GLU2027, and
LYS2090. These molecules are shown in Fig. 8c—d, along with additional interactions

created throughout the simulation's 100 ns.

RMSF were assessed for every site in the ligand-protein interactions. RMSF were
evaluated for every site in the ligand-protein interactions and shown to represent its
degree of flexibility. The protein-ligand complex's RMSF demonstrated the lowest
level of volatility for any of the interactions. For all the complexes, the average
RMSF values were kept unchanged, as shown in Figures 51. Over the course of the

100 ns simulation period, the RMSF did not vary much.
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Figure 4.10 : Root Mean Square Fluctuation (RMSF) analysis, illustrating the

2D structure of the ligand and providing a detailed representation of atomic-

level fluctuations within the ligand.

Figure 4.9 reports the findings of an interaction investigation between DIOSMIN-
ROSI1 at different stages of the Molecular Simulation. It illustrates the interactions
between the complex throughout the simulation. The "Simulation Interactions
Diagram " was also used to study each interaction type's more detailed subtypes. The
stacked bar charts are standardized throughout the trajectory; for instance, a value of
0.25 indicates that the contact is maintained for half the simulation duration. Values
over this are feasible since certain protein residues form several interactions with the
ligand of the same subtype. Each of Figure 8c-bottom d's panels provides a timeline
picture of the interactions and contacts (H-bonds, Hydrophobic, Ionic, and Water
bridges). The interaction study between Rosl during 100 ns of MDs reveals that
DIOSMIN's various atoms have established hydrogen bonds with the amino acids
LEU 1951, SER 1953, LYS 1980, GLU 2027, MET 2029, GLU 2030, ASP 2033,
ARG 2083, ASN 2084, LYS 2090, GLY2101, and ASP 2102, among others.

4.1.7. Protein Secondary Structure

During the simulation, beta- and alpha-strands are seen as instances of protein
secondary structural components (SSE) (Figure 4.11). The residue index in the
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graphic above displays the SSE distribution over the whole protein structure. The
graphic below summarizes the SSE component for each trajectory frame throughout
the simulation, whereas the bottom figure tracks the SSE assignment of each residue

over time.
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Figure 4.11 : Secondary structure analysis of proteins, summarizing the
composition of secondary structural elements (SSE) observed across each

trajectory frame throughout the simulation.
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Figure 4.12 : Chain A of the protein has 281 residues, 2259 total atoms, 2300
heavy atoms, and a charge of -1.
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4.1.8. Virtual Screening and Molecular Docking Analysis (EGFR)

Hesperidin exhibits a significantly higher GOLD score of 60.98 with EGFR (PDB
ID: 6DUK), which depicts that it may possess better anti-cancer properties and could
be an efficient candidate for treating LC. (Figure 4.13). Hesperidin has H-bonds with
LYS:745, ARG:841 and ALA:743 of EGFR. The docking results provide a platform
for further pre-clinical evaluation. 7able I shows the top 10 compounds with Gold
Score. To further validate the GOLD score, we utilized Glide (Schrodinger,) and it
shows an Xp Score of -9.433 kcal/mol and a Glide energy of -70.911 kcal/mol (figure
4.14). Figure 3B describes the hydrogen bond interactions maintained throughout the
100 ns simulation. This finding suggests that Hesperidin possesses a higher binding
affinity towards the target protein EGFR. The higher binding affinity towards the
EGFR may have potential anti-cancer activity and could emerge as a promising agent

for curing LC.

Table 4.2 : Demonstrates the top 10 compounds with EGFR GOLD Score.

S.no. Compound Name GOLD Score (Kcal/mol)
1. Hesperidin 60.98
2. Icariin 58.32
3. Rutin 58.09
4. Isoliquiritin apioside 57.83
5. Silymarin 57.52
6. Pectolinarin 55.16
7. Myrciacitrin 53.53
8. Lichochalcone 53.35
9. Formononetin 52.97
10. Epicatachin gallate 52.42
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Figure 4.13 : The 2D and 3D interaction with EGFR-Hesperidin was displayed
in green, showing hydrogen bonding. It shows that positions A: 745-LYS, A:841-
ARG, and A: 743-ALA have hydrogen bonds and positions.
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Figure 4.14 : Docking complex having a Glide XP score of -9.433 kcal/mol and a
Glide energy of -70.911 kcal/mol. pink color arrows are the H bonds between
Hesperidin and EGFR.

B. Demonstrating the precise connections between all atoms of Hesperidin and
protein sites. Relationships that last more than 10.0% of the simulation period are
shown in the viewable pathway (0.00 to 100.01 nsec). Because individual residues
may have several contacts of the same sort utilizing the same ligand atom, engaging

with >100% is conceivable.
4.1.9 DFT Analysis

The characteristics of the Hesperidin in donating and receiving electrons were
investigated. Furthermore, the significant energy difference between HOMO and
LUMO causes an unfavorable condition of electron transfer and reduces reactivity
with protein. The present research found a low energy gap (HOMO-LUMO) for the
Hesperidin compound, which indicates that the Hesperidin is more reactive (Figure

4.15).

107



ELUMO =.0,074194 eV
(Excited State)

Energy Gap-0.152794 eV

EFOMO =. (,226988 eV
(Ground State)

Figure 4.15 : Hesperidin border chemical energy levels (HOMO-LUMO) and

the associated transitional Strength of Hesperidin.
4.1.10. ADME Evaluation

ADME prediction is critical in finding and developing new drugs and attempting to
forecast the pharmacokinetics of compounds [13]. Tables 1 and 2 present the
pharmacological characteristics of the compounds under investigation. These
characteristics provide valuable information regarding the compounds' absorption,
distribution, metabolism, and excretion properties, critical determinants of their

pharmacological profiles. By considering ADME predictions alongside other
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evaluations, researchers can make informed decisions regarding the suitability and

potential of these compounds as drug candidates.

Table 4.3 : ADME Characteristics of the Hesperidin and Diosmin Compound.
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1 Hesperidin No No No  Inhibitor No No No
2  Diosmin No No No Inhibitor No No No

The study exhibits values within an acceptable range, indicating their favorable
pharmacological characteristics. Notably, Hesperidin falls within this range,
suggesting its inherent permeability. Specifically, Hesperidin, as a chemical entity,
demonstrates excellent pharmacokinetic properties. Consequently, this Hesperidin
compound possesses good bioavailability and is a naive agent with significant
potential. These findings highlight the promising nature of Hesperidin as a candidate

for further exploration and development in the future.

This computational analysis offers a crucial foundation for pharmaceutical research,
offering valuable insights for in-vitro and in-vivo studies. By exploring the
multifaceted functions of Hesperidin, researchers can gain a comprehensive
understanding of its potential as a bioactive compound against LC. This knowledge

serves as a stepping-stone for devising informed strategies in utilizing Hesperidin for

therapeutic purposes.

Table 4.4 . Drug-like properties of Hesperidin and Diosmin.

S.No. Name of MW Logp HB HB No. of rotatable
compound donor accepter bond
1. Hesperidin ~ 610.56  0.85 8 15 7
2. Diosmin 608.54  2.66 8 15 7
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4.1.11. BOILED Egg Plot Analysis

In addition to ADME prediction, the efficacy and safety of the compound can be
compromised by unfavorable pharmacokinetic characteristics. However, Figure 4.16
demonstrates the two favorable pharmacokinetic properties of the Hesperidin
compound, as indicated by the Boiled Egg plot [13]. This plot illustrates the ability
absorbed in the gastrointestinal tract and its permeability across the Blood-Brain

Barrier.

Notably, the Hesperidin molecule doesn't exhibit a moderate gastrointestinal
absorption rate, & brain permeability depicts its positioning within the boiled egg in
Figure 4.16. Consequently, it can be inferred that Hesperidin demonstrates limited
permeability in the brain and gastrointestinal tract. These observations suggest
potential limitations regarding the compound's distribution and absorption in these

regions.

Despite these considerations, Hesperidin has shown outstanding anti-cancer efficacy
in our research. However, further investigation of this native molecule is required to
confirm and elaborate the results of this study. Continued exploration will help
ascertain the full potential of Hesperidin as a therapeutic agent and provide a more

comprehensive understanding of its pharmacological properties.

VLOGP
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Figure 4.16 : Boiled egg plot of Hesperidin. It showed that Hesperidin does not

have BBB and gastrointestinal absorption.
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4.1.12. Evaluation of Molecular Dynamics Simulation

RMSD, RMSF, and hydrogen bonds are just a few of the metrics that were looked at
to gauge the stability of the Hesperidin-EGFR protein complex and comprehend the
nature of their interactions. The RMSD profile of the Hesperidin-EGFR complex
during a 100-ns molecular dynamics simulation in a solvent environment is shown in
Figure 4.17. Throughout the simulation, the RMSD values for the Hesperidin-EGFR
complex remained relatively constant, ranging between 1.2 and 2.6 A. Notably, in the
initial and end phases of the simulation (15-20 & 90 ns), fluctuations in the RMSD
were observed, which can be attributed to the movements of the activation loop in the
EGFR protein [11]. However, minimal changes were observed beyond this early
stage, indicating a stable configuration of the Hesperidin-EGFR interaction. The
consistent and averaged RMSD values throughout the 100-nanosecond simulation
suggest that the Hesperidin-EGFR complex maintained its structural integrity, and

Hesperidin remained bound to the protein without dissociation.

Further analyses, such as RMSF and hydrogen bond assessments, can provide
additional insights into the flexibility of the complex and the specific interactions
involved in stabilizing the Hesperidin-EGFR binding. These findings contribute to
our understanding of the molecular dynamics of the complex and provide valuable

information for further investigations and potential drug development efforts.

Ca

Protein RMSD (A)

o
IS
L

0 20 40 60 80 100
Time (nsec)

Figure 4.17 : RMSD performed using Desmond. It is stable throughout 100ns
between 1.6-2.6A and, after 20ns, very stable on 2.2A.
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In the present study, the RMSD analysis was employed to assess the stability of the
protein backbone and the protein-ligand complex. To determine any alterations
between the initial and final conformations, the RMSD was calculated, providing
insights into the system's overall stability. The computed values of the RMSD
indicated a consistent and steady profile for complex, with minimal fluctuations
observed throughout the simulation. Figure 4.17 illustrates the structural stability of
the protein-ligand complex, as revealed by the RMSD analysis. The trajectory
analysis demonstrated that the initial and final structures maintained a stable
conformation throughout the simulation, indicating an equilibrium state at 100 ns.
This observation supports that the protein-ligand complex remains structurally intact
and exhibits promising dynamics throughout the simulation. These findings
contribute to the overall understanding of the stability and potential activity of the
protein-ligand complex. The steady and stable behaviour observed in the RMSD
analysis suggests a favourable interaction between the protein and the ligand,
highlighting the potential of the complex as an active entity. Further investigations
and studies can build upon these results to elucidate the protein-ligand complex's

specific interactions and functional implications.
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Figure 4.18 : Ligand RMSF, which is stable throughout the 100ns at above 1.0A.
Some components are below 1.0A, which may not participate in docking

interactions.
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The flexibility of the protein's activation loop was further investigated using RMSF
analysis, as depicted in Figure 4.19. Calculating the RMSF values for each residue
along the simulation trajectory can identify protein regions with higher flexibility and
variation. These variations reflect the dynamic behavior of specific amino acid
residues, particularly in loop and disorder regions of the protein. In the case of the
protein-ligand complex, the RMSF of the ligand diagram (Figure 4.18) reveals that
specific residues exhibit significant fluctuations below 1A. However, it is essential to
note that these residues are not involved in the binding process as identified in the
docking studies. Hence, the observed fluctuations do not adversely affect the stability
of the protein-Hesperidin complex. Most residues exhibit lower changes, with RMSF
values exceeding 1A indicating stable behavior throughout the simulation. Another
crucial aspect of the protein-ligand complex is the formation of hydrogen bonds. The
hydrogen bond interaction analysis between Hesperidin and the EGFR protein is
shown in Figure 61C. During the simulation, five hydrogen bonds were formed
between specific amino acid residues and the OH group of the Hesperidin molecule.
These hydrogen bonds contribute to the stabilization of Hesperidin in its binding site,

validating the findings from the docking studies.

These additional analyses enhance the robustness of the findings and provide a
comprehensive understanding of the protein-ligand interactions. The RMSF analysis
and hydrogen bond examination collectively contribute valuable insights into the
flexibility and stability of the protein-ligand complex. The results demonstrate the
compatibility of the observed fluctuations and hydrogen bonding patterns with the
docking studies, supporting the overall reliability of the simulation and suggesting
the favorable binding and stability of Hesperidin in its interaction with the EGFR

protein.
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A. Protein Secondary Structure C. Protein ligand Contacts
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Figure 4.19.A : Visualization of the protein's secondary structure dynamics
throughout the simulation. B. Root Mean Square Fluctuation (RMSF) analysis
illustrating atom-by-atom ligand-protein interactions. C & D. Comprehensive

timeline of protein-ligand interactions, highlighting key connections such as

hydrogen bonds, hydrophobic interactions, ionic interactions, and water
bridges. The top panel depicts the total number of distinct interactions between
the protein and the ligand during the simulation. The bottom panel maps the
specific residues involved in ligand interactions across each trajectory frame,

with dark orange residues indicating versatile interaction modes.

4.1.13. Ligand Torsion Profile and Properties

During the simulation trajectory spanning from 0.00 to 100.01 nanoseconds [15],
[20], each rotatable bond (RB) in the ligand [23] experienced conformational
modifications are evident from the ligand torsions chart and other relevant features
(Figures 4.20 and 4.21). The top panel (Figure 61A) of the figures presents a two-
dimensional representation of the compound, highlighting the rotatable bonds with
different colors. Each rotatable bond's torsion is illustrated using a dial plot and a
corresponding color-coded bar plot. The dial plots visually display the changes in
torsion angles throughout the simulation, with the temporal progression radiating

outward from the starting point at the center of the radial map. On the other hand, the
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bar plots summaries the torsion data by showing the probability density of each

torsion angle.

Additionally, the figure showcases the potential energy associated with each rotatable
bond by incorporating the possible torsional information. The likely energy values
are depicted on the chart's left Y-axis and measured in kcal/mol. By examining the
histogram and torsion potential correlations, one can gain insights into the structural
variations and anomalies experienced by the ligand to maintain a conformation
suitable for binding to the protein. These comprehensive visual representations of the
ligand's stable bonds and their conformational changes provide valuable information
about its flexibility and how it adapts to the protein-binding environment throughout

the simulation.
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Figure 4.20 : 2D & 3D compound torsional patterns.
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Ligand Properties
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Figure 4.21 : RMSD, RGYR, IntraHB, MolSA, SASA and PSA.

4.1.14. Protein Secondary Structure

The simulation analysis includes monitoring the presence of beta- and alpha-strands
as representative examples of protein secondary structural elements (SSE). The
distribution of these SSEs across the protein structure is visualized in the plot above,
with the residue index indicating their positions. The bottom plot provides a dynamic
view of the SSE assignment for each residue over time, allowing for the observation
of fluctuations in SSEs during the simulation. On the other hand, the plot below
summarises the SSE composition for each trajectory frame throughout the
simulation. These visualizations can be seen in Figures 4.22 and 4.23. By tracking
the SSEs, we gain insights into the stability and structural changes of the protein
during the simulation. The analysis helps us understand how the protein's secondary
structure evolves and how it may interact with the ligand or other components within

the system.
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Figure 4.22 : Secondary protein structures of EGFR. The plot above represents
the SSE, while the figure below highlights the SSE content for every trajectory

Protein Information

step during the experiment.
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Figure 4.23 : The protein report contains 288 residues in chain A of EGFR, 4653

total atoms, 2300 heavy atoms, and +5 charges.

Objective 2: To Evaluate the selected molecules based nano formulations against LC

We procure Diosmin and Hesperidin from Otto Kemi Pvt. Ltd. Mumbai having +98

purity.

117



4.2 CHARACTERIZATION OF DIOSMIN

We employ several approaches for evaluating Diosmin, including FTIR, XRD and

DSC.

4.2.1 FTIR (Fourier Transform Infrared)

By analysing the peaks detected in the IR radiation band, the FTIR (Fourier
Transform Infrared) technique was used to determine the organic & inorganic parts of
the materials. When exposed to FTIR analysis, each ingredient of the sample

compounds was identified based on its own peak frequency.

FTIR was used to establish the presence of many organic and inorganic elements
inside the sample. Figures 4.24 show the FTIR analysis findings, which provide vital

information on the chemical composition and structural properties of the material.

It is crucial to remember, however, that FTIR has several limits. One of these
disadvantages is that it cannot expose the metallic features of any chemical. An
alternate approach for analysing metallic components or compounds is NMR
(Nuclear Magnetic Resonance) spectroscopy. NMR spectroscopy is very valuable for
studying the characteristics and structures of metal-containing compounds, as it
provides extensive information on their coordination, oxidation state, and ligand
interactions. A thorough knowledge of the sample's chemical composition and
characteristics may be attained by using the capabilities of FTIR for detecting
inorganic and organic components and supplementing it with NMR for metallic

details.

118



Analyst PEService

Date 25 February 2022 14:55

98+

861 S

85431cm-1\;)6 3% T
841 3744 220m.1 95 gt ~
3674.83cm-1, 9B43%T AN 02501, 04.129%T
924 3529.67cm-1, 93.60%T 2030.62cm-1, 93.44%T  2360.95¢m-1, 93.85%T 880.62cmt1/03.560T
904 N
3402 21¢m-1, 90.46%T 675 sacm A, 064 %T
88 3464.87cm-1, 91.23%T N
1565.89cm-1| 88.984 T \m 76.40¢cm- 1 88.53%T
861 1388.320gh1| 87 %T || 770\66hm-1, 87.§0%
1207.04cmit 80.30846.965m-1, BBARHEM-1, 68.89%T

84+ 612.64cm-1, 87.97%T
[ 1447, 78cm-1, 8546% 852.82cm-1, 88.00%T
°\° 1316.21cm-1, B4EEMBem-1, 84.55%T

824 1657 40cm-1, 83.25%T 1142.84cmes, 85.53%T

2.22¢m-1| 82.50%T
80+ 1§00.55cm-1, 81.47%
1261.52em-1, BT %T
784 ~ 1097.61cmi1, 79.64%T
1608.54¢m-1, 78.30%T
76 1011,82em-1, 77.75%T
1032.18cm-1, 76.60%T

744

724

70l 1064.77cme1, 69.61%T

69 T r T r r 1 —

4000 3500 3000 2500 2000 1500 1000 500400

cm-1
Sample Name Description Quality Checks
DM Sample 009 By PEService Date Friday, February 25 2022 The Quality Checks do not report any wamings for the
sample.

Figure 4.24 : FTIR analysis of Diosmin (DM). The Fourier Transform Infrared
(FTIR) spectrum provides a detailed molecular fingerprint, highlighting
characteristic absorption bands that reveal the chemical bonds and functional
groups present in the molecule. This analysis facilitates the identification and

screening of key structural components within Diosmin.
4.2.2 NMR

NMR (Nuclear Magnetic Resonance) spectroscopy is a powerful source for analysing
the structure of substances by monitoring & measuring nuclear spin interactions in a
strong magnetic field. As shown in Figure 4.25, this analytical approach gives useful

insights into the physical, chemical, and biological properties of materials.

NMR spectroscopy is widely used in pharmacology for detecting and characterising
compounds. By evaluating the distinctive NMR spectra of substances,
pharmacologists may establish their identification and makeup. By analysing the
chemical shifts, coupling patterns, and relaxation periods in the NMR spectrum,
useful information on the analysed substances' molecular structure, connectivity, and

conformation may be gleaned.
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Figure 4.25 : NMR result of Diosmin

4.2.3 DSC

A DSC (Differential Scanning Calorimetry) device with thermal expansion capability
was used to determine DM (Diosmin). To guarantee precise readings, the device was

calibrated before to the study using a standard reference material.

A 1.90 mg sample was carefully measured and placed in an aluminium testing
crucible for analysis. The crucible was then firmly sealed, and the sample was heated
in an atmosphere of nitrogen (N2). The temperature was raised by 10°C every minute

until it reached 300°C.
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Figure 4.26 : DSC analysis of Diosmin. These diagrams depict the thermal
behaviour of the compounds, including the typical melting ranges and

accompanying thermal events.

These findings add to a thorough understanding of the physical properties of the
compounds and can help in a variety of applications, including pharmaceutical

formulation and process optimisation.

Figure 68 depicts the DSC Trend of DM. The curve of the DSC reveals an
exothermic peak about 128°C, demonstrating that the formation of crystals is causing
a process that is exothermic. The peak of endothermic activity noticed at roughly

286°C is due to an endothermic because it is known as "melting."
4.2.4 XRD

To analyse the form or type of the specimens, the XRD (X-ray Diffraction) technique
was used, which distinguished between crystalline and amorphous structures. The

XRD pattern can provide vital information about the sample's structural features.

If the resultant XRD chart shows crisp and clear peaks, it suggests that the material is

crystalline in nature. These peaks represent the regular arrangement of atoms in a
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crystal lattice, and their locations and intensities reveal information about the crystal

structure.

If, on the other hand, the XRD graph shows a generally featureless or flat profile, the
sample is amorphous. The lack of sharp peaks in the XRD pattern suggests a lack of

long-range order in the atomic arrangement, which is typical of amorphous materials.

The XRD data for Diosmin is shown in Figures 4.27. The diffraction peaks in figure
13 at 12°, 16°, 20°, and 23° could be indexed to (1200), (1550), (1549), and (1050)
planes and figure 4.27 at 11°, 19.9°, 23.2°, and 25.1° could be indexed to (2600),
(2800), (1900), and (1400) planes. These images depict the XRD patterns, which

reflect the crystallinity of the materials.

This information is crucial to grasp the atomic structure of the molecules and has
implications, including medicinal investigation, materials science, as well as quality
assurance.
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Figure 4.27 : DM XRD discovery. An XRD chart is employed to determine the
material type. The material can be classified as crystalline if it has sharp peaks.
The diffraction peaks at 12°, 16°, 20°, and 23° could be indexed to (1200), (1550),
(1549), and (1050) planes.
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4.2.5 Characterization of Hesperidin

We employ several approaches for evaluating Hesperidin, including FTIR, XRD and
DSC.

4.2.5.1. FTIR (Fourier Transform Infrared) : By analysing the peaks detected in
the IR radiation band, the FTIR (Fourier Transform Infrared) technique was used to
determine the organic & inorganic parts of the materials. When exposed to FTIR
analysis, each ingredient of the sample compounds was identified based on its own

peak frequency.

FTIR was used to establish the presence of many organic and inorganic elements
inside the sample. Figure 4.28 shows the FTIR analysis findings, which provide vital

information on the chemical composition and structural properties of the material.

It is crucial to remember, however, that FTIR has several limits. One of these
disadvantages is that it cannot expose the metallic features of any chemical. An
alternate approach for analysing metallic components is NMR (Nuclear Magnetic
Resonance) spectroscopy. NMR spectroscopy is very valuable for studying the
characteristics and structures of metal-containing compounds, as it provides
extensive information on their coordination, oxidation state, and ligand interactions.
A thorough knowledge of the sample's chemical composition and characteristics may
be attained by using the capabilities of FTIR for detecting inorganic and organic

components and supplementing it with NMR for metallic details.

Several notable peaks were discovered after analysing the FTIR graph. The existence
of C=C aromatic bonds was indicated by a peak at 1565 cm™', whereas the presence
of C=0 bonds was indicated by a peak at 1657 cm™'. A peak at 1064 cm™ showed C-
O stretching, whereas a peak at 1065 cm™ represented C-H bending. Notably, there
were two different peaks associated with C=C aromatic bonds, one of which
appeared at 1515 cm™. Similarly, two peaks linked with C=0 bonds were discovered,

one of which appeared at 1644 cm™.

FTIR examination also showed other peaks, including one at 2361 cm™, indicating
the presence of carbon dioxide (CO2). The existence of an OH group was revealed

by a peak at 3675 cm™, which correlated to C-H stretching.
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The chemical structure of the molecule under inquiry shared identical components,
according to detailed analysis of the FTIR spectrum. The observed peaks matched the
predicted molecular properties of Hesperidin, indicating the existence of particular

functional groups and providing vital information about its composition.
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Figure 4.28 : FTIR result of Hesperidin. After analysis of the graph, we found
different peaks, i.e., C-H Bending peak at 1065, C=C Aromatic peak at 1515,
C=0 peak at 1644, 2361 peak due to carbon dioxide, 2915 peak due to C-H
stretching, 3675 peak is due OH group. However, after analysis, we found that

our compound has the same components in its structure.

4.2.5.2. NMR : NMR (Nuclear Magnetic Resonance) spectroscopy is a powerful
source for analysing the structure of substances by monitoring & measuring nuclear
spin interactions in a strong magnetic field. As shown in Figure 4.29, this analytical
approach gives useful insights into the physical, chemical, and biological properties

of materials.

NMR spectroscopy is widely used in pharmacology for detecting and characterising
compounds. By evaluating the distinctive NMR spectra of substances,
pharmacologists may establish their identification and makeup. By analysing the
chemical shifts, coupling patterns, and relaxation periods in the NMR spectrum,
useful information on the analysed substances' molecular structure, connectivity, and

conformation may be gleaned.
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Figure 4.29 : NMR of Hesperidin.

5-hydroxy-2-(3-hydroxy-4-methoxyphenyl)-7-(((2R,3R,4S,5S,6R)-3,4,5-
trihydroxy-6-((((2S,3R,4R,5R,65)-3,4,5-trihydroxy-6-methyltetrahydro-2H-
pyran-2-yl)oxy)methyl)tetrahydro-2H-pyran-2-yl)oxy)chroman-4-one
(HESPERIDIN).

'H NMR (400 MHz, DMSO-dg) & 12.02 (s, 1H), 9.10 (s, 1H), 6.95 (s, 3H), 6.15 (s,
2H), 5.49 (s, 1H), 5.40 (s, 1H), 5.18 (s, 2H), 4.96 (s, 1H), 4.64 (d, J = 29.7 Hz, 2H),
4.52 (s, 2H), 3.81 (s, 1H), 3.77 (s, 3H), 3.63 (s, 1H), 3.54 (s, 1H), 3.43 (s, 3H), 3.24
(s, 3H), 3.14 (s, 2H), 2.77 (s, 1H), 1.07 (s, 3H);"*C NMR (100 MHz, DMSO-d;) 5
197.49, 165.59, 163.46, 163.00, 131.34, 118.42, 114.61, 103.77, 101.06, 99.84,
96.84, 96.00, 78.84, 76.73, 75.97, 73.44, 72.53, 71.16, 70.73, 70.05, 68.78, 56.13,
18.30

4.2.5.3. DSC: A DSC (Differential Scanning Calorimetry) device with thermal
expansion capability was used to determine Hesperidin. To guarantee precise
readings, the device was calibrated before the study using a standard reference

material.
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A 1.90 mg sample was carefully measured and placed in an aluminium testing
crucible for analysis. The crucible was then firmly sealed, and the sample was heated
in an atmosphere of nitrogen (N2). The temperature was raised by 10°C every minute

until it reached 300°C.

Figure 4.30 shows the findings of the DSC analysis of Hesperidin. These diagrams
depict the thermal behaviour of the compounds, including the typical melting ranges

and accompanying thermal events.

These findings add to a thorough understanding of the physical properties of the
compounds and can help in a variety of applications, including pharmaceutical

formulation and process optimisation.
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Figure 4.30. Hesperidin DSC waveform. The DSC data has an exothermic
process at 100°C, demonstrating a process that is exothermic triggered by
crystallization. The peak of endothermic activity detected at roughly 259°C is

due to an endothermic event known as "melting."

4.2.5.4. XRD : To analyse the form or type of the specimens, the XRD (X-ray
Diffraction) technique was used, which distinguished between crystalline and
amorphous structures. The XRD pattern can provide vital information about the

sample's structural features.
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If the resultant XRD chart shows crisp and clear peaks, it suggests that the material is
crystalline in nature. These peaks represent the regular arrangement of atoms in a
crystal lattice, and their locations and intensities reveal information about the crystal

structure.

If, on the other hand, the XRD graph shows a generally featureless or flat profile, the
sample is amorphous. The lack of sharp peaks in the XRD pattern suggests a lack of

long-range order in the atomic arrangement, which is typical of amorphous materials.

The XRD data for Hesperidin are shown in Figure 4.31, respectively. The diffraction
peaks at 11°, 19.9°, 23.2°, and 25.1° could be indexed to (2600), (2800), (1900), and
(1400) planes. These images depict the XRD patterns, which reflect the crystallinity

of the materials.

This information is crucial to grasp the atomic structure of the molecules and has
implications, including medicinal investigation, materials science, as well as quality

assurance.
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Figure 4.31 : Hesperidin XRD results. The nature of the substance is determined
using an XRD graph. The material is crystalline if it has sharp peaks. Itis a
Polycrystalline material that shows larger peaks, the diffraction peaks at 11°,
19.9°, 23.2°, and 25.1° could be indexed to (2600), (2800), (1900), and (1400)
planes.
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4.2.6 Pre-Nano Formulations

To develop a nano-formulation, firstly we performed some pre-formulation studies
for Diosmin and Hesperidin i.e., Solubility studies, Lambda max, and straight-line

graph.

Table 4.5 : Solubility of Diosmin.

Chemical Quantity of Compound Soluble (In mg)

Chloroform 20
Ethanol 15
Methanol 10
DMSO 20
Acetone 15
N-hexane 10
Ethyl acetate 15
Acetonitrile 10
N-octanol 10

After this study, we found that our compound is soluble in No. of samples, but we

take DMSO 0.5% as a solvent for further studies because it is non-toxic for the body.

After this analysis, we dissolve Diosmin in ethanol and take the lambda max.

Diosmin

1000

-0.05

Figure. 4.32 : UV lambda max. Graph for Diosmin
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After analyse the lambda max, we take OD on the specific wavelength and draw the

below graph.

Diosmin ABS
y = 0.1706x - 0.0228 8364
R* = 0.999 ) 850
0.6545
- |
0.4813
- |

O

oo

57
). 6
53
.4
>3
52
> I

)
=

3 4

Linear (ABS)

Figure 4.33 : Straight line graph for Diosmin.

Table 4.6 : Solubility of Hesperidin.

Chemical Quantity of Compound Soluble (In mg)

Chloroform 20
Ethanol 10
Methanol 25
DMSO 20
Acetone 15
N-hexane 15
Ethyl acetate 15
Acetonitrile 5
N-octanol 10

After this study, we found that our compound is soluble in No. of samples, but we

take DMSO 0.5% as a solvent for further studies because it is non-toxic for the body.

After this analysis, we dissolve Hesperidin in ethanol and take the lambda max.
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Hesperidin

ﬂ 286, 2.3043

0 200 400 600 800 1000

Figure. 4.34 : UV lambda max. Graph for Hesperidin

After analyse the lambda max, we take OD on the specific wavelength and draw the

below graph.

Hesperidin ABS

Linear (LEC)

0.0448x + 0.0125

72709
R2 = (.9985 7- 0.3202

6, 0.2833
5, 0.2418

4, 0.1919
.1493

Figure 4.35 : Straight line graph for Hesperidin.
4.2.6.1. Nano-formulations

We formulated Go, Ag, Zn nanoparticles in racemic mix and in pure form.
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Workflow of nano-formulat

Figure 4.36
For characterization, we employed FTIR, Zeta potential and FESEM.

4.2.6.2. Characterization of Nano-formulations



4.2.6.2.1. FTIR

4.2.6.2.1.1. Graphene Hesperidin nano-formulation: The FTIR spectrum of
Graphene Hesperidin np, exhibits distinct absorption bands corresponding to specific
molecular vibrations. Notably, these bands include the O-H stretch, the C=O stretch
associated with the methylene groups of the protein, and various other vibrational
modes of functional groups, observed at frequencies of 3350.35, 1728.22, 1641.42
and 1604.77.
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Figure 4.37 : FTIR graph of Graphene Hesperidin nano-formulation.

4.2.6.2.1.2. Graphene Diosmin nano-formulation : The FTIR spectrum analysis
reveals characteristic peaks corresponding to specific functional groups. The peak
around 1600 cm™ is attributed to C=0 stretching, indicating the presence of carbonyl
groups in both graphene oxide and diosmin. A peak near 1500 cm™ corresponds to
aromatic C=C stretching, which is characteristic of diosmin. The broad peak around
3300 cm™ is associated with O-H stretching vibrations, arising from diosmin and
adsorbed water molecules. Additionally, the region between 1200 and 1000 cm’
signifies C-O stretching vibrations, representing various functional groups present in

the sample.
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Figure 4.38 : FTIR graph of Graphene Diosmin nano-formulation.

4.2.6.2.1.3. Conjugates of Graphene nano-formulations

We developed graphene-based nanoconjugates, including formulations combining
graphene with diosmin and hesperidin.

The FTIR spectral analysis of the graphene conjugates formulations highlights key
vibrational bands representing distinct functional groups. The broad peak observed
around 3300 cm™ corresponds to O-H stretching vibrations, indicative of the
presence of diosmin, hesperidin, and adsorbed water. A prominent peak near 1600
cm™ is associated with C=0 stretching, attributed to carbonyl groups in graphene
oxide, diosmin, and hesperidin. Aromatic C=C stretching is evident between 1500
and 1400 cm™, primarily arising from the diosmin and hesperidin molecules.
Additionally, the region between 1200 and 1000 cm™ reveals C-O stretching
vibrations, representing contributions from various functional groups within the

formulations.
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Figure 4.39 : FTIR graphs of graphene (HD) conjugates nano-formulations

4.2.6.2.1.4. Silver Hesperidin nano-formulations : The FTIR spectrum of the
silver-hesperidin nano-formulation demonstrates characteristic peaks corresponding
to functional groups associated with both the silver nanoparticle and hesperidin
capping/stabilizing agents. The broad absorption peak near 3410 cm™ indicates O-H
stretching, suggesting the presence of hydroxyl groups. Peaks around 1610 cm™ and
1265 cm™ correspond to C=C aromatic stretching and C-O stretching vibrations,
respectively, confirming the flavonoid structure of hesperidin. The sharp peak at 798
cm’ is indicative of aromatic bending, while the small peaks near 720 cm™ and
below reflect vibrational modes associated with metal-ligand interactions,
specifically Ag-O bonds. These features confirm successful conjugation and
stabilization of silver nanoparticles by hesperidin. The spectrum validates the role of

bioactive molecules in capping and reducing agents during nanoparticle synthesis.
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Figure 4.40 : FTIR graph of Ag Hesperidin nano-formulation.

4.2.6.2.1.5. Silver Diosmin nano-formulations : FTIR spectrum of the Ag Diosmin
NP shows absorption bands associated with the O H stretch, the C O stretch of the
methylene groups of the protein, and the other vibration of groups at 3462.22,
3396.64, 2927 and 2353.16, respectively. So, based on the FTIR results we can say

that nano-formulation is formed and is pure.
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Figure 4.41 : FTIR graph of Ag Diosmin nano-formulation.
4.2.6.2.1.6. Conjugates of silver nano-formulations :

We developed silver-based nanoconjugates, including formulations combining silver
with diosmin and hesperidin.
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The FTIR spectrum reveals characteristic peaks corresponding to functional groups
present in the sample. A strong peak at 3350 cm™ signifies O-H stretching vibrations,
indicative of hydroxyl groups commonly found in alcohols or phenols, which are
abundant in both diosmin and hesperidin. The peak at 1653 cm™ corresponds to C=0
stretching vibrations, likely originating from carbonyl groups in ketones, esters, or
carboxylic acids, with diosmin's conjugated carbonyl group contributing prominently
in this region. Peaks at 1510 cm™ and 1455 cm™ represent aromatic C=C stretching
vibrations, characteristic of the phenyl rings present in both diosmin and hesperidin.
Additionally, the broad region between 1260-1000 cm™ reflects C-O stretching
vibrations from functional groups such as alcohols, phenols, and ethers, with
glycosidic linkages in diosmin and hesperidin making significant contributions. This

analysis confirms the structural integrity and presence of these functional groups in

the sample.
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Figure 4.42 : FTIR graphs of Ag conjugates nano-formulations.

4.2.6.2.1.7. Zinc Hesperidin Nano-formulations : The FTIR spectrum of zinc
hesperidin nanoparticles reveals key functional groups involved in their structure and
interactions. A broad peak observed around 3200-3500 cm™ indicates O-H stretching
vibrations, suggesting the presence of hydroxyl groups from hesperidin or hydrogen-
bonded water molecules. The peak near 2900 cm™ corresponds to C-H stretching

vibrations, characteristic of aliphatic or aromatic groups within the hesperidin
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structure. A sharp absorption band around 1600-1700 cm™ is attributed to C=0O
stretching vibrations from carbonyl groups, indicative of the flavonoid structure of
hesperidin, with potential shifts suggesting interaction with zinc ions. The region
around 1400-1500 cm™ shows aromatic C=C stretching, confirming the aromatic
backbone of hesperidin. Broad absorptions in the 1000-1300 cm™ range correspond
to C-O stretching vibrations from ether or phenolic groups. Additionally, peaks below
1000 cm™, part of the fingerprint region, highlight structural specificity and further
confirm the functionalization of zinc nanoparticles with hesperidin. These spectral
features collectively suggest successful synthesis of zinc hesperidin nanoparticles,
with evidence of functional group involvement in chelation and stabilization of the

nanoparticle structure.
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Figure 4.43 : FTIR graphs of zinc Hesperidin nano-formulations.

4.2.6.2.1.8. Zinc Diosmin Nano-formulations : The FTIR spectrum of the zinc
nanoparticles, synthesized through the utilization of Diosmin, Hesperidin, exhibited
distinctive absorption bands corresponding to specific molecular vibrations. Notably,
these included the O-H stretch at 3253.91 cm™, the C=0 stretch of the methylene

groups within the protein at 1631.78 cm™', and other characteristic vibrational modes

at 1504.48 cm.
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Figure. 4.44 : FTIR graph of Zinc Diosmin nano-formulation.

4.2.6.2.1.9. Conjugates of zinc nano-formulations

We developed zinc-based nanoconjugates, including formulations combining zinc

with diosmin and hesperidin.

The FTIR spectrum exhibits characteristic peaks that provide insights into the
functional groups present in the sample. The broad peak around 3300 cm™
corresponds to O-H stretching vibrations, attributed to the hydroxyl groups in
diosmin, hesperidin, and possibly adsorbed water. A distinct peak at 1600 cm™
indicates C=0 stretching, arising from carbonyl groups present in all three
components, with potential peak shifts caused by intermolecular interactions. The
region between 1500-1400 cm™ shows peaks characteristic of aromatic C=C
stretching, attributed to the phenyl rings in diosmin and hesperidin. Additionally, the
range from 1200-1000 cm™ represents C-O stretching vibrations, contributed by
various functional groups present in all components. This analysis highlights the key

structural features of the sample and suggests interactions between the constituents.
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Figure 4.45 : FTIR graphs of Zinc conjugates nano-formulations
4.2.6.2.2. FESEM

4.2.6.2.2.1. Graphene Hesperidin nano-formulations : The FESEM image of the
graphene-hesperidin composite reveals a layered morphology characteristic of
graphene sheets with visible crumpling and folds. These structures indicate high
surface area, crucial for enhanced interaction with hesperidin molecules. The
observed agglomerations suggest successful incorporation and adsorption of
hesperidin onto the graphene surface, likely facilitated by n-m interactions between
the aromatic rings of hesperidin and the graphene sheets. The irregular yet well-
distributed layers imply uniform functionalization, which can enhance the
composite's mechanical and chemical properties for potential biomedical or
nanotechnological applications. The microstructure supports effective surface

modifications and stability of the composite material.

The FESEM image of the graphene-hesperidin composite, taken at a finer scale of 1
um, provides detailed insight into the nanoscale interactions within the material. The
image highlights the crumpled and layered structure of the graphene sheets, which
ensures a high surface area for hesperidin adsorption. The smooth and thin layers
exhibit clear edges and folds, indicative of good structural integrity and minimal

aggregation at the nanoscale. The incorporation of hesperidin is evident, with smaller
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agglomerations and surface features suggesting uniform functionalization. This
nanoscale morphology complements the 10 pum image analysis, confirming the
effective integration of hesperidin within the graphene framework, making the

composite suitable for biomedical or nanotechnology applications.

10pm JEOL 3/1/2023
20.0kV SEI SEM WD 7.8mm 16:13:52

— lpm JEOL 3/1/2023
20.0kV SEI SEM WD 7.8mm 16:13:09

Figure 4.46 : FESEM graphs of graphene Hesperidin nano-formulations
A.10pm and B. 1pm.

4.2.6.2.2.2. Graphene Diosmin nano-formulations: The provided FESEM images
depict the surface morphology of graphene Diosmin at two magnifications: 20 pm

(1.18 KX) and 100 pm (279X). The image at 20 um reveals a layered, sheet-like
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structure with tightly stacked and smooth edges, characteristic of graphene-based
materials. The layers appear continuous, indicating a degree of structural integrity
and uniformity. At 100 pm, the broader morphology shows loosely aggregated,
stacked sheets with wvarying thicknesses, creating a more three-dimensional
architecture. This hierarchical structure is favourable for applications like drug
delivery or catalysis, as it enhances surface area and interaction sites. The detailed
morphology suggests that graphene Diosmin maintains a hybrid structure combining

the high surface area of graphene with Diosmin’s inherent properties.

100 ym EHT=110.00kY Signal A = InLens Date :12 Jun 2023
WD= 9.9 mm Mag= 279X Time :12:34:13

20 ym EHT=10.00 kv Signal A= InLens Date :12 Jun 2023
|, me——" WD= 9.9 mm Mag= 1.18KX Time :12:38:16

Figure 4.47 : FESEM graphs of graphene Diosmin nano-formulations
A.100pm and B. 20pm.
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4.2.6.2.2.3. Conjugates of Graphene nano-formulations : The FESEM images
depict the surface morphology of graphene Diosmin Hesperidin at two
magnifications: 20 pm (558X) and 100 um (264X). At 20 um, the structure displays
a flake-like morphology with irregular, overlapping layers, indicating a
heterogeneous surface with potential nanoscale roughness. The surface appears
compact and interconnected, suggesting good structural integrity, which may enhance
its functional properties. At 100 um, a stacked and layered arrangement is observed,
where the sheets are more dispersed, forming a porous, three-dimensional network.
This hierarchical structure is advantageous for applications such as adsorption, drug
delivery, or catalysis, as it combines a high surface area with structural stability. The
composite material demonstrates promising morphological characteristics suitable for
synergistic interactions between graphene and the bioflavonoid components Diosmin

and Hesperidin.

EHT = 10.00 kV

Signal A = InLens Date :12 Jun 2023
— WD= 9.9 mm Mag= 264X Time :12:35:04
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WD =104 mm Mag= 558X Time :12:39:39

Figure 4.48 : FESEM graphs of graphene conjugates nano-formulations
A.100pm and B. 20pm.

4.2.6.2.2.4. Silver Hesperidin nano-formulations : The FESEM images illustrate
the surface morphology of silver Hesperidin at two magnifications: 1 um (16,000X)
and 100 nm (65,000X). At the 1 pm scale, the sample reveals a dense aggregation of
nanoparticles with spherical to irregular shapes, forming a compact cluster. The
distribution appears heterogeneous, with some larger particles or agglomerates
interspersed among smaller ones. At the higher magnification of 100 nm, individual
nanoparticles are more distinctly visible, showcasing smooth surfaces and a relatively
uniform morphology. The nanoscale observations suggest effective stabilization of
silver nanoparticles within the matrix of Hesperidin, which may enhance the
material’s bioactivity and functional properties, such as antimicrobial or antioxidant
capabilities. The combination of nanoscale features and aggregated clusters indicates
the potential for synergistic interactions between the silver nanoparticles and

Hesperidin molecules.
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Figure 4.49. FESEM graphs of silver Hesperidin nano-formulations
A.100pm and B. 1pm.

4.2.6.2.2.5. Silver Diosmin nano-formulations

The field emission scanning electron microscopy (FESEM) images presented depict
the surface morphology of silver Diosmin at magnifications of 10 um and 100 pm.
The 10 um image, captured at 500x magnification, reveals a high-density distribution
of irregularly shaped silver Diosmin particles, exhibiting various sizes and a rough,
aggregated texture. These smaller structures suggest a heterogeneous distribution,

possibly indicating a crystalline or semi-crystalline nature, with a propensity for
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agglomeration. In contrast, the 100 pm image at 250x magnification provides a
broader view of the sample, demonstrating the larger-scale dispersion of the particles.
This lower magnification highlights the overall uniformity and surface coverage,
with some larger clusters distinctly visible, surrounded by smaller particulates. The
comparative analysis suggests that the silver Diosmin nanoparticles possess both
micro- and sub-microscale features, likely contributing to enhanced surface reactivity

and potential applications in nanomedicine or material science.

" 3/2/2023
WD 8.0mm 12:59:04

Figure 4.50 : FESEM graphs of silver Diosmin nano-formulations

A.100pm and B. 10pum.
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4.2.6.2.2.6. Conjugates of Silver nano-formulations : The provided FESEM images
illustrate the surface morphology of silver Diosmin-Hesperidin at magnifications of 1
pum and 100 um. At 1 um (4000x magnification), a highly agglomerated structure is
observed, indicating the presence of clustered micro-particles with rough surfaces,
suggesting potential crystalline or semi-crystalline formations. This aggregation may
be due to strong interparticle interactions between silver, Diosmin, and Hesperidin,
forming a composite material. In the 100 um image (65,000x magnification), the
higher-resolution view reveals distinct, plate-like nanoparticles with smooth surfaces,
highlighting their nanoscale features. These smaller structures likely contribute to the
overall stability and surface reactivity of the composite, potentially enhancing its
functional properties in biomedical or pharmaceutical applications. The combination
of micro- and nanostructures suggests a complex morphology that could play a

significant role in the material's therapeutic efficacy and performance.

— 100nm JEOL 3/2/2023
X 65,000 20.0kV SEI SEM WD 7.9mm 13:03:03
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Figure 4.51 : FESEM graphs of silver conjugates nano-formulations

A.100pm and B. 1pm.

4.2.6.2.2.7. Zinc Hesperidin nano-formulations : The FESEM images of Zinc-
Hesperidin at magnifications of 30 pm and 10 pum provide insight into the
composite's surface morphology. At 30 um (729x magnification), the surface appears
heterogeneous, with dispersed clusters of Zinc-Hesperidin particles of varying sizes,
showing a scattered distribution. The rough surface texture and the presence of
micro-cracks suggest that the material might exhibit crystalline or semi-crystalline
behavior, with potential stress-induced features or drying artifacts. The 10 pm image
(2.65kx magnification) reveals a higher density of microstructures, displaying
aggregated formations with a more pronounced rough, porous surface. These
structures include needle-like protrusions, indicative of the crystallization pattern of
Zinc-Hesperidin. The presence of these micro and sub-micro structures suggests a

complex, hierarchical morphology that may enhance the composite's surface area
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and, consequently, its functional performance, particularly for biomedical or material

science applications.

EHT = 10.00 kV Signal A = InLens Date :12 Jun 2023

WD = 10.7 mm Mag= 729X Time :12:18:49

ERT="10.00kV Signal A= InLens Date 12 Jun 2023
WD = 10.5 mm Mag = 265 K X Time :12:24:25

Figure 4.52 : FESEM graphs of zinc hesperidin nano-formulations
A.30pm and B. 10pm.
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4.2.6.2.2.8. Zinc Diosmin nano-formulations : At 100 microns , the particles
appear as irregularly shaped aggregates with a range of sizes and rough surfaces,
indicating a heterogeneous morphology. The particle edges are sharp, and there are
notable variations in thickness, suggesting a crystalline or layered structure. At 10
microns, a closer view reveals fine, plate-like fragments with clear stratification and
surface irregularities. These features suggest that Zinc Diosmin has a lamellar
structure with possible microcracks or fractures on the particle surfaces. The
observed morphology could influence its surface area and dissolution properties,
which are critical for its pharmaceutical applications. This structural analysis
highlights the importance of particle size and morphology in determining the

material's behavior in different formulations.

y

iy 3t AT
100pum JEOL 3/1/2023
20.0kV SEI WD 8.0mm 16:31:03
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Figure 4.53. : FESEM graphs of zinc Diosmin nano-formulations

A.100pm and B. 10pm.

4.2.6.2.2.9. Conjugates of Zinc nano-formulations : The FESEM images of Zinc
Diosmin Hesperidin at 100 microns and 30 microns illustrate a detailed view of its
microstructure. At 100 microns, the material shows a dispersed arrangement of
irregularly shaped particles with varying sizes, suggesting a heterogeneous mixture.
The surface of the particles appears rough, with edges that are jagged and
fragmented. The distribution of smaller particulates around larger fragments could
indicate potential breakage or separation of finer particles. At 30 microns, the
magnified view reveals elongated, plate-like structures with a layered or stratified
appearance. The surface shows significant textural complexity, with roughness and
ridges likely contributing to the material's surface area. These morphological features
imply that the material's physical structure may enhance its dissolution and

interaction properties, which are essential for its effectiveness in pharmaceutical
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applications. The presence of cracks or fissures might also affect its mechanical

properties and processing.

EHT = 10.00 kV Signal A = InLens Date :12 Jun 2023

——- WD = 10.2 mm Mag= 260X Time :12:10:01

EHT=10.00 kV Signal A= InLens Date :12 Jun 2023
WD = 10.2 mm Mag= 888X Time 12:09:24

Figure 4.54 : FESEM graphs of zinc conjugates nano-formulations

A.100pm and B. 30pum.
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FESEM analysis was used to ascertain the morphology and particle size of the
graphene nanoparticle samples that were synthesized. In general, it has a rectangular

morphology and measures an average of 50 + 10 nm in diameter.

4.2.6.2.3. Zeta particle size analyzer : The analysis of Zeta particle size yields
crucial insights into the physical properties and behaviour of nano-formulations. By
determining the size distribution of particles suspended in a solution, we can
elucidate various phenomena such as stability, aggregation, and interaction forces
within the system. The Zeta particle size results provide quantitative data regarding
the average size and distribution of particles, offering valuable information for
industries ranging from pharmaceuticals to cosmetics and beyond. Understanding the
Zeta particle size allows us to tailor formulations, optimize processes, and enhance

product performance, ultimately advancing innovation and efficiency in diverse

applications.
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Figure 4.55 : Zeta potential images of all the conjugates of various nano-

formulations
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Table 4.7: Nano-encapsulation of drug:

S. No Nanoparticle Encapsulation efficiency
I. GoH 74%
2. GoD 72%
3. GoHD 69%
4. AgD 69%
5. AgH 72%
6. AgHD 79%
7. ZnH 69%
8. ZnD 64%
9. ZnHD 76%

Objective 3: To examine the qualitative and quantitative assessment of altered

proteins through system biology-based approaches.

4.3 BIOLOGICAL ASSAY OF (PURE) DIOSMIN

In this work, we employed the MTT cell viability test to assess the cytotoxic activity
potential of Diosmin compounds at various concentrations. We discovered that
Diosmin significantly reduced cell viability in a dose-dependent approach. A549
cells were particularly responsive to Diosmin (26.62 pg/ml). Based on this analysis,

we conclude that diosmin is cytotoxic in nature.
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Figure. 4.56. IC50 graph of Diosmin on A549 cell line.
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4.4 BIOLOGICAL ASSAY OF (PURE) HESPERIDIN

In this work, we employed the MTT cell viability test to assess the cytotoxic activity
potential of hesperidin compounds at various concentrations. We discovered that
hesperidin significantly reduced cell viability in a dose-dependent approach (Figure
4.43). Ab49 cells were particularly responsive to hesperidin (34.25 pg/ml). Based on

this analysis, we conclude that hesperidin is cytotoxic in nature.
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Figure 4.57 : Cytotoxicity of Hesperidin.
4.5 BIOLOGICAL ASSAY OF NANO-FORMULATIONS
4.5.1 Biological Assay for Graphene Conjugate nano-formulations

The graph represents the dose-response curves for cell death in the A549 cell line
treated with different graphene nano-formulations: Graphene-Hesperidin (GoH),
Graphene-Diosmin (GoD), and Graphene-Hesperidin-Diosmin (GoHD). The blue
curve (GoH) shows a sharp decline in cell viability with increasing concentration,
indicating a highly potent effect on inducing cell death, with an IC50 value
of 25.4178 ng/mL, making it the most effective formulation. The orange curve
(GoD) exhibits a gradual and linear reduction in cell viability, reflecting moderate
cytotoxic activity with an IC50 value of 73.8095 pg/mL, the least effective among

the formulations. The green curve (GoHD) shows a relatively flat response with

154



minimal reduction in cell viability compared to GoH but demonstrates moderate
potency with an IC50 value of 39.6331 pg/mL. In summary, GoH shows the
strongest cytotoxic activity, followed by GoHD and GoD, highlighting GoH as the

most effective nano-formulation for inducing cell death in A549 cells.

IC50 of Graphene nanoformulations
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Figure 4.58 : Cytotoxicity of Graphene nano-formulations

4.5.2  Biological Assay for Silver Conjugate nano-formulations

The graph represents the dose-response curves for cell death in the A549 cell line
treated with different silver nano-formulations: Silver-Hesperidin (AgH), Silver-
Diosmin (AgD), and Silver-Hesperidin-Diosmin (AgHD). The pink curve (AgH)
shows a noticeable decline in cell viability with increasing concentration, indicating
significant cytotoxic activity with an IC50 value of 25.4178 pg/mL. The purple
curve (AgD) also demonstrates effective cytotoxic activity with an IC50 value
of 28.1421 pg/mL, slightly less potent than AgH. In contrast, the blue curve (AgHD)
exhibits the steepest decline and achieves the lowest IC50 value of 8.8148 pg/mL,
highlighting it as the most potent formulation among the three. In summary, the data
reveal that AgHD has the strongest cytotoxic effect on A549 cells, followed by AgH
and AgD, with respective IC50 values confirming the superior efficacy of the silver

nano-formulations incorporating both hesperidin and diosmin.
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Figure 4.59 : Cytotoxicity of Silver nano-formulations

4.5.3 Biological Assay for Zinc Conjugate nano-formulations

The graph illustrates the dose-response curves for cell death in the A549 cell line
treated with different zinc nano-formulations: Zinc-Hesperidin (ZnH), Zinc-Diosmin
(ZnD), and Zinc-Hesperidin-Diosmin (ZnHD). The green curve (ZnH) shows a
minimal decline in cell viability with increasing concentration, indicating relatively
low cytotoxic activity with an IC50 value of 64.0929 pg/mL. The orange curve
(ZnD) exhibits a steeper decline, demonstrating moderate cytotoxic activity with an
IC50 value of 86.6801 pg/mL, which is less potent than ZnH. The brown curve
(ZnHD), however, has the highest IC50 value of 29.49431 pg/mL, indicating the
weakest cytotoxic effect among the formulations and requiring a significantly higher
concentration to induce cell death. In conclusion, the data indicate that ZnH is the
most effective formulation in inducing cytotoxicity in A549 cells, followed by ZnD

and ZnHD, as evidenced by their respective IC50 values.
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Figure 4.60 : Cytotoxicity of Zinc nano-formulations

4.6 SCRATCH ASSAY
Scratch Assay of Sample A549 cell line:

The results of the wound healing scratch assay highlight the antiproliferative effects
exerted by the prepared nanosuspension on A549 cell lines. Cells treated with
nanoparticles demonstrated migration rates of 35.25% for A549, while treatment with
20 pg/mL resulted in reduced migration rates of 21.35% for A549 after 24 hours. In
comparison, Untreated A549 cells (controls) exhibited the highest migration rates of
approximately 78.42%. The migration data, analysed using wimasis software and
Imagel, clearly demonstrate a significant reduction in cell migration in response to

NPs treatment.

These findings suggest that nanoparticles effectively inhibits cell invasion and
migration in the proliferating cancer cell lines studied. This observation aligns with
previous studies that reported similar effects of biosynthesized ZnO and Ag NPs in
other cancer cell lines. The antiproliferative effects of NPs are primarily attributed to
their ability to selectively target tumor cells through the enhanced permeability and

retention (EPR) effect.
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Figure 4.61 : Scratch assay images of standard drug Doxo. at zero time and 24

hours.
4.7 LCMS ANALYSIS

The protein from the cell Lysate was extracted and confirmed SDS-PAGE Analysis.
The extracted protein were then digested and injected into Mass Spectroscopy. The

mass spectroscopy data was analysed against the Human Lung Cancer protein
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Database retrieved from Uniport using PLGS Software. Identified list of protein is

listed in table below.
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Figure 4.62 : MSTIC graph of LCMS analysis.
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Figure 4.63 : MS spectrum graph of LCMS analysis
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Table 4.8 : The Identified Proteins from LCMS Analysis

Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
M1VPF4 TPM3-ROS1 2 1 82367 | 4.708 | 1735.379 | 27.8621 4
P63261 ACTG1 1 1 41765 | 5.1606 | 1024.535 61.6 8
Q13356 PPIL2 1 1 58786 | 8.9839 | 530.2833 | 25.3846 0
P04075 ALDOA 1 2 39395 | 8.0654 | 519.3104 | 19.7802 0
P18615 NELFE 1 3 43213 | 9.7251 | 402.4473 | 42.8947 0
C1PHA2 KIF5B-ALK 2 1 167799 | 6.1904 | 374.9897 | 23.3985 5
Q96AZ6 1ISG20 1 2 20350 | 9.2271 | 379.8324 | 27.0718 0
QouJZ1 STOML2 1 1 38510 | 7.2642 | 368.8327 27.809 2
P20810 CAST 1 4 76526 | 4.7798 | 342.644 28.1073 1
B3XZL9 - 2 1 86346 | 8.647 | 325.1569 | 24.0764 2
Q9UM73 ALK 1 3 176328 | 6.6504 | 314.0672 | 18.0864 1
G5EKES5 PPFIBP1-ALK 2 1 90683 | 5.4302 | 310.9492 | 23.1813 3
QOUET®6 FTSJ1 1 2 36056 | 5.2896 | 291.569 11.2462 0
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
P26196 DDX6 1 2 54382 | 8.8359 | 284.6222 | 26.7081 2
Q61Q55 TTBK2 1 2 137327 | 6.5449 | 279.1321 | 27.9743 5
Q9HC52 CBX8 1 3 43369 |10.3169| 286.14 23.9075 1
Q16384 SSX1 1 2 21917 | 9.8628 | 273.8456 | 54.2553 3
060356 NUPR1 1 1 8867 [10.3975| 271.0223 | 70.7317 0
Q9H1E3 NUCKS1 1 1 27280 479 | 268.0811 | 27.9835 0
Q2TAM9 TUSC1 1 4 23090 [11.5811| 263.4199 | 26.3158 0
QINXR8 ING3 1 2 46713 | 5.8301 | 212.3033 | 32.0574 7
BADNT1 SMARCA2 1 1 31715 | 5.6982 | 260.8049 | 24.2754 1
Q6ZMR5 TMPRSS11A 1 3 47196 | 9.3794 | 260.1033 | 14.5933 0
Q13886 KLF9 1 1 27217 | 8.5356 | 256.2356 | 25.8197 1
Q8WXI9 GATAD2B 1 1 65220 [10.1279| 238.4032 25.801 2
Q16181 SEPTINY 1 2 50648 | 8.8887 | 251.2517 | 24.9428 6
Q9Y2J2 EPB41L3 1 2 120603 | 4.9131 | 220.5498 | 17.5713 2
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
P20042 EIF2S2 1 2 38364 | 5.4521 | 232.7796 | 20.1201 1
Q9Y265 RUVBL1 1 1 50196 | 5.9868 | 232.132 36.4035 4
Q86VW1 SLC22A16 1 1 64572 | 8.0815 | 231.6724 | 10.3986 0
QINRWY7 VPS45 1 1 65035 | 8.2866 | 222.293 26.6667 3
P08151 GLI1 1 1 117830 | 6.9434 | 216.6294 | 17.9928 2
P55957 BID 1 1 21981 | 5.0991 | 215.8693 | 14.8718 1
Q9BYG3 NIFK 1 1 34201 |10.2935| 215.5587 | 32.4232 0
P16989 YBX3 1 4 40066 | 10.021 | 184.9107 25 0
Q9Y606 PUS1 1 3 47439 | 8.4185 | 207.226 23.4192 1
P50542 PEX5 1 3 70820 | 4.2393 | 215.0963 | 23.1612 1
P15531 NME1 1 1 17137 | 5.7671 | 204.3967 | 34.2105 2
Q13322 GRB10 1 2 67188 | 7.7153 | 203.0346 | 27.7778 2
P53365 ARFIP2 1 1 37832 | 5.6455 | 201.8924 | 36.9501 1
P17544 ATF7 1 3 51724 | 7.9512 | 195.8589 19.0476 0

162




Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
Q61BS0 TWF2 1 2 39523 | 6.3882 | 190.5861 | 15.7593 0
P14550 AKR1Al 1 3 36549 | 6.3384 | 187.4874 | 35.3846 0
Q13554 CAMK?2B 1 3 72632 | 6.8818 | 185.273 25.5255 2
075832 PSMD10 1 1 24412 | 5.6689 | 184.5384 | 30.0885 1
075638 CTAG2 1 3 21076 |10.4634| 184.5287 | 58.5714 1
076080 ZFANDS 1 1 23117 | 8.5122 | 184.5146 | 22.0657 1
Q8WXF1 PSPC1 1 1 58706 | 6.2344 | 184.3183 | 28.6807 4
Q9UBEO SAE1l 1 1 38425 | 4.9951 | 182.3027 | 24.8555 0
Q12849 GRSF1 1 3 53092 | 5.7744 | 182.0489 | 27.2917 0
Q96DA6 DNAJC19 1 3 12490 |10.5029| 181.4129 25 0
Q9UIM3 FKBPL 1 1 38152 | 5.2324 | 179.3553 2.8653 0
Q86VvQ1 GLCCI1 1 1 57987 | 9.7632 | 179.0193 18.83 0
Q9HD26 GOPC 1 1 50488 | 5.5151 | 178.8029 21.645 1
Q9H334 FOXP1 1 1 75269 | 6.1978 | 175.6377 | 35.7459 3
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
P17029 ZKSCAN1 1 3 63590 | 6.6021 | 175.471 24.3339 0
P62877 RBX1 1 1 12265 | 6.5552 | 171.3619 | 31.4815 2
Q96L93 KIF16B 1 2 151916 | 5.7788 | 166.9648 | 18.1473 4
Q13123 IK 1 3 65561 | 6.2197 | 166.5892 | 20.2873 0
Q96N77 ZNF641 1 2 49496 | 5.7451 | 166.024 11.1872 0
P35221 CTNNA1l 1 1 100008 | 5.8755 | 165.2285 | 23.5099 5
Q7L5Y9 MAEA 1 1 45258 | 8.7598 | 163.6847 | 17.9293 3
ISWAG8S EGFR 4 1 21222 | 8.2427 | 160.75 28.2723 0
Q16842 ST3GAL?2 1 1 40146 | 8.3584 | 160.1676 | 23.1429 0
Q6J9G0 STYK1 1 4 47546 | 7.147 | 159.8792 | 13.7441 1
Q5W041 ARMC3 1 2 96344 | 5.811 | 159.3952 | 35.6651 5
P26038 MSN 1 3 67777 | 6.0103 | 158.1366 | 26.3432 5
Q5T6S3 PHF19 1 1 65549 | 8.8857 | 157.9559 | 29.8276 0
P57078 RIPK4 1 1 91553 | 6.709 | 157.6743 14.6635 1
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
Q14978 NOLC1 1 2 73559 | 9.9507 | 157.3655 | 20.7439 0
P51523 ZNF84 1 2 85402 | 8.7803 | 156.482 21.5447 0
Q5SQI0 ATAT1 1 1 46781 |10.3213| 156.1593 | 19.4774 0
043182 ARHGAPG6 1 3 105882 | 7.0166 | 155.015 28.5421 4
075113 N4BP1 1 4 100315 | 5.0757 | 154.9586 | 22.0982 3
Q9UMXO0 UBQLN1 1 2 62479 | 4.8413 | 154.7057 | 26.4856 2
Q96S59 RANBP9 1 1 77798 | 6.3208 | 154.261 24.417 2
Q8IWA4 MFN1 1 3 84106 | 5.8887 | 153.7126 | 24.1565 2
Q5TOW9 FAM83B 1 1 114728 | 9.2168 | 153.041 22.453 0
QINX63 CHCHD31 1 1 26136 | 8.3745 | 152.4346 22.467 0
Q9BZ95 NSD3 1 1 161509 | 8.0874 | 151.3004 | 23.4516 7
000481 BTN3Al 1 3 57640 | 7.9937 | 150.0453 22.807 1
015146 MUSK 1 1 96993 | 6.8936 | 148.958 18.8723 4
Q92575 UBXN4 1 2 56742 | 6.0234 | 148.0121 19.0945 0
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
A9YLN4 CD74/ROS fusion 2 1 79488 | 5.8608 | 147.7119 | 17.6387 3
P00533 EGFR il 2 134190 | 6.2344 | 147.2963 17.438 3
Q9BQAl WDR77 1 1 36701 | 4.8384 | 146.0274 | 17.5439 0
P42166 TMPO 1 2 75445 | 75132 | 145.8168 | 17.2911 2
QI9NRR5 UBQLN4 1 2 63812 4.96 145.557 31.614 4
Q8TEWS PARD3B 1 2 132412 | 8.4185 | 144.8977 | 22.6556 1
Q5T5Y3 CAMSAP1 1 2 177860 | 6.2651 | 143.0573 | 20.8489 2
Q9Y619 SLC25A15 1 1 32714 | 9.3325 | 142.9352 | 26.2458 2
P30530 AXL 1 4 98274 | 5.0801 | 142.2663 | 21.7002 1
Q05932 FPGS 1 3 64568 | 7.8062 | 140.8903 | 21.4651 3
UG6FSN9 Mprip-Ntrk1 fusion 2 1 150386 | 5.8682 | 139.8288 | 22.0887 5
Q15654 TRIP6 1 3 50255 | 7.0723 | 139.4738 | 14.2857 0
015372 EIF3H 1 1 39905 | 6.0835 | 138.7346 | 26.9886 1
QINWQ4 GPATCH2L 1 3 54225 | 8.3979 | 138.1738 13.278 1
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified
level version (Da) Score (%) peptides
P51813 BMX 1 1 77961 | 8.5444 | 137.9827 | 30.0741 2
Q9GZT9 EGLN1 1 1 45991 | 8.5298 | 136.7699 | 17.6056 2
000425 IGF2BP3 il 2 63665 | 9.1846 | 136.534 19.5164 0
Q8N371 KDM83 1 1 47240 | 5.4126 | 136.1777 | 17.7885 2
Q8IVH2 FOXP4 1 1 73442 | 5.9502 | 134.8965 | 15.5882 0
Q8N6T7 SIRT6 1 2 39094 | 9.5391 | 133.8846 | 31.2676 1
P22570 FDXR 1 3 53803 | 8.4609 | 133.0129 | 26.6802 2
Q687X5 STEAP4 1 1 51947 | 9.4907 | 131.952 25.7081 2
Q8TESY FBF1 1 2 125369 | 6.6255 | 131.1223 | 30.0088 4
Q5XKK7 FAM219B 1 1 21089 | 8.2808 | 130.0421 | 12.6263 0
043852 CALU 1 2 37083 | 4.2773 | 130.0122 11.746 0
Q00325 SLC25A3 1 2 40068 | 9.6387 | 128.375 11.8785 1
Q96JB2 COG3 1 3 94036 | 5.2456 | 128.2342 | 25.7246 2
QI9NVH1 DNAJC11 1 2 63238 | 8.5166 | 128.1134 | 21.4669 1
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
Q9NZJO DTL 1 3 79417 | 8.9517 | 127.8514 | 15.0685 0
Q9Y5S2 CDC42BPB 1 2 194191 | 5.9268 | 125.2766 | 17.2414 2
P78332 RBM6 1 5 128565 | 5.8696 | 125.0632 | 23.3304 1
094986 CEP152 1 4 195502 | 5.3057 | 123.4454 | 18.3041 2
Q9H4GO0 EPB41L1 1 2 08442 | 5.2866 | 122.5512 | 28.3768 2
Q9H6R7 WDCP 1 1 79085 6.23 | 122.3388 | 15.6727 1
Q9UPN4 CEP131 1 3 122074 | 8.9604 | 122.255 22.0683 5
AOAOF6MY87 | ANKRD18B 2 1 161793 | 7.2744 | 121.6208 | 22.9836 7
Q16584 MAP3K11 1 1 92630 | 8.0669 | 121.5524 | 13.9315 0
P46379 BAG6 1 2 119334 | 5.2778 | 121.2125 | 21.7314 4
P29692 EEF1D 1 5 31102 | 4.708 | 120.8803 | 39.8577 2
Q15303 ERBB4 1 1 146712 | 5.9458 | 120.5156 | 15.2905 0
P28340 POLD1 1 2 123552 | 6.6182 | 120.0638 | 14.1825 1
Q9P2M7 CGN 1 3 136973 | 5.2705 | 119.7537 | 20.6983 3
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified
level version (Da) Score (%) peptides
Q14687 GSE1 1 3 136080 | 7.4429 | 118.9882 20.378 3
014827 RASGRF2 1 2 140674 | 7.2437 | 118.7446 | 22.6354 7
P43361 MAGEAS 1 2 35192 | 45161 | 118.506 30.1887 1
Q16539 MAPK14 1 3 41267 | 5.3862 | 117.9276 8.6111 0
Q15027 ACAP1 1 1 81484 | 7.4355 | 117.8315 | 17.5676 0
Q9BUQS DDX23 1 3 95524 | 9.9668 | 117.5031 | 18.7805 1
J7TM2B1 EZR-ROS1 2 1 08885 | 5.7231 | 117.0934 | 20.6294 4
P29508 SERPINB3 1 2 44536 | 6.3662 | 117.0931 | 28.4615 2
014522 PTPRT 1 6 162030 | 6.4365 | 117.0693 | 18.8064 3
Q00987 MDM?2 1 1 55198 | 4.4019 | 117.0363 11.609 0
060711 LPXN 1 1 43303 | 5.5752 | 117.0309 | 25.6477 0
P35240 NF2 1 1 69646 | 6.0601 | 116.8803 | 24.0336 1
QI9NRF8 CTPS2 1 1 65635 | 6.4629 | 116.8725 | 17.9181 1
QB6UWY5 OLFML1 1 2 45921 | 8.0581 | 115.9335 | 12.6866 0
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
F6MDI4 BARD1 2 1 39711 | 7.9688 | 115.6156 | 28.5714 1
Q13796 SHROOM?2 1 1 176301 | 6.6372 | 115.0599 | 18.9975 2
060271 SPAG9 1 4 146114 | 4.8633 | 114.7029 | 32.5511 4
Q8TDF6 RASGRP4 1 2 74834 | 7.8765 | 114.0278 | 15.6018 0
P07992 ERCC1 1 1 32541 | 5.8374 | 113.9938 | 25.5892 1
000203 AP3B1 1 3 121244 | 5.6572 | 113.8783 | 19.4698 1
QoUJIX4 ANAPCS 1 2 85022 | 6.4014 | 113.8014 | 19.6026 0
Q8WUJO STYX 1 1 25475 | 5.8564 | 113.7651 | 23.7668 2
Q56UNS5 MAP3K19 2 1 150441 | 6.6094 | 113.2218 | 23.5693 6
Q5T1V6 DDX59 1 1 68766 | 7.1909 | 113.0537 | 13.5703 3
Q9UBKS MTRR 1 4 77625 | 6.0308 | 112.8512 | 15.1862 1
QOVD83 APOBR 1 3 115564 | 4.1807 | 112.477 21.7867 1
Q9HB71 CACYBP 1 2 26193 | 8.5825 | 112.4564 | 14.0351 0
Q724V0 ZNFA438 1 2 91777 | 9.7632 | 112.3381 16.3043 1
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
Q9H4HS8 FAM83D 1 3 64384 | 6.0806 | 112.3313 | 14.8718 1
Q9H3D4 TP63 1 1 76736 | 6.1025 | 112.1859 125 1
Q9H792 PEAK1 1 4 192985 | 6.4409 | 111.0889 | 19.3585 7
QA4LE39 ARID4B 1 2 147718 | 4.8545 | 110.9997 | 20.0457 6
Q38SD2 LRRK1 1 3 225247 | 6.2314 | 110.295 23.5732 3
000755 WNT7A 1 2 38979 | 8.6587 | 110.0301 | 18.6246 0
000629 KPNA4 1 1 57850 | 4.6128 | 109.9186 | 23.6084 2
Q8TF76 HASPIN 1 3 88439 | 9.4028 | 109.6112 | 14.6617 0
Q15067 ACOX1 1 3 74376 | 8.1489 | 108.8077 | 23.0303 3
Q6WKZ4 RAB11FIP1 1 3 137082 | 5.1357 | 108.638 21.2003 7
075387 SLC43A1 1 1 61436 | 7.5483 | 108.632 14.3113 1
Q13873 BMPR?2 1 2 115128 | 5.7729 | 108.3852 34.104 8

KIF5B- 2 1

M1VE9l RET(NM_020630)_K24;R11 155717 | 6.104 | 108.3044 | 19.3997 4
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
P10809 HSPD1 1 2 61016 | 5.5503 | 108.2195 | 15.3578 0
Q6XZF7 DNMBP 1 1 177235 | 5.0962 | 108.1259 | 17.8186 2
Q8NFY9 KBTBDS3 1 2 68778 | 5.8389 | 107.8224 | 18.1364 0
Q13882 PTKG6 1 1 51801 | 6.5786 | 107.0486 9.5344 0
Q96PZ2 FAM111A 1 2 70151 | 8.5737 | 107.0273 | 22.2586 0
Q14153 FAMS53B 1 2 45738 | 6.3179 | 106.851 21.564 1
P54259 ATN1 1 3 125337 | 9.2109 | 106.8361 8.3193 0
Q9H307 PNN 1 5 81579 | 6.7456 | 106.7978 | 25.9414 4
P55327 TPDS52 1 2 24312 | 4.5908 | 106.5136 21.875 0
094885 SASH1 1 3 136567 | 5.6924 | 106.5082 | 23.8974 7
QONWT1 PAK1IP1 1 2 43935 | 9.1978 | 106.4625 | 11.4796 1
Q9BXJ9 NAA15 1 1 101207 | 7.1396 | 106.3859 | 26.3279 4
014513 NCKAP5 1 2 208407 | 7.979 | 106.307 23.7821 3
Q92870 APBB?2 1 3 83321 | 5.6719 | 105.817 23.0871 1
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
P00519 ABL1 1 4 122796 | 8.8052 | 105.8004 | 14.7788 2
Q14241 ELOA 1 3 87176 | 9.9712 | 105.6118 | 20.5959 2
Q8IUF38 RIOX2 1 1 52767 6.23 | 104.8238 | 15.0538 1
Q9HC21 SLC25A19 1 1 35488 | 9.8306 | 104.7055 | 15.3125 0
Q9BVIO PHF20 1 2 115313 | 6.5449 | 104.6489 | 16.2055 0
Q9UBU9 NXF1 1 1 70138 | 8.5928 | 104.0749 | 19.8708 1
Q92922 SMARCC1 1 3 122790 | 5.4023 | 103.9383 20.362 2
Q9Y4wW2 LASIL 1 2 83012 | 4.4487 | 103.7634 | 15.5313 0
Q6AWC2 WWC2 1 2 133808 | 5.2383 | 103.2181 | 20.8893 1
P36776 LONP1 1 2 106422 | 5.9619 | 103.1366 | 27.8415 6
Q15111 PLCL1 1 3 122649 | 5.3042 | 102.9353 | 30.8676 4
Q99683 MAP3K5 1 1 154439 | 5.4126 | 102.9084 | 24.0902 9
P40199 CEACAM6 1 4 37213 | 5.4609 | 102.7477 | 17.4419 0
Q5UW39 - 2 1 73647 | 5.4507 | 102.606 16.1491 1
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
Q5TCQ9 MAGI3 1 3 162847 | 8.0566 | 102.3544 | 18.9737 2
QopP287 BCCIP 1 1 35956 | 4.311 | 101.7228 | 25.1592 1
060259 KLKS3 1 1 28029 | 7.3887 | 101.6852 | 26.9231 0
Q96KR1 ZFR 1 2 116938 | 9.2314 | 101.5377 | 20.5773 2
P98082 DAB2 1 3 82397 | 5.1738 | 101.4222 | 14.8052 1
Q16254 E2F4 1 2 43933 | 4.4619 | 101.1925 | 15.2542 0
Q9Y463 DYRK1B 1 1 69154 | 9.3179 | 100.983 27.027 2
043572 AKAP10 1 2 73771 | 5.9312 | 100.6228 | 14.5015 3
Q8N344 MIER2 1 2 59906 | 4.3345 | 100.6058 | 20.9174 4
P49589 CARS1 1 3 85419 | 6.2988 | 100.4731 15.107 1
QINQW6G ANLN 1 2 124121 | 8.0039 | 100.0789 | 29.1815 4
Q9BPUG6 DPYSL5 1 1 61382 | 6.7559 | 99.6958 27.4823 5
Q9Y2Y9 KLF13 1 1 31160 | 9.8628 | 99.631 11.8056 1
Q16644 MAPKAPK3 1 1 42959 | 6.9229 | 99.4658 19.1099 1
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
P68104 EEF1Al 1 1 50109 | 9.3428 | 99.3663 15.1515 1
Q96T51 RUFY1 1 2 79767 | 5.4243 | 99.1537 23.3051 3
Q9Y4ES8 USP15 1 3 112347 | 4.8838 | 99.0829 33.945 2
P12956 XRCC6 1 2 69799 | 6.2036 | 99.0667 17.8982 1
QI9NZ20 PLA2G3 1 2 57130 | 9.1245 | 98.9818 18.0747 0
Q9HCS4 TCF7L1 1 1 62591 | 9.2329 | 98.9406 19.898 1
Q0JRZ9 FCHO?2 1 2 88869 | 6.4175 | 98.0377 25.4321 1
M1VES3 SDC4-R0OS1_S4;R34 2 1 71612 | 45059 | 97.9461 14.4635 1
Q9BZ29 DOCK9 1 2 236293 | 7.1543 | 97.8749 25.5196 14
Q9C0C2 TNKS1BP1 1 4 181683 | 4.5776 | 97.5633 30.48 5
000329 PIK3CD 1 2 119402 | 6.7676 | 97.4115 11.3985 3
P37173 TGFBR2 1 2 64526 | 5.5093 | 97.3185 18.3422 3
Q14240 EIF4A2 1 2 46372 | 5.1636 | 97.1725 14.9877 2
Q75N03 CBLL1 1 1 54484 | 8.2266 | 96.8998 14.2566 1
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified
level version (Da) Score (%) peptides
P54753 EPHB3 1 2 110259 | 5.8901 | 96.8155 23.5471 5
P08240 SRPRA 1 2 69767 9.29 96.8091 23.3542 2
Q16658 FSCN1 1 3 54496 | 6.876 | 96.7773 15.0101 0
Q5THK1 PRR14L 1 1 237148 | 5.8916 | 96.5394 14.4119 2
QINQBO TCF7L2 1 2 67876 | 8.5986 | 96.5019 11.3086 0
Q61049 SDE2 1 1 49710 | 5.6836 | 96.451 22.8381 2
P42680 TEC 1 2 73533 | 8.4507 | 96.3188 26.6244 2
Q9Y4E1l WASHC2C 1 5 147064 | 4.4927 | 96.1902 18.6428 3
Q9UPZ3 HPS5 1 2 127368 | 5.2119 | 96.0134 14.7919 2
M1VES86 LRIG3(NM_001136051)-ROS1 2 1 145089 | 5.3921 | 96.0079 15.249 4
Q812J1 UNC5B 1 2 103571 | 5.6045 | 95.8719 17.3545 3
060536 N/A 2 1 38834 | 9.4834 | 95.7744 19.1257 1
P42336 PIK3CA 1 2 124202 | 6.8408 | 95.751 14.6067 3
Q7Z4AF1 LRP10 1 2 76144 | 5.1606 | 95.6711 14.7265 0
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
P34947 GRK5 1 1 67743 | 8.0347 | 95.1457 16.4407 1
Q92769 HDAC2 1 2 55328 | 5.5078 | 95.0713 20.9016 0
Q9UJAS MCM8 1 2 93637 | 7.5952 | 94.9643 17.8571 1
Q9BX84 TRPM6 1 2 231558 | 7.5615 | 94.4273 21.6617 5
Q8WVB6 CHTF18 1 1 107316 | 6.7881 | 94.2425 35.8974 5
Q632Y3 KANK?2 1 1 91117 | 5.2983 | 94.2074 30.9048 4
Q53QZ3 ARHGAP15 1 2 54510 | 9.8086 | 94.054 22.1053 2
Q9H270 VPS11 1 1 107768 | 6.5991 | 94.0306 18.8098 2
P55285 CDH6 1 1 88254 | 45747 | 93.9687 20.6329 0
P48729 CSNK1A1l 1 2 38889 | 9.8555 | 93.8799 15.727 2
Q6PMLY SLC30A9 1 1 63474 | 8.3218 | 93.6348 16.5493 3
P05556 ITGB1 1 2 88356 | 5.0977 | 93.2954 13.9098 0
Q659C4 LARP1B 1 2 105257 | 7.3638 | 93.0454 18.1619 1
Q6UUV9 CRTC1 1 2 67258 | 5.5986 | 92.8684 | 19.4006 1
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
P21757 MSR1 1 1 49730 | 5.5298 | 92.8621 21.9512 2
Q9Y6K1 DNMT3A 1 4 101793 | 6.1421 | 92.6285 22.1491 5
Q9ULX3 NOB1 1 1 46645 | 6.7632 | 92.4049 10.4369 0
Q8TDM6 DLG5 1 4 213733 | 7.0547 | 92.3485 14.5909 4
Q8N5Y?2 MSL3 1 1 59786 | 8.2324 | 92.2797 21.3052 0
043353 RIPK2 1 2 61156 | 6.6504 | 92.2629 21.1111 0
QINXZ1 SAGE1l 1 2 99162 | 6.0117 | 92.2428 34.4027 9
Q05516 ZBTB16 1 2 74225 | 6.0044 | 91.8549 26.003 3
Q5TCY1 TTBK1 1 2 142649 | 5.313 | 91.8528 20.5905 2
Q86UP2 KTN1 1 1 156178 | 5.3657 | 91.5069 21.8865 7
095243 MBD4 1 1 66009 | 9.022 | 90.6948 22.4138 2
P21802 FGFR2 1 1 91965 | 5.5034 | 90.509 21.9245 2
P50613 CDKY7 1 1 39013 | 8.6133 | 90.4937 19.3642 0
P02771 AFP 1 1 68633 | 5.3569 | 90.4168 27.422 1
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
Q86SQ7 SDCCAGS 1 1 82630 | 5.4814 | 90.3357 20.3366 1
Q8IW35 CEP97 1 1 96920 | 4.7314 | 90.2387 14.2197 1
Q9HATT CARS2 1 1 62184 | 8.3335 | 89.3456 16.4894 2
P53990 IST1 1 1 39725 | 5.0376 | 89.2855 15.6593 1
Q13308 PTK7 1 2 118316 | 6.6606 | 89.1077 16.3551 3
Q8NIT8 KRI1 1 3 82547 | 4.8721 | 88.9243 21.1949 0
Q81XJ9 ASXL1 1 4 165328 | 5.7861 | 88.8944 16.8722 3
QB8NG66 NEK11 1 2 74144 | 4.8105 | 88.6328 12.8682 3
Q9P2R3 ANKFY1 1 2 128318 | 5.6572 | 88.5054 15.9966 2
Q16322 KCNA10 1 2 57748 | 4.6538 | 88.3249 22.3092 1
Q16566 CAMKA4 1 1 51892 | 5.4829 | 88.2507 23.8901 3
Q8NFU7 TET1 1 2 235159 | 8.1401 | 88.181 20.1311 0
Q12860 CNTN1 1 1 113249 | 5.5137 | 88.1695 11.4931 1
P31513 FMO3 1 5 59994 | 7.6919 | 88.1047 | 20.3008 2
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified
level version (Da) Score (%) peptides
Q13200 PSMD2 1 3 100135 | 4.9014 | 87.8968 15.0881 2
Q92539 LPIN2 1 1 99337 | 5.0112 | 87.7142 21.0938 3
Q7Z6E9 RBBP6 1 1 201440 |10.0269| 87.6618 20.3125 3
Q13164 MAPK7 1 2 88331 | 5.502 | 87.2177 8.2108 1
Q96JH7 VCPIP1 1 2 134235 | 6.7632 | 87.0855 22.6678 3
P42356 PI4KA 1 4 236675 | 6.624 87.085 17.2217 9
Q15007 WTAP 1 2 44216 | 4.9321 | 86.3349 13.3838 2
Q92574 TSC1 1 2 129685 | 6.0015 | 86.117 20.3608 3
Q86UG4 SLCO6Al 1 2 79180 8.54 86.1037 9.1794 2
Q9Y3S1 WNK?2 1 4 242522 | 5.7158 | 86.1008 14.8019 9
P28838 LAP3 1 3 56130 | 7.9072 | 85.8162 26.3969 1
P29376 LTK 1 3 91622 | 6.0425 | 85.6682 17.5926 1
Q969X0 RILP2 1 1 23971 | 4.752 | 85.6243 17.5355 0
QouULlI3 HEG1 1 3 147368 | 5.7495 | 85.4348 17.4511 3
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
Q9H4A4 RNPEP 1 2 72549 | 5395 | 85.3819 15.2308 1
Q96DC8 ECHDC3 1 3 32612 | 8.7759 | 85.2111 13.8614 1
Q13237 PRKG2 1 1 87377 | 85371 | 85.1718 10.3675 1
P52756 RBM5 1 2 92096 | 5.8667 | 84.9737 18.8957 5
P39060 COL18A1 1 5 178076 | 5.5957 | 84.595 15.9635 0
P35222 CTNNBI 1 1 85442 | 5.4478 | 84.2516 14.7247 2
Q7L2J0 MEPCE 1 1 74309 | 9.8408 84.23 6.8215 0
Q9UPQ7 PDZRN3 1 2 119521 | 5.6104 | 83.8429 25.8912 3
P63010 AP2B1 1 1 104486 | 5.0552 | 83.7023 16.5422 4
Q86U38 NOP9 1 1 69394 | 6.8818 | 83.6352 10.5346 2
Q2HX14 PTPRD 2 1 214649 | 6.1157 | 83.5474 22.3326 4
P42575 CASP2 1 2 50652 | 6.3501 | 83.5045 12.8319 1
Q9UHB6 LIMAl 1 1 85173 | 6.4043 | 83.2161 20.2899 2
QINXG2 THUMPD1 1 2 39290 | 7.8911 | 82.9256 27.4788 3
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified
level version (Da) Score (%) peptides
Q96PY6 NEK1 1 2 142739 | 5.5723 | 82.7403 13.1955 1
Q7L7V1 DHX32 1 1 84363 | 4.6978 | 82.7129 26.1104 3
Q9UPY3 DICER1 1 3 218541 | 5.335 | 82.6429 18.9906 7
P30041 PRDX6 1 3 25019 | 5.9575 | 82.1063 16.5179 2
P33527 ABCC1 1 3 171480 | 6.6958 | 81.7905 26.6492 8
Q9Y6D6 ARFGEF1 1 2 208633 | 5.4756 | 81.6114 13.2504 5
Q9H2K?2 TNKS2 1 2 126838 | 6.7573 | 81.5997 22.9846 3
Q9BRS2 RIOK1 1 2 65541 | 5.7686 | 81.4463 29.4014 2
094988 FAM13A 1 2 116859 | 6.0352 | 81.3613 21.5054 2
Q9H1R3 MYLK2 1 3 64643 | 6.6182 | 81.1688 20.302 4
Q02880 TOP2B 1 3 183151 | 7.9834 | 81.115 18.5732 8
Q6PJI9 WDR59 1 2 109723 | 7.7593 | 81.034 10.7803 1
Q659A1 ICE2 1 2 109941 | 6.687 | 81.0072 14.8676 5
Q9UGUO0 TCF20 1 3 211639 | 9.2593 | 80.9406 | 19.0816 4
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
Q86X10 RALGAPB 1 1 166691 | 6.3223 | 80.5457 13.3869 2
Q12768 WASHC5 1 1 134200 | 6.5347 | 80.5415 16.9111 2
QI9HT7N4 SCAF1 1 3 139186 | 9.624 | 80.4043 15.7012 1
P08631 HCK 1 5 59561 | 6.2607 | 80.3256 22.0532 1
Q9UHW9 SLC12A6 1 2 127534 | 6.6387 | 80.276 16.5217 4
QI9UK32 RPS6KAG 1 1 83818 | 5.8901 | 80.2571 18.255 1
Q13363 CTBP1 1 2 47505 | 6.293 | 80.1855 6.3636 0
Q02297 NRG1 1 3 70347 | 8.9531 | 79.6975 13.125 0
Q14498 RBM39 1 2 59342 [10.4956| 79.6747 14.5283 3
P49736 MCM2 1 4 101832 | 5.1943 | 79.6692 23.2301 3
Q6DN90 IQSEC1 1 1 108247 | 6.4893 | 79.6411 18.2762 1
Q96N16 JAKMIP1 1 1 73164 | 5.7451 | 79.3457 13.099 2
014929 HAT1 1 2 49508 | 5.3716 | 79.0335 10.5012 0
Q5VT25 CDC42BPA 1 1 197181 | 6.1333 | 79.0071 19.515 5}
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
Q14527 HLTF 1 2 113856 | 8.6982 | 78.9832 16.9475 2
075143 ATG13 1 1 56536 | 4.8032 | 78.631 24.9516 1
Q96192 INSM2 1 3 59454 | 95171 | 78.5612 11.8375 0
Q96PC5 MIA2 1 4 159735 | 4.418 | 78.5396 14.8017 3
Q96Q89 KIF20B 1 3 210498 | 5.3906 | 78.433 22.8571 3
Q13470 TNK1 1 3 72421 | 9.7764 | 78.4307 8.7087 0
P16234 PDGFRA il il 122591 | 4.8779 | 78.2531 24.5179 3
P17980 PSMC3 1 3 49172 | 4.9409 | 78.2464 23.4624 3
P49815 TSC2 1 2 200480 | 6.9302 | 78.1362 18.7604 4
Q72406 MYH14 1 2 227730 | 5.3584 | 78.1136 19.4486 3
Q6AHZ1 ZNF518A 1 2 166675 | 9.6094 | 78.1109 22.1173 4
Q8TEUY RAPGEF6 1 2 179309 | 5.9502 | 77.8389 19.8001 5
Q86VX9 MON1A 1 3 72849 | 8.1167 | 77.8304 13.0368 1
Q8NI08 NCOA7 1 2 106095 | 5.2749 | 77.3996 9.6603 1
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
Q8NFG4 FLCN 1 1 64432 | 5.7876 | 77.3646 12.6079 2
Q8N6Y1 PCDH20 2 2 104853 | 4.7271 | 77.2845 10.3049 1
QINX02 NLRP2 1 1 120437 | 5.6675 | 77.171 8.3804 0
Q9H1H9 KIF13A 1 2 202181 | 5.291 | 77.0296 20.4432 10
P11388 TOP2A 1 3 174275 | 8.9897 | 76.3048 24.6244 10
014645 DNALI1 1 2 29643 | 8.6704 | 76.2981 17.8295 3
Q13464 ROCK1 1 1 158074 | 5.5488 | 76.097 25.4062 5
Q8NC51 SERBP1 1 2 44938 | 9.1304 | 75.7064 17.402 1
Q15833 STXBP2 1 2 66410 | 6.0908 | 75.5149 26.4755 2
Q5U528 AGBL2 1 2 104127 | 9.1758 | 75.4888 19.4013 3
QS5T6FO0 DCAF12 1 1 50485 | 9.3018 | 75.3102 24.0618 1
P51168 SCNN1B 1 2 72611 | 5.8564 | 75.2133 13.2813 1
P29322 EPHAS8 1 2 110931 | 7.9336 | 74.748 18.9055 4
P51784 USP11 1 3 109747 | 5.1313 | 74.7475 23.053 3
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
Q13129 RLF 1 2 217812 | 6.3076 | 74.2323 19.0178 8
P78310 CXADR 1 1 40004 | 7.4355 | 74.0766 18.9041 0
094993 SOX30 1 1 81803 | 6.9741 | 73.9393 17.3971 0
Q9UNF1 MAGED?2 1 2 64914 | 9.7148 | 73.9392 18.3168 4
Q8WU20 FRS2 il 4 56994 | 5.5605 | 73.9183 | 15.5512 0
Q96T88 UHRF1 1 1 89756 | 7.3579 | 73.8877 25.599 4
Q16643 DBN1 1 4 71385 | 4.2026 | 73.8755 18.0277 0
P13497 BMP1 1 2 111177 | 6.457 | 73.8433 17.7485 2
Q9UHB7 AFF4 1 1 127381 | 9.6855 | 73.8297 26.7412 5
P51617 IRAK1 1 2 76488 | 6.1685 | 73.785 15.4494 3
Q08378 GOLGA3 1 2 167251 | 5.1724 | 73.6366 24.2991 9
Q92932 PTPRNZ2 1 2 111202 | 5.4478 | 73.6156 22.4631 1
Q96QB1 DLC1 1 4 170484 | 5.9458 | 73.4268 17.6702 4
Q92499 DDX1 1 2 82379 | 6.813 | 73.4256 16.3514 2
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
075132 ZBEDA4 1 2 130238 | 6.3691 | 73.4009 17.848 2
ASMWYO0 ELAPOR2 1 2 113767 | 5.6748 | 73.2265 12.828 2
014511 NRG2 1 1 91621 | 9.5933 | 73.2158 11.6471 0
Q9UNT9 SOX13 1 3 69184 | 6.2505 | 73.1384 30.0643 2
A2A2Y4 FRMD3 1 1 68728 | 5.9429 | 72.9831 24.9581 3
Q8WUJ3 CEMIP 1 2 152900 | 7.6699 | 72.7419 13.7399 3
Q6ZN16 MAP3K15 1 2 147344 | 5.291 | 72.5141 16.9078 3
P42679 MATK 1 1 56433 | 8.9634 | 72.4643 13.8067 1
Q8TDO06 AGR3 1 1 19158 | 8.1855 | 72.1549 24.0964 0
Q9BYT3 STK33 1 1 57794 | 6.6226 | 72.091 20.2335 2
Q14296 FASTK 1 1 61065 |10.1323| 71.8454 8.561 0
Q13547 HDAC 1 1 55067 | 5.1636 | 71.7727 20.9544 3
P21675 TAF1 1 3 214577 | 4.7637 | 71.7177 13.7348 6
P28799 GRN 1 2 63499 | 6.394 | 71.2697 14.8398 1
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
Q9UBC3 DNMT3B 1 1 95690 | 8.3672 | 71.1975 21.5709 7
Q6ZN28 MACC1 1 2 96577 | 6.4365 | 71.1013 21.1268 5
Q16620 NTRK2 il il 91939 6 70.8246 28.5888 4
075923 DYSF 1 1 237142 | 5.3042 | 70.672 16.8269 6
Q7L1V2 MON1B 1 1 59180 | 5.8447 | 70.6059 11.883 0
Q16696 CYP2A13 1 3 56651 | 9.6138 | 70.2214 14.5749 1
060237 PPP1R12B 1 2 110336 | 5.3833 | 70.2163 16.0896 2
Po8174 FGD1 1 2 106494 | 6.123 | 70.1909 10.0937 0
Q8WW38 ZFPM2 1 3 128077 | 6.0088 | 69.7057 18.3319 3
Q13459 MYO9B 1 3 243247 | 8.8989 | 69.6954 15.9481 6
P01127 PDGFB il il 27266 | 9.4131 | 69.5747 18.2573 0
F8WDO03 HYDIN 4 1 81515 | 5.8916 | 69.5517 21.2414 4
P12645 BMP3 1 2 53338 | 9.9185 | 69.3779 28.6017 2
Q8WYB5 KAT6B 1 3 231231 | 55913 | 69.326 12.9281 3
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
015164 TRIM24 1 3 116757 | 6.7017 | 69.2323 19.1429 3
Q96JG6 YPS50 1 3 111103 | 5.7847 | 69.1635 20.7469 2
P51532 SMARCAA4 1 2 184529 | 7.7856 | 69.1407 14.5719 4
PODMS8 ADORAS 1 1 36160 | 8.9634 | 69.0583 0.7484 0
Q149M9 NWD1 1 3 174440 | 6.2725 | 69.0296 28.0691 3
QI9NZM1 MYOF 1 1 234558 | 5.7642 | 68.1271 15.5264 4
Q8I1XI2 RHOT1 1 2 70739 | 5.8271 | 68.0672 14.7249 0
P35916 FLT4 il 3 152660 | 5.8623 | 67.7283 | 28.4666 3
Q92834 RPGR 1 2 113315 | 45952 | 67.636 20.7843 6
015055 PER2 1 2 136493 | 6.0146 | 67.6306 12.4303 3
Q81X12 CCAR1 1 2 132738 | 5.4272 | 67.439 12.7826 1
Q69YN4 VIRMA 1 2 201897 | 4.7124 | 67.4177 17.7152 3
Q13705 ACVR2B 1 3 57686 | 5.3511 | 67.2413 24.0234 4
AOAQ097ZMP4 | CUX1-RETc 2 1 74228 | 5.7964 | 66.831 14.2195 2
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
Q81X15 HOMEZ 1 2 61202 | 4.6685 | 66.7939 9.6364 1
QONWMO SMOX 1 1 61780 | 5.1475 | 66.7614 17.1171 2
P06213 INSR 1 4 156232 | 5.7744 | 66.5861 24.7467 6
Q8N163 CCAR2 1 2 102837 | 4.9673 | 66.5186 9.5341 0
Q8NEC7 GSTCD 1 2 71032 | 7.6274 | 66.008 15.7978 0
Q8N5R6 CCDC33 1 3 107149 | 6.3105 | 65.9196 22.1294 2
Q76176 SSH2 1 1 158115 | 5.1123 | 65.865 20.2389 5
QS5TONS FNBP1L 1 3 70021 | 6.1787 | 65.7513 26.281 3
Q9BQS8 FYCO1 1 3 166878 | 4.6685 | 65.4889 25.8457 7
P19474 TRIM21 1 1 54135 | 5.9429 | 65.2934 17.8947 1
Q92597 NDRG1 1 1 42807 | 5.4111 | 64.9374 10.1523 0
Q6R2W3 SCAND3 1 1 151569 | 6.2725 | 64.9287 22.6415 4
Q9BY21 GPR87 2 1 41408 | 9.6636 | 64.8825 14.5251 1
Q96S15 WDR24 1 2 88150 | 6.0439 | 64.8664 16.962 3
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
Q9Y6D5 ARFGEF2 1 3 201908 | 5.8916 | 64.8288 15.8543 5
015091 PRORP 1 2 67272 | 8.9033 | 64.6878 14.7513 0
P49746 THBS3 1 1 104134 | 4.2363 | 64.551 11.6109 1
AOAOABKS8C2 | URLC7 2 1 13241 |12.1333| 64.4751 28.4553 0
Q96R06 SPAG5 1 2 134337 | 4.7476 | 64.2606 13.1601 3
P46940 IQGAP1 1 1 189132 | 6.041 | 64.2427 14.6651 6
Q15643 TRIP11 1 3 227445 | 5.0112 | 64.1944 22.5872 7
Q8TD19 NEK9 1 2 107100 | 5.3906 | 63.9612 23.3912 6
P12757 SKIL 1 2 76926 | 6.709 | 63.8732 29.386 4
Q86U86 PBRM1 1 1 192823 | 6.4424 | 63.777 19.4198 11
Q16659 MAPKG6 1 1 82628 4.73 63.7154 19.1401 3
Q14160 SCRIB 1 5 174807 | 4.8164 | 63.6211 9.9387 1
B7Z7E5 FLJ58703 2 1 60672 | 9.4673 | 63.5718 33.2724 4
P00749 PLAU 1 3 48491 | 8.3291 | 63.5604 17.4014 1
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
Q72271 TICRR 1 2 210723 | 8.8828 | 63.5181 18.8482 4
Q13619 CUL4A 1 3 87624 | 8.146 | 63.4503 19.2358 3
Q9BPY3 FAM118B 1 1 39474 | 55723 | 63.3311 26.7806 1
QINRM7 LATS2 1 2 120060 | 8.1563 | 63.3165 14.614 1
Q13191 CBLB 1 2 109380 | 7.7388 | 63.2524 11.0998 0
Q8N1T3 MYO1H 1 2 118961 | 9.3032 | 63.1317 15.6977 1
Q14145 KEAP1 1 2 69620 | 5.981 | 63.1262 26.2821 3
060524 NEMF 1 4 122877 | 5.9194 | 63.0561 17.1933 4
P35968 KDR 1 2 151430 | 5.4902 | 62.9106 22.5664 8
Q07912 TNK2 1 3 114496 | 6.8452 | 62.903 17.052 3
Q96PK6 RBM 1 4 69448 | 9.8042 | 62.7118 9.417 0
Q9Y6Q9 NCOA3 1 1 155194 | 7.1455 | 62.6569 24.7191 5
Q96S52 PIGS 1 3 61617 | 6.0308 | 62.4311 9.9099 1
Q52LW3 ARHGAP29 1 2 141973 | 6.3003 | 62.3342 23.5527 5}
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
QOH7Z7 PTGES2 1 2 41916 | 9.4072 | 62.2539 27.0557 2
Q6UXHS8 CCBE1 1 1 44074 | 7.4106 | 62.0978 12.069 1
P40227 CCT6A 1 3 57987 | 6.2241 | 61.9469 20.904 3
Q9H4B4 PLK3 1 2 71584 | 9.3589 | 61.4301 20.1238 4
Q12931 TRAP1 1 3 80059 | 8.2852 | 61.3725 19.0341 3
Q96L96 ALPK3 1 3 180558 | 6.1274 | 61.3472 17.478 2
Q53GL7 PARP10 1 2 109930 | 4.7168 | 61.2608 17.1707 5
Q5VVe7 PPRC1 1 1 177433 | 6.0718 | 61.1381 11.6587 0
P18074 ERCC2 1 1 86854 | 6.7324 | 61.0118 16.4474 1
A7TKAX9 ARHGAP32 1 1 230383 | 6.2666 | 60.3869 18.8788 7
Q96SN8 CDK5RAP2 1 5 214903 | 5.2954 | 60.3519 15.1083 5
060477 BRINP1 1 2 88703 | 8.9575 | 60.3397 25.7556 2
Q02763 TEK 1 2 125749 | 6.4468 | 60.3324 15.2135 2
095835 LATS1 1 1 126789 | 8.8726 | 60.1441 15.3097 5}
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified
level version (Da) Score (%) peptides
Q9BZF3 OSBPL6 1 1 106238 | 6.4775 | 59.8919 23.8758 3
Q86V15 CASZ1 1 4 189947 | 6.5815 | 59.7671 18.249 5
Q8IWX8 CHERP 1 3 103637 | 9.2593 | 59.7431 11.2445 2
P35228 NOS2 1 2 131033 | 7.8091 | 59.6576 14.3105 2
043303 CCP110 1 3 113352 | 8.7935 | 59.6359 20.8498 4
P07333 CSF1R 1 2 107915 | 5.9063 | 59.5431 10.5967 3
Q8IZA0 KIAA0319L 1 2 115585 | 5.6353 | 59.5288 15.3479 1
Q8TATS NEIL3 1 3 67725 | 9.126 | 59.3997 20.1653 3
P16615 ATP2A2 1 1 114682 | 5.0522 | 59.3595 12.572 2
Q58F21 BRDT 1 4 107886 | 9.2842 | 59.2595 19.3242 3
QoULWO TPX2 1 2 85600 | 9.6387 | 59.2207 11.3788 0
Q96KR6 FAM210B 1 2 20411 |10.8442| 59.1766 11.4583 1
Q6T4R5 NHS 1 2 179024 | 6.394 | 59.1487 11.6899 0
pP27708 CAD 1 3 242827 | 5.9927 | 58.9152 15.5955 6
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Accession no Gene Evidence | Sequence mwW |Pl(pH)| PLGS Coverage | Modified

level version (Da) Score (%) peptides
Q09013 DMPK 1 3 69341 | 4.7329 | 58.8585 18.7599 2
Q9Y219 JAG2 1 3 133277 | 5.4316 | 58.7748 8.7237 0
QINS56 TOPORS 1 1 119124 | 9.7969 58.73 10.1435 1
095803 NDST3 1 1 100837 | 7.9907 | 58.6112 4.2383 0
Q8TE59 ADAMTS19 1 2 133960 | 7.3462 | 58.4964 | 13.5046 3
GS5EAO03 LIMCH1 1 1 164336 | 5.9312 | 52.9718 13.6333 2
W0S1J7 Pe7Fel4 2 1 96217 | 4.3857 | 48.9289 15.035 3
Q9Y238 DLEC1 1 2 195558 | 5.8872 | 43.4596 11.0541 6
FBVUATY OSBPLS8 1 8 79003 | 6.3311 | 41.4498 13.5447 1
P16591 FER 1 2 94577 | 6.731 | 29.2282 18.6131 7

This table summarizes key peptide properties, demonstrating the molecular weight, isoelectric point, sequence coverage, and any post-

translational modifications identified in the LC-MS analysis.
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Chapter - 5

SIGNIFICANCE OF STUDY

The exploration embarked upon in this study ventures into the very heart of one of
humanity's most formidable adversaries: lung cancer. As the second most prevalent
affliction worldwide, trailing only behind cardiovascular disease, lung cancer exacts
a staggering toll on global health. Conventional therapeutic modalities, though
valiant in their efforts, grapple with formidable limitations. These incumbents,
fraught with adverse effects and prone to engendering remission and resistance,

underscore the pressing imperative for pioneering treatments.

In response to this clarion call for innovation, this research unveils the potential of
two novel agents, Diosmin and Hesperidin, as heralds of a transformative era in lung
cancer therapy. Positioned as ROS1 and EGFR inhibitors, their emergence onto the
stage of medical intervention heralds a paradigm shift of monumental proportions.
Leveraging a tapestry of advanced computational methodologies, spanning from in-
silico molecular docking to rigorous in-vitro investigations, this inquiry orchestrates
a symphony of analysis elucidating the therapeutic prowess of Diosmin and

Hesperidin.

Central to this endeavour is the intricate choreography of molecular docking, a ballet
of molecular interaction wherein ligands pirouette into the receptive embrace of
target receptors. Through the auspices of esteemed algorithms such as GOLD and
GLIDE, this ballet attains an unparalleled precision and fidelity, furnishing a scaffold

upon which future therapeutic innovations may ascend.

Yet, the tapestry of discovery is interwoven with the threads of pharmacokinetic
exigency, wherein the symphony of drug development finds its rhythm. Factors as
profound as the role of Pgp in hepatic metabolism and the adherence to Lipinski's
rule for pharmacokinetic favourability are meticulously honoured, ensuring that the

journey from bench to bedside remains steadfast and efficacious.

In the crucible of molecular dynamics simulations, the ligand-receptor complex

emerges not as static entities, but as dynamic landscapes sculpted by the tempestuous
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winds of solvent dynamics. Here, the essence of molecular interaction unfurls in all
its complexity, bestowing upon the investigator a vista of insight into the fluid

dynamics that govern therapeutic efficacy.

Yet, it is not solely within the ethereal realms of computational analysis that the
significance of this study is rendered manifest. In the crucible of the laboratory,
amidst the clatter of glassware and the hum of instrumentation, Diosmin and
Hesperidin emerge as stalwart sentinels, wielding their potency against the insidious

machinations of lung cancer.

In this synthesis of computational ingenuity and experimental validation, this
research bequeaths not mere theoretical conjecture, but tangible hope to those
confronting the harrowing spectre of lung cancer. It stands as a beacon, illuminating
the path towards a future wherein targeted therapies usher in a new era of efficacy

and compassion in the battle against this formidable foe.

In its totality, this study transcends the realm of mere scientific inquiry; it is a
testament to human resilience, ingenuity, and unwavering determination in the face
of adversity. It heralds a future wherein the shadows of lung cancer are dispersed by

the radiant light of discovery, beckoning forth a new dawn of healing and hope.

From a societal perspective, this research addresses a pressing global health
challenge, offering a pathway to more affordable, accessible, and effective treatments
for LC. By leveraging naturally occurring compounds with proven health benefits,
this study aligns with the growing demand for safer, nature-inspired therapeutics,

making it a valuable addition to cancer research and treatment paradigms.
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ARTICLE INFO ABSTRACT

Keywords: Investigators were continuously creating novel nanotechnologies to address unmet requirements throughout the

Lipid based Nanopartcles administration of therapeutic medicines & imaging agents for cancer treatment & diagnostics, appropriately.

Tumour LNPs(Lipid nanoparticles) are legitimate particulates (approx. 100 nm in size) gathered from various lipid as well

Clinical trials . : . . ; : : : . : ;

L as other biochemical compounds which overall functionality to resolve biological barriers (biobarriers), allowing
iposomes

LNPs to selectively collect somewhere outside of disease-target cells again for responsive therapeutics. Most
pharmaceutically important compounds were insoluble throughout water solutions, were chemical & physio-
logically unstable, or have toxicities. Among the most potential drug carrier for bioactive organic compounds is
LBNPs (Lipid based nanoparticles) technologies. Its present use in chemotherapy have transformed treatment for
cancer by increasing the antitumor effect of a number of chemotherapeutics. Because they may be created using
naturally occurring sources, LBNPs have great temporal and thermal stability, maximum load potential, simplicity
of preparations, cheap manufacturing costs, & big manufacturing output. Furthermore, combining chemothera-
peutic drugs with LNPs reduces active therapeutic dosage and toxicities, lowers treatment resistance, & raises
drug concentration in tumour cells while reducing concentrations in normal tissue. LBNPs were widely studied in
cancer treatment, both in vitro and in vivo, with encouraging outcomes in certain clinical trials. This study
provides an overview of the many types of LBNPs which have been created in latest years and their applications
and contributions in different types of cancers.

Solid lipid nanoparticles

1. Introduction

Tumour is a category of illness that are explained as irregular cell
development with ability to spread toward other cells or areas of the
body. It is among the biggest killers, of over 100 distinct forms of
cancer [1]. Inside the undeveloped nation, diseases like H. pylori, hbv,
hep C, hpv infection, Epstein—Barr viruses, and HIV cause 15% of
malignancies [2]. Those variables function, at least in part, through
altering a cell's genes. Many genetic alterations are often necessary
before cancer starts [3]. Cancers are caused by inherited genetic

abnormalities in 5-10% of cases [4]. Various indications & indicators,
as well as medical tests, can help identify malignancy. It would then
be generally explored forward with diagnostic imaging & verified with
a biopsy [5]. During 2015, around 90.5 million individuals were
diagnosed with cancer [6]. Annually, nearly 18 million new cases are
recorded in 2019 [7]. It was blamed for almost 8.8 million deaths each
and every year [8]. Lung cancer, prostate cancer, colorectal cancer,
and stomach cancer are the most prevalent kinds of cancer in men [9].
Breast cancer, colorectal cancer, lung cancer, and cervical cancer are
the most prevalent kinds of cancer in women [10]. Skin cancers other
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than melanoma would account for around 40percent of new cases of
cancer per year if total new cancer cases had been included [11, 12].
Acute lymphoblastic & brain cancer seem to be the most frequent in
youngsters, other than in African, wherein non-Hodgkin cancer is
more frequent [13].

"Fat" seems to be another term for "lipid." The lipids seem to be a
material which is unable to dissolve insoluble in h2o but having
ability to dissolve in alcoholic, (C2H5)20, & chcl3 [14]. Lipids were
essential components of human cells. Lipids, along with Cx (H20)y &
proteins, were its primary components of plant and animal cells.
Triglycerides and cholesterol are both lipids. Lipids are rapidly ach-
ieved and retained within system. It serves as an energy reference and
is an important component of cell composition. Lipids include fatty
acids, neutral fats, waxes, and steroids (like cortisone). Compound
lipids include lipoproteins, glycolipids, and phospholipids (lipids
complexed with another type of chemical molecule). Lipids are
sometimes defined as aquaphobic or amphipathic small molecules;
the amphiphilic characteristic of certain lipids enables us to build
formations in an aqueous environment like vesicle, large uniflagellar
liposomes, or membrane. Biological lipid is made up of two types of
biochemical subunits or "building blocks" ketoacyl and isoprene
groups. Structure of SLN, Liposomes and Lipid Emulsion are shown in
Figure 1.

Because of their biocompatibility as transporters, lipids have gotten
a lot of attention since the beginning of the pharmacological era. They
have little oral absorption due to their highly hydrophobic nature
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[15]. As a consequence, the desire to extend the range of applications
for such carriers was unsatisfactory, and they're not employed in
propulsion systems till 1900, while they were encased into colloidal
delivery systems [16, 17, 18, 19]. Lipid nanoparticles (LNPs) were
seen to be better beneficial than polymeric nanoparticles in the crea-
tion of nanoparticle-based delivery systems, and they've been widely
employed for drug delivery [20]. Because LNPs are made from phys-
iologic and/or biodegradable lipids, these lipid-based carrier systems
are also referred to as “Nano safe” carriers [21]. The very well LNP
synthesis is solid lipid nanoparticles (SLNs), that were created in the
early 1990s [22]. Because of the various benefits of prior carriers like
emulsifiers, liposomes, & polymeric nanoparticles, that delivering
method was introduced [23]. The feasibility of the production pro-
cedures and levelling-up process, the GRAS (generally recognised as
safe) quality of all formulations, and the lack of polar compounds are
the characteristics that distinguish SLNs from liposomes [24].

Tumor nanotechnology has now been created as a potential cancer
therapeutic method for antitumor drug delivery [25]. Nanoparticles have
diameters ranging from 1 to 1000 nm and boost therapeutic bioavail-
ability as well as anticancer drug specificity [26]. Numerous nano-
particles (NPs) and nanotech methods to cancer treatment have recently
been presented shown in Figure 2. Because of their distinctive optical
characteristics, broad excitation spectrum, and overly limited symmetric
intensity distribution, semiconductor quantum dots (QDs) may now be
used as a flexible material system with tremendous promise for biological
applications. Semiconductor QDs are an exciting new class of

Solid lipid(s)
Active pharmaceutical
ingredient(s)

A. Solid Lipid Nano particles

B. Liposome

C. Lipid Emulsion

Figure 1. The overall arrangement of solid lipid nanoparticles, which have benefits over liposomes and lipid emulsions, is represented schematically. Adopted

from [80].
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Figure 2. Various Nanotechnology based tools utilized in treatment of cancer. Adopted from [81].

fluorescence components. They are employed in bioimaging, biolabeling,
and biosensing applications. QDs have a greater impact than ordinary
fluorophores. They are brighter, have more fluorescence intensity
controllability, and are less photobleached. Different colored QDs may be
excited by a single source of light and have broad absorption and narrow
emission spectra. The aforementioned QDs appear to be the best alter-
native for screening cell receptors. To generate effective fluorescence
probes, the surface of QDs must be changed utilising various biological
substances [27].

Among the various nano formulations utilised in cancer shown in
Figure 2., we emphasize those based on lipid formulations since sub-
stantial breakthroughs in preparation and alternative compositions have
been realised in recent decades. Chemical changes to lipid nano systems
can be used to evade immune system detection or to increase medication
availability. These could also be manufactured in pH-sensitive compo-
sitions to increase release of the drug in an acidic condition, and they can
be coupled along antibodies those detect tumour cells & their receptor
like (FoA) folic acid [28]. Nano drugs can potentially be utilised in
conjunction with other treatment approaches to increase patient ‘s
response.

Numerous antitumour drugs, including cisplatin, irinotecan (IRI),
paclitaxel (PTX), doxorubicin (DOX), oxaliplatin, daunorubicin, cytar-
abine, and vincristine, have already been analysed in nano formulations,
and some were investigated in clinical studies and/or are commercially
present for their clinical utilization [29]. In fact, first commercially uti-
lised anticancer drug NanoSystems was Doxil®, a liposome formulation
containing DOX. provides an overview of the many types of LBNPs
(Figure 3) which have been created in latest years and their applications
and contributions in different types of cancers.

2. Solid lipid nanoparticles

These are hard sized ranged between 1-1000nanometer. The size of
particles mostly between 150-300nanometer. SLNs are solid, sub-
micronic colloidal nanocarriers with a size range of 1e1000 nm. The
particle size is mainly between 150 and 300 nm. Such delivery of drugs
methods, like polymeric nanoparticles, provide a framework for regu-
lated releases [30]. Their solid matrix of SLNs allows them to restrict
medication motility & offer better stabilization, allowing them to
combine the benefits of polymeric nanoparticles, liposomes, and
micronized emulsifiers [31]. Moreover, tests show that SLNs were highly
advantageous in a variety of aspects (Figure 4), such as the prevention of
utilising organic solvent while manufacturing, possible scaling [32], as
well as the inclusion both of lipophilic and hydrophilic medicines in
significant quantities [33]. SLNs are created by replacing a solid lipid or
even a combination of solid lipids for the liquid lipid (oil) in the structure
of an oil in water emulsion. One important feature of SLNs is that they
have been solid at both room as well as temperature of body [34]. Such
drug transport systems are composed of 0.1-30% (w/w) solid lipid
dispersed in an aqueous medium. SLNs are typically composed of solid
form lipid such as higher purity of triglycerides, free fatty acids, free fatty
alcohols, complex glyceride blends, and even wax (typically well-known
physiologic lipids) [35]. It is also feasible to use more complicated
structures [36].

2.1. Limitations of SLN and way to overcome

Although SLNs are most often made up of solid lipid, degradation and
instability may become a concern. Factors that must be considered are
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E. NANOSTRUCTURED LIPID CARRIERS (NLC)

Figure 3. Lipid based nanoparticles showing A) LIPOSOMES, B) LIPID NANOEMULSIONS C) LIPID NANOPARTICLES, D) SOLID LIPID NANOPARTICLES,

E) NANOSTRUCTURED LIPID CARRIERS. Adopted from [83].

including high pressure-induced drug degradation, the coexistence of
different lipid modifications and colloidal species, the minimal drug-
loading potential, and the kinetics of delivery process.

2.2. High pressure-induced drug degradation

Molecular size & structure are the primary causes of drug degra-
dation, and high pressure homogeneity has also been shown to reduce
polymeric molecular weight. High molecular weight composites or
chain length elements are much more vulnerable than low molecular
compounds with a spherical form, despite the fact that several studies
show that high-pressure homogenization-induced drug degradation is
not a concern for the overwhelming bulk of bioactive metabolites.
Nevertheless, large molecular weight chemicals such as DNA, albu-
min, and dextrose are particularly vulnerable to breakage; hence, a
separate approach must be used to integrate these elements into
SLNs.

2.3. Lipid crystallization and drug incorporation

A further critical factor to take into account is lipid crystallisation. For
past decade, researchers have been studying the relationship among lipid
alteration and medication administration. The study of lipid changes is
well known. The majority of the methods rely on X-ray and differential
scanning calorimetric measurements. Nevertheless, the majority of the
information has come from studies on huge quantities lipids. Due to the
obvious nanosize of the carrier and the huge number of interface active
participants needed to maintain the colloidal lipid dispersal, the effec-
tiveness of SLNs may vary significantly. As a result, lipid crystallisation
and drug inclusion have an impact on lipid particle properties. The
following important considerations must be taken into consideration
while discussing drugs capture within SLNs: (1) the occurrence of super-
cooled melts; (2) the occurrence of multiple lipid alterations; (3) the
morphology of lipid nanodispersions; and (4) gelation processes.

2.4. Several colloidal species coexist
The cohabitation of numerous nanoparticles within SLNs has received

little attention from researchers, despite the fact that it is a crucial aspect
to address. Surfactants are incorporated on both the lipid surface and the

interior. In glycocholate/lecithin stabilised and related systems, hetero-
geneous micelles must be acknowledged. Because micelles, combined
micelles, and liposomes are known to dissolve pharmaceuticals, they can
be used as alternative therapeutic inclusion targets. The presence of
various heterogeneous entities alone is insufficient to characterize the
structure of colloidal lipid phase separation, because dynamic processes
are critical for drug stabilization and releasing. As a result, the kinetics of
distribution processes must be taken into account. For illustrate, hydro-
lytic medications will degrade quicker in water dissolved & interface
localised compounds than in lipid compounds.

The rates of breakdown will be regulated by: (1) the medication's
chemical nature, and (2) the drug concentration in the aqueous phase or
at the lipid/water boundary. Volatile medications will undergo hydro-
lysis quickly when they come into touch with liquid, causing the drug's
dispersion balance between various habitats to be disrupted. Carriers are
only beneficial if they prohibit the medication from being redistributed.
Naturally, enhancing the matrix thickness reduces the diffusion coeffi-
cient of the medication inside the transporter, hence SLNs are projected
to outperform lipid nanoemulsions. To create an effective delivery
mechanism, comprehensive transparency about bits' in vitro and in vivo
destiny must be provided.

3. Nanostructured carriers of lipid (SLN & NLC)

Although their protection and effectiveness, SLNs have many major
disadvantages, including higher moisture concentration (70-99.9%),
poor drug content owing to crystalline form, drug ejection while pres-
ervation, and potential polymorphism transitions and particles devel-
opment while storing. As a result, changes to the Solid Lipid
Nanoparticles organization are necessary to reach these constraints.
Ongoing research led to development of a "2nd gen" of LNPs at the mil-
lennium's turn: the NLCs [37]. Following that, Dr. Rimpler's (Wedemark,
Germany) developed the very first NLC concepts: Nano repair Q10 cream,
Nano repair Q10 serum, and Chemisches Laboratorium's Nano lipid CLR
Restore (Berlin, Germany). With numerous possible applications as well
as a brief period among discovery & commercial launch, Solid Lipid
Nanoparticles will be at the leading edge of nanotechnology innovation
[38]. The existing information suggests that SLNs & NLCs were ideal for
the integration of lipophilic substances, despite the fact that drug loading
with aquaphilic molecules is rather modest [39]. Early research on the
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topic shows that only very powerful aquaphilic medicines with modest
quantities of efficacy could be fully incorporated throughout the solid
lipid matrix [40].

4. Medical applications of SLN
4.1. Cancer chemoimmunotherapy

Tumour chemoimmunotherapy would be a medication which com-
bines all beneficial effects of chemotherapeutic with immunotherapeutic.
Chemo usually entails use of such traditional cytotoxic medicines as well
as new molecularly targeted treatments. Immunotherapy, on the other
hand, is a relatively new kind of cancer treatment which employs the
sufferer's native immune system to fight cancer cells. It includes the
Immune checkpoint inhibitors, adoptive cell therapy, cancer vaccina-
tions, & cytokine therapies are all being used.

4.2. Nanoparticles based on lipids in cancer immunotherapy

Due to specific benefits, nanotech has received a lot of interest in
cancer therapy [41]. Nanoparticle, in illustration, such as Polymeric

micelles, lipid-based nanoparticles, gold nanoparticles, and inorganic
nanoparticles are all examples of nanoparticles, are frequently employed
to transport therapeutics including small molecules (either hydrophilic
or hydrophobic), protein, & heredity materials for chemotherapeutic
agents. Those nanomaterials can transport therapeutic drugs to certain
cells via passively focusing techniques like the EPR impact or active
targeting techniques like specific ligand [42].

Lipid-based nanoparticles, in particular, have appealing pharmaco-
logical & multifunctional properties, such as bio-compatibility, bio-de-
gradability, as well as the potential to intimidate both aquaphilic and
aquaphobic therapies [43, 44, 45]. Furthermore, the surface character-
istics of lipid-based nanoparticles may be readily changed by changing
the lipid components or altering the surface. Presently some of that are
under preclinical trails such as hybrid lipid-based nanoparticles, nano
discs, & liposomes, some of these are given in Table 1.

4.3. Liposomes

Liposomes are nanosized particles composed largely of cholesterol
and phospholipids that have proven improvements in bio-compatibility
and increased directed payloads distribution with little harm. With its
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Table 1. Lipid based nanoparticles in clinical trials.

Composition Chemotherapy Immunotherapy Type of Cancer Mode of References
Operations

Liposomes

PEGylated liposomes Doxorubicin Alendronate Breast cancer iv. [46]

Charge-reversal cell penetrating Paclitaxel PD-L1 antibody Melanoma iv. [471

peptide-modified liposomes

pH-responsive liposomes Mitoxantrone Indoximod Breast cancer and renal cancer iv. [48]

Enzyme/pH dual-sensitive micelle- Paclitaxel HY19991 Metastatic breast cancer iv. [49]

liposomes

Hybrid lipid-based nanoparticles

Thermo-sensitive exosome-liposome Docetaxel GM-CSF Metastatic peritoneal carcinoma iv. [50]

hybrid nanoparticles

Lipid-coated calcium nanoparticles Zoledronate Zoledronate Lung cancer iv. [51]

Liposome-coated mesoporous silica All-trans retinoic acid + doxorubicin IL-2 Melanoma iv. [52]

nanoparticles

Nano discs

HDL-Nano disc Doxorubicin aPD-1 Colorectal cancer iv. [53]
Docetaxel Colon Cholesterol modified CpG carcinomas Intra-tumoral [54]

lipid soluble ends, amphiphilic phospholipids self-assemble it into cir-
cular lipid bilayer form, allowing water insoluble medicines to be
enclosed. Water - soluble head of phospholipids, but at the other hand,
form an external surface as well as a watery centre which can contain
aquaphilic substances. Numerous s medicinal compounds can be encap-
sulated into liposomes via charge-charge interactions or interactions
with chemical linkers on the liposomal surface. Liposomes, which allow
for the administering drugs including both lipid and water-soluble
therapeutic drugs while maintaining effectiveness, are one of the most
effective nanotech medications in cancer treatment. Although PEGylated
liposomal DOX (Doxil®) has become the first Food and drug adminis-
tration approved nano-drug in 1995, the FDA has authorised more than
six liposomal medicines to be used in cancer treatment. Liposomes
were used as among the most appealing targeted delivery in chemo-
immunotherapy, building on the success of liposomes in chemo. Lipo-
somes are the first and mostly explored nanocarriers for cancer drug
delivery, which have shown great promise in clinical applications, but
their limited accumulation and penetration into the tumor interstitial
space, significantly reduce the therapeutic efficacy [55].

4.4. Nano disc

Nano discs are a synthetic model membrane system comprised of a
phospholipid bilayer with the hydrophobic edge filtered by two amphi-
pathic proteins are known as membranes scaffolding proteins (MSP). The
MSP in certain nano discs is enhanced apolipoprotein A1 (apoA1), which
would be the primary component of high-density lipoproteins (HDL).
Nano discs have a shape comparable to discoidal HDL, which simulates a
more natural environment then liposomes and micelles. In immuno-
therapy, this biomimicking delivery method appears to be more suc-
cessful. Schwendeman's group completed extensive research on nano
disc-based chemoimmunotherapy. Originally, they created an HDL-
mimicking nano-disc that was attached to draining lymph nodes with a
neoantigen (Ag peptide) and adjuvant (CpG). The nano-disc evoked up-
wards to 47-fold more neoantigen specific CTLs then solubilized vaccines
and 31-fold more than the clinical trial adjunct. Those findings reinforced
a novel potent strategy to cancer immunotherapy [56].

4.5. Nanoparticles based on a hybrid of lipids

Lipid-based hybrid nanoparticles with flexible configurations are
appealing for chemoimmunotherapy. Towards effective therapeutic
dosage, several inorganic nanoparticles with a lipids coating are being
created. Kong et al., created lipid-coated bio-degradable hollow

mesoporous silica nanoparticles ({HMLB) with all-trans retinoic acid
(ATRA) co-encapsulation for chemoimmunotherapy [57]. A lipid
component of hybrid nanoparticles is also being utilised as dosage form
during chemoimmunotherapy. Zhang et al. created TCNs for synchro-
nized bio-distribution & selective administration of SF & IMD-0354 to
cancerous cells & TAMs, accordingly, to improve cancer-localized che-
moimmunotherapy [58].

5. Applications in cancer therapy

Lipid-Based NPs (LBNPs) are a vast and diversified class of nano-
particles that are especially important in BreC therapy [59]. But besides
their diversity, liposomes are widely employed because to their great
biocompatibility and ability to encapsulate a wide range of cargos. LBNPs
are now being employed in a number of studies, and a few of them (for
example, Doxil® or Abraxane®) have previously been licenced for BreC
therapy [6, 38]. This part presents the most recent major breakthroughs
in the use of LBNPs in the treatment of the most common kinds of cancer.

5.1. Bowel cancer

Bowel cancer is a major health concern because of its high death rate
(it is the second leading cause of death) and the recent increase in its
incidence [60, 61]. LBNPs provide a possible method for improving
existing treatments, particularly in advanced colorectal cancer where
chemotherapy (5-FU alone or in combination with other medicines) or
monoclonal antibodies (bevacizumab, trastuzumab, cetuximab) are
ineffective. In comparison to a 5-FU thermosensitive gel-mediated
microemulsion (ME), a thermosensitive gel-mediated 5-FU micro-
emulsion (ME) was able to enhance Caco-2 permeability and cell uptake,
as well as its accumulation in rectal tissue in vivo.

Low et al. [62] created a sophisticated device based on Pickering
emulsions (PE) that consists of a magnetic cellulose nanocrystal loaded
with CUR and is capable of regulated drug release when exposed to an
external magnetic field. In both monolayer and multicellular spheroids,
this approach inhibited the development of HCT116 cells. Furthermore,
Ektate et al. [63] activated macrophages in the tumour environment
using lipopolysaccharide (LPS) from attenuated Salmonella bacteria
coated with DOX-thermosensitive liposomes and high-intensity focused
ultrasonic waves.

Through changes in membrane fluidity, this approach was able to
enhance DOX internalisation and reduce tumour development in vivo.
Liposome characterisation is also being utilised to enhance CRC therapy.
As a result, Moghimipour et al. [64] utilised FoA to enhance 5-FU uptake
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Figure 5. Studying with solid lipid nanoparticles for drug carriers: benefits, present obstacles, and limits. Adopted from [84].

in CT-26 cells, lowering its IC50 & reducing tumour volume. Kaseem
et al. [65] created niosomes containing imatinib mesylate (IM), which
bring down the IC50 of the free drug (16-fold) in HCT-116 cells.

5.2. Stomach cancer

It is the globe's 5th another very frequent malignancy as well as the
major cause of malignancy mortality [ 60,61]. Only stomach malignancy
that has not spread to the lymph nodes could be managed via surgical
removal only. Severe stomach carcinoma, should be managed with
combination chemotherapy, which have significant adverse impacts.
New treatments relying upon nano formulation are currently being
explored to enhance patient responses. Liposomes were broadly applied
in GC therapy, either alone or in combination with compounds including
the Arg-Gly-Asp peptides [66], SATB1 siRNA/CD44 antibodies [67], or in
the formation of DNA complexes [68]. Their use enhanced drug depo-
sition in cancerous cells of any animals grafted with SGC7901 cells
expressing high levels of integrin 51 [66]. Liposomes also exhibited
increased targeting accuracy and were able to suppress SATB1 gene
expression by about 80% in CD44 + GC starting cells [67]. Furthermore,
liposomes recognised peritoneally dispersed GC MKN-45P cells,
decreasing their accumulation in the liver. Initial studies using SLNs in
GC [69] revealed that etoposide (VP16) had increased action in
SGC-7901 cell, increasing inhibition of growth, causing cell arrests in the
G2/M stage (17.13 percent), & triggering mitochondria-involved
apoptotic. Li et al. [70] created an SLN for use in conjunction with in
ATRA and sorafenib as well as miR-542-3p. This method improved the
absorption of both anticancer medicines and had a synergistic activity on
MGC-803 cells.

5.3. Breast tumour

It is the leading cause of mortality in women [60] and is experiencing
significant shifts as a result of the development of NPs, notably in the
treatment of metastatic cancer. Throughout the tolerant MCF-7/ADR
cancer cell, NEs preloaded wit DOX & bromo tetra trandrine (W198,
P-glycoprotein (P-gp) inhibitor) have been examined. That increased
cellular absorption and deposition of DOX in cancer cells. DOX, on the
other hand, reduced stomach & cardiac damage [71]. In contrast,
DOX-liposome-based compositions were evaluated in clinical studies.

PLD in conjunction to lapatinib have been recently utilised in HER2-
positive BreC sufferers (stage Ib) to find the best conjunction including
both therapies at the highest acceptable dosage [72]. Furthermore, a
phase 3 trials of Myocet in combination with cyclophosphamide (CM) or
vinorelbine (MV) in cancer patients BreC has also been established [73].

SLNs are another type of LBNP employed in BreC investigations. Yu
et al. [74] suggested a method for combining PTX & derivatized DNA
delivery with such a pH-sensitive ligand. In vivo, this approach is
responsible for reducing tumour volume while also lowering PTX depo-
sition in all further organs. Furthermore, Garg et al. [75] created a
fucose-methotrexate SLN that accumulated preferentially in tumour tis-
sue just 2 h after treatment, as opposed to free methotrexate, that accu-
mulates throughout the kidney, liver, & spleen.

5.4. Glandular carcinoma

Presently, the primary LBNPs under investigated as potential treat-
ment methods in prostate cancer include NEs, liposomes, and solid-lipid
NPs (SLNs) (PrC). Ahmad et al. [76] recently created an oil-in-water NE
containing a toxoid therapeutic agent linked to an omega-3 fatty acid.
That NE is effective to lessen the toxoid IC50 of PPT2 cell types 12-fold,
enabling for a larger tumour size decrease in tumour-bearing rats than
AbraxaneTM. In PC-3 cells, similar antitumor effects were seen when NE
was loaded with catechin extract (flavanols having anticancer activities)
[77]. Regarding liposomes, 22Rvl PrC cells were treated with
PEG-folate-targeted-oleuropein-liposomes.

In in vivo models, these nanoplatforms enhanced 22Rv1 cell
apoptosis, oleuropein bioavailability, and survival [78]. Hua et al. [79]
also created NPs that contains diversified liposome burdened with
docetaxel and a gold nanorod, demonstrating 100 percent suppression of
PrC cell growing by merge the mode with the use of a radiation.

And there are lots of application in all other types of cancer including
lung cancer, nervous system cancer, liver cancer, pancreatic cancer etc. In
recent years there are lot of modification and newly synthesized nano-
particles are introduced in cancer treatment.

6. Conclusion and future challenges

Lipid Based Nanoparticles are a varied and comprehensive category
of compounds that have been utilised to treat various diseases, most
notably malignancy. Liposomes are now the most often utilised Lipid
Based Nanoparticles because to its excellent biocompatibility & flexi-
bility; although, SLNs as well as NLCs have lately gained popularity.

Nonetheless, studies are just not focused primarily on such Nano-
particles, and there are several papers focusing on novel techniques for
utilising Lipid Based Nanoparticles to heal other kinds of cancer. Some of
it has already progressed towards the next stage & began new careers in
clinical studies.

SLNs and nanostructured lipid carriers have received a lot of interest
in the recent decade as prospective delivery of drugs (nano)systems. One
‘s main benefit may be the utilisation of biomaterial, environmentally
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safe ingredients and techniques of production (Figure 5). It really should
be stressed, however, that prior to mass producible & distribution of
these schemes, rigorous clinical and environmental safety analysis must
be done. The establishment of standardised processes for assessing
possible dangers of nano - materials consumption, as well as the corre-
sponding regulatory environment, is considered necessary. As with other
nanosized drug carriers, melanoma therapy is an important research area
in which SLNs can be used, which might also represent both large level of
funding in the field as well as the appropriateness of nanostructures for
such delivering of cytotoxic drugs, owing to the direct and indirect
attacking prompted by malignant cellular level. Nonetheless, there are
numerous clinical sectors which derive value from using lipid nano-
particles. Regrettably, more research, extra effort & working capital fa-
cilities should be provided for SLN/NLC to be shown therapeutically
effective in real-world circumstances. For said time being, the rarity of
SLNs which have advanced to medical studies suggests that it would be at
least a few years before such innovations approach the national or in-
ternational drug market.
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ARTICLE INFO ABSTRACT

Keywords: Background: From ancient times, India and many other countries have utilised natural products to manage
Diosmetin various illnesses. Because they are abundantly available and have fewer adverse effects than synthetic medi-
uv MEth‘{d . cations, flavonoids are secondary metabolites with diverse biological activities. But till now, no formulations are
glslzraaemanon developed by utilizing Diosmetin and no technique was formulated by utilizing self-biosynthesized Diosmetin
XRD (pure). It is a flavone (subclass of flavonoids) isolated from multiple medicinal plants but, in large amounts, is
FTIR found in citrus plants. They have a variety of biological and pharmacological properties. They also improve
NMR lymphatic drainage by raising the duration and severity of lymphatic compression and the exact number of fully
operational lymphatic capillaries.
Methodology: We have procured Diosmetin from Otto Kemi Pvt. Ltd. and other chemicals from SIGMA chemicals.
Furthermore, the characterisation of selected flavone has been performed through solubility studies and method
development for development and validation by the UV method for nano-formulation.
Result: Diosmetin is pure and soluble in various solvents and has a melting point between 259.14 and
261.84°Celsius, and is more soluble in Acetone, Chloroform, and DMSO, but we have utilised Diosmetin for
Cancer studies, so we have taken it in 5% DMSO for further studies. Diosmetin is stable in DMSO till 20 mg/ml at
room temperature.
Introduction address various health issues. They have different biological and phar-

macological activities and are already found in multiple published data

Since long ago, nature has given us food and herbal medicines for
primary healthcare. However, until around two to three decades ago,
most therapies were entirely based on plant medications. Because herbal
drugs are more readily available and have fewer adverse effects than
synthetic pharmaceuticals, they are more prevalent in today’s medical
system [1,2]. In addition, various plant materials cure multiple illnesses
[3-6]. Natural sources provide approximately 25% of the medications
used in the current healthcare profession. Ancient remedies were uti-
lised for primary healthcare throughout Africa, Asia, and India; a large
segment of the population depends on traditional herbal treatments to

* Corresponding author.

Fields [7-10]. Approximately 7000 flavonoids are identified, and still,
the numbers are increasing.

Diosmetin (DM) is a naturally occurring methylated flavone (Fig. 7).
It has the chemical formula C;6H;20¢6 with a molecular size of 300 g/mol
[11]. Further, it contains three hydroxyl groups in regions 5, 7, and 3’
with a double bond at C2-C3 and 4-carbonyl unit but no C3 hydroxyl
group at ring C. In addition to the 4'-methoxy band in DMT and the 4’-
hydroxyl group in luteolin, the DM molecule is highly comparable to
luteolin. DM is a Diosmin aglycone or DM 7-O-rutinoside [12]. It has
been isolated from a wide range of plant species (Fig. 2) [10,13].
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Fig. 1. Depicts the structure of DM.
As per the existing data, no analytical methods for DM were dis-

closed. So, here in this research paper, we characterise DM and develop
their UV methodology for utilisation in various nano-formulations.

0.6

Results in Chemistry 5 (2023) 100972
Results and discussion

The analytical technique’s uniformity, accuracy, truthfulness,
detection limits (LOD), quantification limits (LOQ), & ruggedness were
all evaluated.

Linearity

Based on the regression analysis model, the calibration curves
(Fig. 2) were straight across the 2-1000 g/ml range of DM
concentrations.

Absorbances versus concentrations were displayed, and linear
regression analysis was carried out on the resultant graphs; correlation
coefficients for DM were estimated to be 0.999, Regression equation: y
= 0.0565x + 0.138, Linearity (pg/mL): 2-1000.

Precision
A statistical test was done to assess the procedure’s repetition. Three

individuals examined the quantity of DM five times on the same day at
one-hour intervals and three times on separate days for intra- and inter-

—8—Abs ----- Linear (Abs\): 0.55es dingar (Abs) 0.5294
R?=0.999 0.476
0.5
0.4236
0.4
0.3
0.1897
0.2
0.1
0

202

Fig. 2. Calibration curve of DM. It is a way to identify the concentration of an unknown substance. These curves use data points of known substances at varying
concentrations, and researchers or developers can use these curves to find where an unknown substance plots.

Diosmetin (2mg)

0.2 202,0.1897
0.15
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100 200 300

-0.05
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Fig. 3. Showing Lambda max of DM. Lambda max (Apmax): The wavelength at which a substance has its strongest photon absorption (highest point along the
spectrum’s y-axis). This ultraviolet-visible spectrum for DM has Apax = 202 nm.
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Fig. 4. FTIR Result of DM. Fourier Transform Infrared Spectroscopy (FTIR) identifies chemical bonds in a molecule by producing an infrared absorption
spectrum. The spectra produce a profile of the sample, a distinctive molecular fingerprint that can be used to screen and scan samples for many different com-
ponents. Here C-H Bending at 1065, the OH group peak at 3675, C-O stretching peak at 1027 and C = O peak at 1742, the C = C peak at 1580 and OH stretching peak
at 3618.
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Fig. 5. Shows the NMR result of DM.
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Fig. 6. Showing the DSC Graph of DM. The DSC curve shows an exothermic peak around 130 °C, indicating an exothermic reaction caused by crystallisation. The
endothermic peak observed at around 260 °C refers to an endothermic reaction by “melting”.

day tests. The standard deviation (SD) and mean were calculated at each step of the quantity, three determinations were performed.

Conc. 10 (ng/mL), inter-day(%RSD) 0.45 and intra-day (%RSD):
0.11. LOD and LOQ

The LOD for DM was 6.4 g/mL, while the LOQ was 9.6 g/mlL,
Accuracy respectively.

The approach was used to a drug content containing a known
reference volume to execute recuperation experiments. Diosmetin have
been added to match labelling assertions 50, 100, and 150. Through
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Fig. 7. XRD result of DM. An XRD graph (Intensity vs two thetas) is used to find the nature of the material. For sharp peaks, the material may be taken as crystalline.
For a broader peak, it may be polycrystalline, while in case of no peak but with some noisy pattern, the materials are said to have amorphous nature. In our case,

Sharp peaks are there; then it shows that the nature of the sample is crystalline.

Table 1
Solubility of DM in Different Solvents.

Chemical Quantity of Compound Soluble (In mg)
Chloroform 20
Ethanol 15
Methanol 10
DMSO 20
Acetone 25
N-hexane 10
Ethyl acetate 10
Acetonitrile 10
N-octanol 20

Characterisation of compounds

To characterise Desired compound, i.e., DM, we use various methods
such as DSC, FTIR, and XRD.

FTIR

The FTIR method was employed to identify the materials’ inorganic
and organic components based on the readings of several peaks in the IR
radiation area. Whenever the sample of chemicals was put through the
FTIR, the constituents were distinguished based on their peak frequency.
The existence of several inorganic and organic components of the sub-
stance was verified by FTIR analysis (Fig. 4). However, it has significant
drawbacks, such as not displaying the metallic details of any chemical,
for which we can use NMR.

NMR

It is a technique for assessing the chemical structure of a substance by
viewing and quantifying the interconnection of nuclear spins in an
intense magnetic field. It investigates the material’s physical, chemical,
and biological characteristics (Fig. 5). Pharmacologists employ it to
detect the identity and composition of molecules. In addition, MRI, a
multidimensional NMR imaging technology, is used by doctors for
medical diagnostics.

5, 7-dihydroxy-2-(3-hydroxy-4-methoxyphenyl)-4H-chromen-4-one
(SSD).

H NMR (400 MHz, DMSO-d 6) 6 12.96 (s, 1H), 10.88 (s, 1H), 9.50 (s,
1H), 7.54 (s, 1H), 7.44 (s, 1H), 7.10 (s, 1H), 6.76 (s, 1H), 6.48 (s, 1H),
6.21 (s, 1H), 3.88 (s, 3H). 13C NMR (100 MHz, DMSO-d 6) 5 182.16,
164.65, 163.96, 161.93, 157.77, 151.57, 147.23, 119.16, 113.39,
112.54, 104.21, 103.96, 99.32, 94.36, 56.19.

DSC

DM was determined using DSC apparatus with thermal expansion.
Standardization was formerly conducted using a calibrating reagent.
After that, 1.90 mg of the specimen was weighed and stored in an
aluminium testing crucible, capped, and then warmed to 300 © in Ny
atmosphere at a frequency of 10 minute-1. This method is employed to
determine the melting range of a material (Fig. 6).

XRD

This method is employed to identify the shape or type of the speci-
mens, such as crystalline or amorphous. For example, if the chart has a
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Fig. 8. Different plant sources of DM.

sharp peak, the sample is crystallised; the model is amorphous if the
graph has a flat mount (Fig. 7).

Methodology
Chemicals and instruments

The DM was synthesised in the laboratory, Dept. of Biochemistry,
School of Biosciences and Bioengineering, Lovely Professional Univer-
sity, Jalandhar. Methanol, acetonitrile, ethanol, chloroform, DMSO,
acetone, N-hexane, ethyl acetate, and N-octanol were provided by
SIGMA Chemicals. The Distilled water was prepared using water puri-
fication equipment. The characterisation used a Shimadzu Model 1800
UV-Visible dual beam spectrophotometer, DSC, FTIR, and XRD.

Method

First, we synthesise the DM (Fig. 1) in our laboratory; after that, we
characterise the obtained compounds using various approaches,
including FTIR, NMR, XRD, and DSC, and then we examine the solubility
of both flavonoids in Solvents such as methanol, ethanol, Acetonitrile,
Chloroform, DMSO, Acetone, N-hexane, Ethyl acetate, distilled water,
and N-octanol. After solubility studies, DM is stable in all solvents in
different conc. As shown in Table 1 Following the solubility test, we
determine the partition co-efficient and their lambda max (Fig. 3). After
that, we use UV spectroscopy to determine absorbency. The UV spectra
of Diosmetin were obtained in ethanol at various concentrations. (Result
shown in Fig. 2).

Synthesis procedure of DM

Several investigators presently employ that approach for DM pro-
duction, which involves Hesperidin biochemical transformation
[14,15]. According to Victor et al. 2021, we fixed a method for
retrieving hesperidin using the Citrus plant Sinesis L. osbeck. We utilise
their peel waste for extraction by separating it with methanol and af-
terwards crystallising in aqua by adding dichloroethane, lowering the
solvent amount, & transferring it to hot retrieval for fresh citrus albedo
with methanol, which was intended to generate better yields. In addi-
tion, chemical oxidising and hydrolysed were used to convert purified
hesperidin to diosmetin, which increased its therapeutic potential [14].
DM can be obtained from different plant sources shown in Fig. 8.

DM (2-1000 pg/mL) were made and examined in various concen-
trations. The two highest absorbances were observed at the two wave-
lengths used for the investigation. At all wavelengths, the absorbance of

DM was measured, and absorptivity ratios E (1 per cent 1 cm) were
calculated. The following equations can be used to compute the con-
centration of medicines in a mixture:

C™ = (Alax2 — A2ax1)ax2ayl — axlay2 1)
where C® is the concentration of DM, respectively, in sample solutions.
A1 and A2 are the absorbances of the DM sample at 202 nm. ayl and ay2
are the absorptivities of DM at given wavelengths, respectively.

Conclusion

This method is uncomplicated, reliable. as well as effective offering
exact outcomes having a reduced limit of detection and a quicker re-
action. The excellent results obtained in all instances, as well as the
regular consistency with the published process, illustrate the capability
of this method for measuring Diosmetin supplied orally with excellent
precision. In addition, the reduced Diosmetin processing time suggests
that this technology is appropriate for systematic study in pharmaceu-
tical formulations or nano-formulations.
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ARTICLE INFO ABSTRACT

Keywords: Cancer epigenetics has become increasingly popular due to the reversible nature of epigenetic changes that tend
Phytochemicals to take place during carcinogenesis. Cervical tumorigenesis in influenced by epigenetic changes such as DNA
Epigenetics

methylation and acetylation. Several epigenetically active inhibitors targeting DNA methyltransferase (DNMTs)
and histone deacetylases (HDACs) are either approved or under clinical trials to treat cervical cancer. However,
most synthetic inhibitors have shown adverse side effects, off-target specificity, and are expensive. Hence,
bioactive phytochemicals, widely available with lesser toxicity impacts, have been evaluated for their role in the
modulation of epigenetic traits involved in gene regulation for cervical cancer prevention and therapy. Most of
these phytochemicals potentially altered the expression of oncogenes and key tumor suppressor genes through
modulation of DNA methylation and chromatin modification in different forms of cancer including cervical
cancer. Even though these compounds exerted potential anti-tumor activity, there is a paucity of studies reported
on their targeted delivery with desirable effects. In this scenario, nano-encapsulated drugs exhibited multi-
parametric anti-tumor activity, yet there are some crucial factors such as the tumor-microenvironment (TME)
and toxicological effects of these nano-formulated therapeutics may pose a difficult task from its clinical use.
However, computational pharmaceutics employing artificial intelligence (AI) tools and nano-formulations might
elevate the present therapeutic strategy compared to the conventional route. This review also supports significant
future research for developing Al and nanotechnology based therapeutics that are needed for advanced, precise,
and personalized healthcare systems.

DNA Methylation
Histone deacetylation
Artificial intelligence
Nanoscience

cancers, despite tremendous efforts to combat cervical cancer, most
therapeutic strategies are minimally successful; thereby, the integration

1. Introduction

Cervical cancer is the fourth most frequent female cancer worldwide
and poses a significant planetary health concern [1]. Annually, more
than 500,000 women are diagnosed with cervical cancer, and the illness
kills over 300,000 people globally. The therapeutic potential of con-
ventional therapies is limited against cervical cancer. Unlike other
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of multiple disciplinary routes has emerged as a necessary pre-requisite
to treat it. In addition, most of the synthetic compounds used for treat-
ment provoke a typical drug resistance amongst these tumors, driving
the process of drug design a complicated and challenging task [2].
Considering cancer stem cells (CSCs) segregate away from the
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treatment in the tumor microenvironment, the risk of recurrence of
cervical cancer is approximately 35%. This is most likely due to medi-
cation retention or outflow. Cytotoxicity, impairment to other non-
targeted tissues, loss of hair, neurotoxic, multidrug resistance, nausea,
anaemia, and neutropenia are all common side effects in cancer patients
undergoing chemotherapy or radiation [3,4]. These adverse effects
restrict and/or potentially ruin the efficacy of treatment methods. As a
result, there will be an immediate need for further discovery of novel
antitumor medicines that are more effective for cancer treatment while
having fewer negative impacts on the rest of the healthy tissue. Based on
these findings, flavones were investigated, and it was discovered that
flavone analogues had the possibility to be antitumor medications [5].
Zutphen discovered that flavonoids reduced the chance of death from
respiratory tract malignancies. Since 1930, phytochemicals have been
employed as potential bioactive anti-cancer = compound-
s/pharmacological leads, attributed to their low toxicity, bioavailability,
and less off-target side effects [6]. From 1967 to 1991, a wide scientific
community studied the effect of flavonoids in the prevention of lung
cancer, malignant neoplasms, and ovarian cancer. Furthermore, phy-
tochemicals in combination with synthetic drugs to treat cervical cancer
with a focus on epigenetic markers have been less explored. Epigenetics,
known as the state of extra-genetic elements, plays a key role in regu-
lating gene expression patterns involved in
cellular-biochemical-physiological processes [7,8]. Histone deacetylases
(HDAC) and DNA methyltransferases (DNMTs), the prudent ailments of
epigenetics, modulate the activity of the genotypic-phenotypic repre-
sentation of a cell, and alteration of these molecules provoke the process
of tumorigenesis [9,10].

On the contrary, in silico tools and techniques, the rising red queen
race of artificial intelligence (AI) and virtual screening has emerged as
crucial players in drug designing to combat several cancers including
cervical [11]. Al can be categorized broadly as supervised and unsu-
pervised machine learning methods, which facilitate random screening
of several compounds, prediction of bioactivities of known and un-
known pharmaceuticals, drug screening, and toxicological screening,
that put off the enormous time and resources expenditure required
otherwise performed using in vitro experimental set-up [12,13].
Furthermore, this tool facilitates the stabilization and development of
appropriate formulations of drugs exposed to the least error-prone. In
this perception, the present review discusses the plausible pharmaco-
logical activities of phytochemicals focusing on epigenetic markers and
the concurrent implementation of Al assisted nano-formulations in the
field of anti-tumor therapeutics, which can enrich the platform for
framing targeted anti-cervical therapeutics.

2. Phytochemicals regulating epigenetic modulators

Plant-derived phytochemicals are bioactive non-nutrient substances
that have been linked to a reduction in the incidence of several medical
problems. The biochemical and pharmacological action of the anti-
cancer compounds derived from natural resources exhibits divergent
bioactivities such as anti-inflammation, antioxidant, and immuno-
modulatory accompanying different pathogenic signaling pathways
[14,15]. Most of the anti-tumor compounds exert apoptosis in tumor
cells, with a concurrent reduction in the expression of growth and
proliferation-associated genes, attributed to the ‘go/grow’ traits irre-
spective of any cancer type [16,17]. One of the significant pathways in
regulating tumor genesis includes epigenetic molecular alterations, that
trigger tumor promotion and progression [18,19].

Regulation of epigenetic factors modulated by phytochemicals are
summarised in Table 1. Amongst the phytochemicals listed in Table 1,
curcumin was administered in phase I/1I clinical trials of cervical cancer
patients as a potent chemosensitizer for paclitaxel therapy [20]. One
potent phytochemical Carboplatin (Paclitaxel) "Old-Gold Rider," has
been approved by the Food and Drug Administration (FDA) in combi-
nation with Taxol and implemented in most cancer types, including
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Table 1
Regulation of epigenetic factors modulated by Phytochemicals.

Phytochemical/ Epigenetic Mechanism(s) Reference

Dietary agent (source) modification(s)

Green tea DNA methylation DNMT inhibitor [32-42].
polyphenol— Histone Promoter
epigallocatechin-3- modifications methylation | SAM,
gallate (EGCG) Differential miRNA 5 mC | HDAC
(green tea) modulations activity | HAT exp 1

Ac-H3, H3K9Ac, Ac-
H4 1 HMT inhibitor
BMI-1, SUZ12,
EZH2, EED,
H3K27me3 |
Curcumin (turmeric) DNA methylation DNMT inhibitor [43-54]
Histone Promoter
modifications methylation | 5 mC
Differential miRNA | MeCP2 binding 1
modulations H3K27me3 1
HDACI, HDAC-3,
HDAC-8 | p300
(HAT) | Ac-H3, Ac-
H4 | miR-22 1, miR-
186 | miR-15a 1,
miR16
Sulforaphane DNA methylation DNMT expression | [54-57]1
Histone Promoter
modifications methylation | HDAC
inhibitor Ac-H3 and
Ac-H4 1
Genistein DNA methylation DNMT inhibitor [58-67]1
Histone Promoter
modifications methylation | HDAC
Differential miRNA exp | HAT exp 1 Ac-
modulations H3, Ac-H4,
Ac-H3K9 1t
H3K9me2 1 miR-
200 |, miR1296 1,
miR-27a |
Resveratrol (Grapes DNA methylation DNMT inhibitor [68]
Histone MBD2 recruitment |
modifications Promoter
methylation |
MTA1/NuRD
corepressor complex
1

Lycopene DNA methylation Promoter [69]

methylation |

Quercetin DNA methylation DNMT inhibitor [70]

Histone Promoter
modifications methylation | Ac-
H3 1 HDAC-1 |
Ellagitannins Differential miRNA miR-let-7e, miR- [71]

modulations

370, miR-373* and
miR-526b 1 let-7a,
let-7c, let-7d |

cervical cancer [21]. Polyphenolic compounds have been ubiquitous in
nature and are an integral part of the diet, acting to enhance chemo-
preventive and chemosensitizer properties in nutritional supplements
[22]. Furthermore, several cohort studies showed an increase in life span
and reduction of invasive cervical cancer propagation is directly asso-
ciated with the intake of pigmented fruits and vegetables [23]. Another
randomized, double-blind, multi-centre clinical trial assessed the effi-
cacy of 3, 3'- diindolylmethane (DIM, a stable form of
Indole-3-carbinol), a sulfur-containing glucosinolate obtained from
cruciferous vegetables, whereby more than 90.5% of patients had his-
tological regression in cervical cancer patients [24]. One of the potent
phytochemicals, berberine (Ber), an isoquinoline alkaloid derivative,
has been evaluated for its cervical cancer preclinical efficacy [25].
Phytochemicals exhibit their anti-tumor effects by alteration of
signaling molecules which involved in growth, proliferation, survival,
invasion, metastasis, angiogenesis, and major hallmarks of any malig-
nancy [26]. Of specific note, one of the key features interplayed in
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deregulating tumor cells by these natural products is mediated by the
epigenetic modulation [27]. Studies reported that green tea poly-
phenolic component (EGCG) leads to inhibition of DNMT activity
(Table 1) elucidated using molecular modelling studies, where
hydrogen-bonds are formed within the catalytic pocket of DNMT against
the residues- Pro (1223) and Glu (1265), Cys (1225), Ser (1229), and Arg
(1309), unraveling a new dimension in the perspective of in silico-based
epigenetic phytochemical modulator [28]. GSTP1, a gene observed in
many cancers, undergoes a similar inhibition pattern in prostate cancer
cell line LNCaP treated with a very narrow range of Guanosine
Tri-phosphate (GTP) [29]. Interestingly, in the same study, it was
noticed that treatment with GTP does not lead to alteration in levels of
hypomethylation but assures to sustain genomic integrity. Likewise,
Resveratrol, a widely known polyphenolic compound found in grapes,
known to exert profound anticancer effects, is also a DNMT inhibitor,
which facilitates cancer prevention and treatment [30]. A rarely known
polyphenolic compound hesperidin inhibits both DNMT1 and HDAC
which has been shown to exert anticancer effects in several cancer cell
lines, including cervical, mediated by different signaling molecules such
as GSTP1, AKT, MAPK1, RAS, MAPKS3, affecting proliferation and
reactive oxygen species (ROS) production with concurrent induction of
apoptosis [31].

Some of the other polyphenolic compounds, like kaempferol, dis-
played anti-tumor effects in different cancer cell lines (Breast cancer-
MCEF-7, Lung cancer- A549, Liver cancer-SK-HEP1, Colorectal cancer-
HT-29, Cervical- KB-V1, and SiHa and other cancer cells) by inhibiting
expression of DNMT3a, DNMT3b, and HDAC1 and in xenograft mice
model. Another polyphenolic compound, pterostilbene, is a DNMT in-
hibitor that reduces expression of SIRT1 activity and was evaluated in
MDA-MB-231 cells (breast cancer cell line) and mice model [72]. Nar-
ingenin, a potent polyphenolic compound, is DNMT1, DNMT3a,
DNMT3,b, and HDAC1 inhibitor molecule, exhibits anticancer effects in
different cancer lines (Lung cancer-A549, Esophageal cancer-KYSE-510,
Liver cancer-HepG2, Huh-7, HA22T, Colorectal cancer-HCT116,
SW480, Lovo, and HT-29 cells) as well as in resected rat model [73].
Provided the vast strides of phytochemicals in modulating anti-tumor
responses in different cancer cell lines and animal models, these phar-
macological leads are considered potent chemopreventive agents [74],
but the individual administration of these items may pose a challenging
fact and they have been rarely investigated as nano-formulated conju-
gated compounds, which might come across the hurdles faced across
conventional therapeutic strategies.

Nonetheless, very few of them have been approved by FDA to combat
this typical oncogenic process in the cervix. There is a lacuna in an
exploration of the underlying molecular mechanism of their anti-cancer
efficacy in a clinical/pre-clinical setup. Thereby, there is a dire
requirement to reframe novel therapeutic strategies that might over-
come this battle. Since the 1990s, the implementation of Al has been
initiated in the biomedical field; nevertheless, there exist loopholes
concerning its appropriate usage in this field, and hence it is warranted.

2.1. Novel era for treatment in cancer: Nanoscience & nanotechnology

Drug circulation and multidrug resistance (MDR) are the major
challenges faced while treating most cancers [75]. In the past few years,
nano-medicine and nanoscience have gained increasing importance
from the perception of targeted delivery of anti-cancer therapeutics
[76]. Implementing nano-medicines has effectively enriched the route of
targeted drug delivery and therapy [77]. Nano-formulations, a typical
category of nanomedicines, are broadly classified as metallic nano-
particles [78], inorganic and organic nano-particles [79],
nano-composites [80], natural nano-carriers [81], and several other
nano-medicines [82]. Studies have reported the effectiveness of drug
loading and release through nano-formulated phytochemicals for
treating several cancers [83]. Physical and chemical methods can pre-
pare MNPs; however, green synthesis can also be implemented.
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Al-Sheddi et al. [84] achieved the biosynthesis of silver nanoparticles
using Nepeta deflersianaplant extract. The biosynthesized silver nano-
particles demonstrated the concentration dependent anticancer poten-
tial against human cervical cancer (HeLa) cells [84].

Gold (Au) and Silver (Ag) nano-particles exhibited potent anticancer
activity in different cervical cancer cell lines [85]. Polyphenols derived
from tea-synthesized nano-particles and copper (II) (LQM402) was re-
ported to inhibit proliferation in different cervical cancer cell lines [85].
Among the diverse variety of inorganic nano-particles [86], magnetic
nano-particles, and quantum dots [87] are well-known players in terms
of anticancer diagnostics and therapeutics, which has not been explored
much so far. Organic nano-particles comprise liposomes [88], phyto-
somes, chitosan/gelatin, and poly-pi-lactide- co-glycolic acid (PLGA)
[89] conjugated phytochemicals that exhibited drug delivery at targeted
sites efficiently [70]. In 1995, the FDA recognized the very first
nano-drug, PEGylated liposomal DOX (Doxil®). Till date, the FDA has
approved more than six liposome based nanomedicine for cancer
treatment. Following the success of liposomes in chemotherapy, lipo-
somes were employed as one of the most compelling targeted drug
carriers in chemoimmunotherapy [90]. Cationic chitosan-conjugated
nano-particles served as effective drug carriers and delivery agents in
several in vivo and in vitro tumor models [91] as well as in pre-clinical
studies [92]. Artificial DNA nano-carriers are composed of artificially
synthesized DNA hybrid structures, which can conjugate with other
metallic nanoparticles or liposomes and might prove as effective drug
delivery agents due to their high retentivity in cancer cells compared to
free drugs [93]. Most of these nano-formulations are resistant to enzy-
matic degradation. Cell-pH-based drug release determines the nature of
the release of the drug, which is a determining factor in most drug de-
livery systems [94]. However, the clinical efficacy of these
nano-formulations as potential therapeutics remains limited [95].
Aptamers, a special class of nano-formulation of very low molecular
weight, are basic RNA oligonucleotides that efficiently bind to the target
molecule. These features enable more efficient drug delivery because of
their ability to reach the core of cancer cells through the endosomal
pathway. Alternatively, these are termed as ’'Theranostics’ [93].
Photo-ablation  and  photo-dynamic  therapy  utilize  this
nano-formulations to aggravate the temperature surrounding the tumor
microenvironment, while the nano-bio interactions remain poorly un-
derstood [96]. According to Yadav et al. [97] PLGA nanoparticles have
more functional groups and surface area than other types of particles,
which helps them survive longer in bodily fluids. Additionally, HepG2
liver cancer cell growth was inhibited by quercetin/PLGA-lipid nano--
particles both in vitro and in vivo models by reducing the expression of
histone deacetylases [97]. Likewise, quercetin-loaded mesoporous silica
augmented the chemotherapeutic activity of paclitaxel. This combina-
tion reduced CD44 (receptor-mediated) expression of MCF-7/ADR cells,
which induced apoptosis by G2/M cell cycle arrest [98]. Similarly,
fabricated chitosan as well as co-delivery of quercetin and paclitaxel
enunciated the cytotoxicity in A549 lung cancer cells [99]. A similar
study reported that docetaxel and thymoquinone coated in chitosan and
lipid nano-particles enhanced cytotoxicity in breast cancer cells MCF7
and MDA-MDB231 cells [100]. Glioblastoma (GB) or Glioblastoma
multiforme (GBM), also coined as the butterfly tumor, develops exten-
sive infiltration and chemo-resistance against the standard drug Temo-
zolomide (TMZ). In a recently reported study, nano-micelles-coated
curcumin was reported to induce the highest cytotoxicity in U87 GB cells
by modulation of the Wnt-signaling cascade [101].

Likewise, another study demonstrated that curcumin and siRNA
were successfully co-delivered with the dint of functional dendrimers in
Hela cervical cancer cell line. This demonstrated improved cytotoxicity
with subsequent reduction of Bcl2 expression in Hela cells in a syner-
gistic manner [102]. Zaman et al. formulated the curcumin loaded PLGA
nanoparticles which showed potential to inhibit cell growth with con-
current up-regulation of apoptosis which is mediated by cell cycle arrest
in the cervical cancer cell line. To an extent of the same study,
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interestingly, it was reported that its sub-sided expression of miR-21
(oncogenic miRNA, responsible for tumorigenesis in most cancers
including cervical) with a concurrent reduction in expression of p-cat-
enin, thereby arresting cervical tumor genesis. So far, nano-formulations
targeting epigenetic modulators in cervical cancer remain to be
explored.

Nevertheless, nano-formulated chemotherapeutics may arise dis-
putes in pharmacokinetics and pharmacodynamics along with better
retention and enhanced binding specificities of the drug moieties within
a tumor microenvironment (TME) [102]. However, the harsh conditions
of tumor microenvironment affect the potential of small molecule in-
hibitors such as Taxol and carboplatin. Therefore, screening and prep-
aration in an in silico experimental set-up using Al has become a
mandatory prerequisite to determine the extent of the behavioral
response of the drug and other associated pharmaceutical disparities.

2.2. Al assisted surface characterization of nano-carriers

Given the rationale of using nano-carriers as anti-cancer agents, it is
also important to know their physiochemical properties such as shape,
size, permeability or presence of functional groups, key ingredients to its
appropriate bioactivity. With the dint of automation, nano-carriers will
attain a dynamic DDS model. Several Al algorithms such as the Light
GBM model demonstrated a sufficient standard response against the
development of nano-crystals, which was amended by high-pressure
homogenization and wet billing methods field [103]. Additionally,
cost-effective theoretical computational tools can be implemented in
place of experiments. Molecular dynamics and Monte Carlo Simulations
are among them, which have been implemented in lieu of experiments,
as they provide accurate quantitative measurements. Similarly, for tar-
geted self-emulsifying DDS (SEDDS) Al based algorithms play a critical
role in the accurate development of these SEDDS. Seven different types
of algorithms were developed based on the different datasets that
defined the composition of SEDDS, comprising oil surfactants and
co-surfactants. Interestingly, random forest-based formation of SEDDS
was more sensitive, specific and accurate in comparison to other
methods [104].

2.3. Al accompanying nanotechnology for anti-cancer activity

Even though extensive applications of nano-carriers exist, nano-
formulated drugs or therapeutics have demonstrated potent anti-
tumor activity against different cancer cells (section 2.1). However,
there are some unmet challenges in this field such as robust character-
ization methods and optimizable approaches following regulatory and
safety guidelines with a rising concern about toxicity and other associ-
ated side effects. Besides, inadequate in vitro and in vivo models sub-
stantiate their toxicological and other accompanying effects. Moreover,
biodistribution and pharmacokinetics profiles may serve as the additive
factor that might interfere during targeted or nano-formulated drug
delivery system (DDS) process. In this scenario, Al assisted rather
“computational pharmaceutics” have improvised the process of
multiscale-based pharmaceutic development by considering physical
and chemical properties, pharmacokinetics and in vitro/in vivo corre-
lated models. Within the past two years, studies have employed Al based
algorithms such as-random forest or other machine learning methods
(possessed 85% approximation) that depicted accurate stability and
time-dependent release activity with several folds of validation and the
least errors. One of the crucial points addressed by nano-carriers is
binding to multiple targeted receptors; it possesses different shapes,
sizes and other pharmacokinetic/pharmacodynamics properties [103].
Therefore, an optimal nano-formulated DDs is essential prior to its
effective pharmaceutic response. In this context, the optimization of
nano-carriers assisted with Al tools has elevated the platform for drug
loading, retention and formulation of stability. For example,
nano-robots have been designed as micro-atomic, cellular and molecular
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structures that attempt to diagnose and treat lethal diseases. One of the
major hotspot functions of nano-robots is in the field of anti-cancer
therapy. Interestingly, nano-robots function as micro-nano- electrome-
chanical device or the biosensor needs assistance from automation tools
such as AL This has necessitated the integration of both of these tech-
niques that serve multi-parametric assessment to produce the desired
effect in the targeted site [105]. Besides, integration of artificial neural
networks (ANN), nano-robots have been designed to serve both as
biosensor and transducers, which enables tumor cell detection and tar-
geted drug delivery and hence plays an important role not only as apt
anti-cancer theranostics but also pulls down the associated side effects
[106]. Thereby, there is a mandatory need for detailed exploratory
studies to elucidate the Al assisted nano-techniques which exert potent
anti-tumor activities.

2.4. Al in drug screening and physicochemical properties

In the past few years, the widespread adoption of AI has enabled
computer-aided drug design (CADD) to surpass the difficulties faced
across conventional anti-cancer drugs [107]. Al is increasingly utilized
in numerous community sections, including the pharmacy sector. In this
review, we emphasize the application of Al in several areas of phar-
maceutical business, such as drug repurposing, medicine development &
research, increasing biopharmaceutical output, and clinical trials.

Al uses programming that enables tasks skillfully with sub-field
machine learning (ML) tools like Gaussian process, support vector ma-
chine, k-nearest neighbor, random forest, naive Bayes classifier, and
regression tree, which sheds noticeable insights into pharmaceuticals
[108], including optimization of gradient conditions in chromatog-
raphy, designing the pre-formulations using new drugs/leads, analyzing
the multivariate nonlinear relationships, predicting the behavior of
drugs. The amount of drug loaded and released in a system is a deter-
mining factor in analyzing the pharmacokinetics-pharmacodynamics of
a drug [49]. Thus, optimizing conditions of DDSs should be found in an
appropriate manner [109]. More precise interpretation, management,
and analysis of complex functions or data should be implemented using
Al algorithms. This intervention, if paved in a clinical setup, can
enhance the rate of prediction of drug-target interactions along with
fixation of drug dosages, Quantitative Structure-Activity Relationship
(QSAR) or Quantitative Structure-Property Relationship (QSPR), in vivo
responses, ability to cross the blood-brain barrier (BBB) permeability
and other pharmaceutical profiles, in contrast to performed in a con-
ventional route of pre-clinical experimental set up [110].

2.5. Al assisted drug delivery system and pharmacokinetics

Drug delivery systems play an important role in the treatment of
various diseases, including cancer. The drug release mechanism involves
nano-carrier binding and linking with the drug and the receptor. The
targeted drug delivery can occur through a linker mechanism or
encapsulation. The steps involved in pharmacokinetics as the drug is
administered are absorption, distribution, metabolism, and elimination
[103]. Nano-materials can furnish controlled drug dosing by fixing the
drug release rate to the patient’s specific pharmacokinetics and phar-
macodynamic profiles. The use of Al in nano-theranostics formulations
have significant impacts in therapeutics and diagnostics. In this case, the
imaging agents and the drug need to be loaded into the particle pre-
diction machine-learning algorithms can be applied to predict their
encapsulation efficiency [108].

2.6. Al in prediction of bioactivity

The bioactivity of a drug is measured in terms of the nature of
interaction/affinity between the drug, and the target receptor, a prime
factor, before entitling them as "therapeutic drugs" [111]. Drug-target
binding affinity (DTBA) is a vital prerequisite to determining
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drug-target interactions. One of the AI methods is feature-based selec-
tion, which utilizes the drug target’s features and properties to decide
the appropriate drug target [111]. In contrast, similarity-based inter-
action utilizes the similarity features among the drugs, and a common
assumption is made that similar medications interact with the same
targets. Interestingly, several web-based application software like
Chem-Mapper and similarity-based ensemble approach (SEA) are
accessible to predict drug-target interactions in an online platform
[107]. Likewise, SIMBOOST and other software (Paul et al., 2021) avail
both similarity and feature-based selection to predict drug-target in-
teractions. In addition, SMILES provides the structure of drug molecules
in a 1-Dimension (1D) representation, which helps in toxicity prediction
analysis [107,111-113].

Similarly, WideDTA uses a Convolutional Neural Network (CNN)
based deep learning approach that implements ligand SMILES, amino
acid sequences, and protein domain and motifs information that assist in
finding the appropriate binding affinity of the drug molecule against the
drug target, precisely [114]. Deep Learning (DL) is an independent
interpretable software that considers SMILES of drugs and protein
structures to estimate physicochemical properties [115]. On the other
side, Unsupervised Machine Learning implements MANTRA and PRE-
DICT software, which predicts the bioactivities of drugs (for known and
unknown pharmaceutical moieties) against the target protein of interest,
a cutting-edge approach in the drug discovery process.

In computational chemistry, Al technology is becoming a precious
asset. A slew of machine learning models for activity estimation has
evolved, making it an essential method for mining chemical knowledge
from big complex databases. These techniques allow compound reve-
lation to be automated to locate physiologically active compounds with
crucial features. ML is a branch of AI in which computers learn from
data, recognize trends, and decide without even being pattern recogni-
tion. Even though ML algorithms were developed in the 1950s, ML
began to flourish in the 1990s and is now the greatest prominent sub-
field of the AI [116]. There are two types of machine learning meth-
odologies: supervised learning and unsupervised. In the latter, given
input-output pairings, the system learns a feature to patch the inputs to
the outcome to predict situations accurately. Trends are learned
explicitly from unsupervised learning in the latter. Supervised algo-
rithms are commonly used to estimate bioactivity.

ML is widely implemented in numerous domains, including
computational chemistry, owing to its good precision and low expense.
Recent computational improvements, and the creation of repositories
for storing molecular structures and attributes, have expedited the
field’s evolution [117]. Investigators employed a variety of classic ML
algorithms and advanced deep learning (DL) structures. The need for
these approaches is to improve quantitative structure-activity relation-
ship (QSAR) models; enhancing the bioactivity estimation of numerous
substances, which are primarily studied topics in computational chem-
istry. Using Al bioactivity estimation is crucial in order to identify and
characterize vast strides of biomolecules/pharmacological leads with
desirable features. The goal is to select molecules by all those under
investigation that seem more likely to become bioactive than a
randomly selected one. Accessibility to vast databases is critical for the
effectiveness of ML in domain estimation. Several huge databases are
accessible from open-source archives suitable for activity forecasting
(Table 2).

2.7. Al based models for the prediction of drug loading

Al predicts the factors that are essential tools for a successful ther-
apeutic outcome. Nevertheless, encapsulated formulated drugs require
targeted delivery; mostly, there is a failure due to the mechanistic
fluidity traversing across our entire body system. Thereby, there is a
need for an alternative stratagem which might facilitate entangling this
unresolved twist. Liu et al. reported the specific loading of ibuprofen-
based metal-organic framers (MOFs), which encodes for several
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Table 2

A collection of current research in which Al employs anticipate bioactivity.
ML Method Study Description References
SVMs, KNN, RFs, Comparison of DL methods on a large-scale [118]

NB, DNNs drug discovery dataset and other ML and target
prediction methods

Predicting kinase activities for around 200 [119]
different kinases using multiple ML methods
Different ML methods were compared using a
standardized dataset from ChEMBL and
standardized metrics

Comparison between DNNs and other ML [122]
algorithms for diverse endpoints (bioactivity,

solubility, and ADME properties)

Use of multitask DNNs as an improvement over [123]
single learning

Shows that, when optimized, DNNs are capable [124]
of outperforming shallow methods across

diverse activity classes

RF, KNN, NB, DNN

NB, SVMs, LgR,
RFs, DNN

[120,121]

NB, LgR, DTs, RFs,
SVMs, DNNs

Multitask DNNs

DNNs, SVMs, RFs,
NB, KNN

DNNSs, SVMs, and Results from the Tox21 competition. DNNs [125]
RFs show good predictivity on 12 different toxic
endpoints
Multitask DNNs Multitask learning provided benefits over [126]

single-task models. Smaller datasets tend to

benefit more than larger datasets

Performance analysis of multitasking DNNs [127]
(DeepChem implementation) and related DL

models on pharmaceutical datasets

Multitask DNNs

applications. Machine learning models such as support vector regression
(SVR), random forest (RF), and adaptive boostin (AdaBoost) Catboost
algorithms are quite effective and potential tools to develop powerful
tools for drug loading. However, in the same study, they reported that
Catboost algorithm employs categorical features and Gradient boosting
which resolves the conditional bias, randomly assorts the categorical
features and avoids the problem of overfitting datasets in a particular
frame, in comparison to the other algorithm tools. Further, this algo-
rithm helps to quantify the errors in terms of R? and root mean squared
error (RMSE), which enhanced the assurance of prediction-based drug
loading capacity of ibuprofen. This study has enunciated the application
of machine learning algorithms specific to the application of drug
loading [128]. However, there is a need for exploratory investigation
focused on AI implemented drug-loading capacities and their extensive
biomedical applications.

2.8. Al in toxicity analysis

It is projected that just 10% of novel chemical compounds that un-
dergo the initial phase as potential medications will get eventual FDA
clearance, owing mostly to safety risks, which account for 35% of pre-
liminary rejections and 28% of phase 2 failings. Most setbacks in
introducing new medications are due to safety concerns resulting from
inadequate preclinical toxicity [129]. However, it has been demon-
strated that toxicity estimations based on in vivo methods concur once
extended to humans in 43 and 63% of the cases respectively in experi-
mental animals and non-experimental animals, as well as fewer than
30% when it comes to knowing adverse drug reactions (ADRs) in target
organs. As a result, the rejection of potentially innovative medications
due to toxicology studies on safety generally using laboratory animals is
debatable [130].

Drug safety is rising in its attempts to enhance in silico models, taking
advantage of the huge quantities of previously existing evidence which
reflect a huge opportunity in the field of anti-tumor pharmaceutics,
using AI, DL & ANN [131]. Al tools can analyse toxicity using ML and
DL. ML method possesses low orders of complexity, which predicts drug
toxicity, mechanism of action, trial design, and drug development of
random forest and logistic regression are implemented majorly to pre-
dict the toxicity of drugs (Fig. 1). By contrast, DL, a sub-method of ML,
has also gained increasing importance since the 1990s due to its wide
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applications in medical and data sciences, arriving at clinical decisions,
and adhering to regulatory affairs concerned with drug design and dis-
covery [132]. As schematically represented (Figs. 1 and 3) with respect
to the divergent applications of Al it has a predominant role in ana-
lysing mutation’s that enroute to develop the malignancies. We also
summaries the literature of Al based toxicity analysis (Table 3) (see
Fig. 2).

2.9. Mutagenesis and malignancy

Because of its catastrophic effects on human health, chemical
tumorigenesis is becoming increasingly essential in medicinal investi-
gation [149]. Chemical tumorigenesis is predominantly caused due to
adverse exposure to carcinogens, which damage DNA or affect normal
cell metabolic activities, most likely causing cancer, increasing its inci-
dence, or shortening its time [150].

Carcinogenicity testing in animals is costly, time-demanding, and
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unethical [151]. Thereby, in silico approaches for carcinogenicity pre-
diction have recently become a subject of attention. QSAR approaches
were the most extensively researched of the bunch. Fjodorova et al.
[152] used the ANN model to classify carcinogenicity potency by
employing 27 2D descriptors, achieving validity for the initial dataset
and the test data set is 92 and 68%, respectively [152]. Zhong and his
colleagues developed an SVM estimation system utilizing 24 chemical
remarks that outperformed the test set by 80% [153]. Singh et al.
created a probabilistic neural network (PNN) estimation system with
five observations using over 800 pieces of structural information, with a
categorization precision of 92% [154]. The drawbacks of this investi-
gation focus on the model’s cynical applicability, whereby the barriers
when acquired estimated results can be certainly assured, i.e., the
restricted applicability domain (AD) as per the scope of chosen de-
scriptors used by the authors, but not the feasibility of implementing the
data achieved beyond rats, mice, or hamsters. Wang and their team
created Caps-Carcino, a novel DL architecture that distinguishes be-
tween carcinogens and noncarcinogens with an efficiency of 85% on an
external validation set [155,156]. Guan et al. created and merged QSAR
models using a range of ML algorithms to estimate carcinogenic quali-
ties. Their model predicts rat carcinogenicity with 79% efficiency and
70% AUC. One of the major cardinal features of Al is prediction analysis
of the impacts caused due to chemotherapies, which otherwise can’t be
demonstrated using the conventional route for treatment.

2.10. Mutagenesis and mode of action of phytochemicals

Mutagenicity is commonly described as the start of specific alter-
ations in an individual’s DNA, or genetic information, that may be
persistent and inborn [157]. Point mutations, frameshift mutations, and
other types of mutations are possible. Point mutations affect just a
particular nucleotide and a few nucleotides inside a gene and are clas-
sified into three types: base pair replacement, where one base pair is
replaced with another; deletion, where one or more base pairs are
deleted; and insertion, where an extra base pair is introduced [158].
Some substances known as antimutagens may regulate, reduce, or
eliminate the harmful mutagenic effects generated by mutagens [159].
Phytoconstituents are the primary source of a wide range of active
substances with pharmaceutical as well as antimutagenic characteris-
tics. Earlier studies have reported the anti-mutagenic properties of these
phytoconstituents [160]. Furthermore, detailed investigations for
experimental validation of traditional medicinal herbs employed for
their antimutagenic properties are warranted.

The inclusion of Phyto phenolic catechin, tannin, flavanones, and
isoflavones is primarily essential to induce genotoxicity in tumor cells.
This seems to be due to flavonoids’ inhibition of topoisomerase I and II
enzymes, which alter replication and transcription processes, culmi-
nating in cleavable DNA-enzyme aggregates which induce mutations
[161]. Phytoconstituents’ anti-genotoxic properties might be caused by
stimulating or suppressing specific catalysts such as GSH or CYP1A1 in
conjunction with polyphenol’ antioxidant and scavenging activities
[162]. Hunting free radicals seem to be the most important reason that
allows anti-mutagenesis. Secondary metabolites found in plants exhibit
radical scavenging function, oxidase suppression, metals chelate, as well
as the ability to influence huge alterations in the expression of genes
[163,164]. The antioxidant activities of phytonutrients including fla-
vonoids, particularly kaempferol, quercetin, & proanthocyanin, have
explicit DNA repair activity in response to damage caused by hydrogen
peroxide [165]. The phenolic compound contents of the extract are
primarily responsible for its powerful antioxidants and radical scav-
enging activities. The effectiveness of an extract is determined by the
polyphenol sub-classes present in nutritional supplements and medi-
cines [166,167].

Acacia salicina extracts were shown to defend against the DNA
strand breakage caused by LA and 4-nitro-o-phenylenediamine. Curcu-
min, a major component of turmeric, shows antimutagenic action
against NaN3 and methyl methane sulfonate [168]. Natural
anti-mutagens can limit the activation potential of mutagens by inhib-
iting the enzymes involved in bioconversion [68]. Methanolic extract of
lichens with antimutagenic properties against NaN3 inhibited the for-
mation of the NaN3 metabolite L-azido alanine [159]. Likewise, phy-
toconstituents of Terminalia arjuna were shown to reduce mutagenic
effects through the aromatic amine 2-aminofluorene (2-AF) metabolic
suppression [159].

3. Artificial intelligence in drug screening

Drug design and development could take another decade and cost
$2.8 billion. 9 out of 10 medicinal compounds fail Phase II clinical
studies and are not approved by regulatory authorities [130]. Methods
such as Nearest-Neighbor classifiers, RF, extreme learning machines,
SVMs, and deep neural networks (DNNs) can be used for VS depending
on synthesizing capability [107]. They may also forecast in vivo
behaviour and cytotoxicity. Numerous pharmaceutical companies,
including Bayer, Roche, and Pfizer, have collaborated with IT firms to
create a framework for developing medicines for cardiovascular diseases
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Table 3
Current data, investigations on the subject of Al implemented in toxicology have

Table 3 (continued)

The main subject Significant Major Highlights References
been conducted. deviations from
The main subject Significant Major Highlights References the available
deviations from literature
q"e available and server not many forms of
literature software. comprehensive, it toxicity.
AL Drug toxicity and Not simply Systematically [12] is linked to several
safety. toxicological explanation of subjects.
issues, but the present Al-based Connections between The focus is on A concise review of [140]
entire drug approaches used in drugs in the case of  data mining research detailing
discovery process drug toxicology drug quality approaches for sources for mining
in general. Serious adverse discovering novel pharmacovigilance
Computer models. Computational Concerns itself with [133] reactions Data DDIs, with just a data to find DDIs.
Estimation of approaches are the constraints of analysis. Artificial hazy idea of how
molecular covered in context ~ computational intelligence and that data may be
characteristics, since they are prediction computational used in the future.
considering used for methodologies and approaches
toxicological challenges like ML algorithms Negative occurrences Nothing relevant A comprehensive [141]
considerations docking, ranking,  specifically, occur throughout to the toxicity of review of the
ligand binding including predictive the drug the drug, but just potential, problems,
estimation, etc. performance and development too diverse factors  and hazards of drug
However, overfitting. process in silico. connected to the metabolism
toxicological Metabolism of metabolism of the  estimation, includes
properties were cytochrome P450 drug toxification—a short
not extensively (CYP) was review of diverse
examined. predicted computational
Estimation of drug They are focused Provides a complete [134] computationally. methods
metabolism for particularly on overview of the incorporating ML.
effectiveness and drug metabolism,  software applications DL is being used in Concerned about A comprehensive [142]
safety. Approaches a critical yet used throughout drug pharmaceutics. DL approaches in overview of DL
are used in specialized metabolism bioinformatics, approaches and
computational, in element of drug estimation and the which are not comparisons to other
vitro, and in vivo. toxicity. extent and limits of explicitly methodologies.
computational hazardous but is
methodologies and included. It
relevant data. doesn’t cover all
Toxicology in silico. A Not concerned A clear [135] aspects of Al but
thorough with actual understanding of rather focuses on
examination of the  regulatory computational deep learning
merits and obligations. toxicity testing approaches.
drawbacks of technologies, Computational Relevant to Detailed view [143]
present modelling prediction model strategies are sensible drug regarding current
methodologies and generation processes, evolving Machine development and advancements in ML
algorithms for & prediction model Learning and Deep discovery, not methods employed to
toxicity estimation. classifications. Learning in drug only toxicology. develop drugs
Millions of molecules ~ Databases and A useful compilation ~ [136] discovery includes elements
and their molecular of freely accessible relevant to toxicity.
characteristics are descriptors are small molecule Estimation of toxicity ~ This doesn’t Methodical approach  [50]
described via two examples of resources. A view of Distinguishes include A comprehensive
publicly available particular aspects the fingerprints used among organ complicated examination of the
data. of the numerous to create chemical toxicity. Several technicalities of present
steps. gaps. characteristics computational computational
Al-powered drug Not particularly A concise summary of [137] (multiparametric techniques. Not methodologies. In
discovery on toxicology, but  the progress of Al approach) interested in AI- silico methods, such
computational across the Al tools in discovering a based approaches. as cytotoxicity tests
models Drug computational drug, with a crystal utilized in vivo
options’ safety and development & clear image of the toxicity testing, are
effectiveness are discovery of the present state of thoroughly
assessed. drug. affairs. summarised—an
Drug discovery A look into Deep We are not primarily ~ [138] informative analysis
computational learning in drug concerned with toxic of potential organ-
approaches. DL development. effects but with DL specific toxicity
methodology Define the techniques used in candidates.
fundamental ideas drug development. ADRs. Practical or Hepatotoxicity Study of in vivo [144]
or underlying computational was explicitly (animal) and
principles of Deep approaches, mentioned. computational
learning particularly Al- methodologies
frameworks. Give based approaches designed to recognize
a current real linked to toxicity DILI models. A
example. prediction, comprehensive
Computational 1t deals with in Toxicity-specific A [139] including DILL summary of artificial
approaches for silico approaches comprehensive view intelligence
predicting toxic generally, of programs, approaches used in
effects. Medication focusing on ML databases, and cloud the toxicological
creation. Database methodology at services. Covers study.
times. Though still Big data and machine  Paper provides a A thorough [129]

learning for

comprehensive

examination of the

(continued on next page)
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Table 3 (continued)

The main subject Significant Major Highlights References The main subject Significant Major Highlights References
deviations from deviations from
the available the available
literature literature
medication toxicity survey most often used ML human transcriptome
evaluation encompassing approaches for inspection. The
methodologies, toxicity evaluation. A primary categories of
data sets, and detailed survey of chemical-based
computational various data sets and characteristics and
toxicology toxicity tools presents traditional
estimation to create information sources
techniques but computational of toxicity
still doesn’t mephitic estimation compounds. Analyses
highlight the techniques. A the concert of varying
many domains thorough analysis of configurations of
these methods and chemical descriptors
developments resources for and machine learning
may be used extracting molecular models.
widely. information and Estimation of skin They are assigned Methodologies able [147]
toxicology and freely sensitization to a particular to represent non-
released toxicology toxicity. Non- feature of animal skin
prognosis programs. animal testing chemical sensitization test
REACH legislation QSAR & ANN Demonstrates the [145] methods ANNSs, compound methods, presented
Information about approaches were potential outcomes of support vector toxicity, such as to the OECD as
the toxicity of the particularly ANN utilized to QSAR machine models, skin sensitivity. "definite strategies,"
chemical. ANNs. emphasized. approaches for Bayesian networks, Although Al-based  are qualitative as well
Numerous meeting specific and judgment trees approaches as quantitative
characteristics are components of the are all examples of account for most evaluated,
investigated, and REACH legislation. artificial neural of the evaluation, illustrating a quantity
a more recent & Enumerates the networks. Open- they are not the of in silico predictions
appealing requirements that source software only ones that is now, in most
approach to must be satisfied for applications. available. instances equitable or
computational computational greater to current
toxicity methods to be used animal studies,
prediction. rather than testing on effectively estimating
animals and how human skin
such approaches sensitization
could be used to consequences both
execute REACH, with for dangers and
an intriguing effectiveness,
selection of case recognizing specified
stories. methodologies that
Artificial neural Examine the vast A detailed overview [146] might serve as
networks in drug range of of the characteristics important
discovery: Benefits applications of that make ANNs substitutions for
and downsides. ANNSs in drug viable and appealing analysing humans
Quantitative development, instruments for Acute toxicity The acute toxicity Strengths and [148]
structure-activity including but not QSAR. Such models’ evaluation. In-silico  of chemical downsides of the
relationship. Issues restricted to current limits and methodologies substances was numerous QSAR/
with toxicology. problems are incorporate the emphasis. Not QSTR technologies.
interpretability evaluated. methods that rely re-based methods. It’s the first
issues & testing Summarizes the on QSAR/QSTR. multiplexing QSTR
many forms of ANNs approach for
that are commonly predicting acute
utilized in drug toxicity
discovery. simultaneously.
Encompasses a set of
frequently employed
ANN software, and cancer [169]. Estimating the medication’s physical and chemical
whether freeware or characteristics, such as fluidity, partition coefficient (logP), degree of
Toxicology They concentrate ?xémgate ML [55] ionization, and intrinsic permeability, impact its pharmacokinetics
estimation using on fundamental approaches used to qualities and target receptor class indirectly and should thus be
computational technical features  estimate toxicity, addressed when creating a novel medicine [170]. Physical and chemical

methods. Machine

learning techniques

Common chemical
descriptions
Estimation using
cellular
transcriptomic
data.

of various
techniques rather
than extensively
analysing their
practical
relevance in
multiple domains.

such as DL, Random
Forests, k-nearest
Neighbours, & SVM.
Address the input
variables to the
Machine Learning
algorithm, notably
transition by utilizing
merely chemical
structure descriptions
mostly to current
techniques merging
with the data of

qualities may be predicted using a variety of Al-based methods. For
example, ML trains the software using massive data sets generated from
earlier compound optimization. Drug discovery and development algo-
rithms use molecular descriptors in 3D to construct viable compounds
and forecast their attributes using DNN [171]. In Table 4 we have
summarised the Al tool used in drug discovery.

Models that rely on ANNs, graphing kernels, or kernel ridges have
been proposed to estimate the constant dissociation constants of sub-
stances [138]. Likewise, to collect evidence, cell lines, including
Madin-Darby canine kidney cells and human colon adenocarcinoma
(Caco-2) cells, were employed, which were then put into Al-assisted
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Table 4
Some Al tools are responsible for drug discovery.
Tool Features Website Ref.
DeepChem MLP model that searches for a https://github.com/ [50]
suitable candidate in drug deepchem/deepchem
discovery using a programming
language Al system.
Deep Tox A program that forecasts the http://www.bioinf. [49]
cytotoxicity of over a thousand ~ jku.at/researc
medications. h/DeepTox
Deep Neural Python-based system powered https://github. [51]
Net QSAR by analytical techniques for com/Merck/Deep
detecting compounds’ chemical NeuralNet-QSAR
stability.
ORGAINIC A molecular synthesis software https://github. [52]

that aids in creating compounds
with desired attributes.

com/aspuru-guzik-
group/ORGANIC
https://pubs.acs.org/ [53]
doi/full/10.1021/acsc
entsci.8b00507

NNs are utilized to estimate
drug binding ability.

Potential Net

classifiers. Bioactivity predicts the affinities of bioactive compounds
against receptors or target proteins, determining their effectiveness.
Large molecules that do not bind with or have relationships with the
protein target wouldn’t respond to therapy. Artificial intelligence relies
on approaches that can calculate a medication’s binding affinity by
considering the traits or commonalities among the drug and its target
[107]. To identify the feature vectors, feature-based interaction recog-
nizes the molecular moiety of medication and receptors.

3.1. The use of Al technology in drug research & development

The enormous chemical domain, consisting of around 1060 mole-
cules, promotes the formulation of many pharmacological compounds
[172]. Nevertheless, the absence of modern technology constrains the
medication development cycle, making it a time-consuming and costly
endeavour that may be solved by utilizing AI [173]. Al can identify top
synthetic analogues, provide faster drug candidates’ confirmation, and
optimize the therapeutic structural system [174].

Despite these benefits [107], Al has substantial data difficulties,
including volume of data, development, variety, and unpredictability.
Classical ML algorithms may be unable to cope with the data sets
accessible for drug discovery in pharmaceutical organizations, including
millions of molecules. A computer program that relies on the quantita-
tive structure-activity relationship (QSAR) may quickly anticipate
physical and chemical properties of the small molecules, polymers and
formulations [175]. Unfortunately, these models fall short of predicting
complicated genetic components such as chemical activity and side ef-
fects. To add on, models that rely on QSAR encounter issues that include
a shortage of scientific confirmations, restricted training data, and
experimentally inaccuracies in the testing set [176]. To meet these ob-
stacles, quickly developing Al methods, like DL and relevant modelling
studies, could be employed to survey the efficacy and safety of phar-
maceutical drugs (Fig. 3) through big data investigation and design
[137]. Merck funded a QSAR ML project in 2012 to examine the po-
tential of DL in the field of medical medication discovery and develop-
ment [107]. For 15 pharmaceutical candidates absorbing, dispersion,
metabolic activity, expulsion, and toxicology (ADMET) data sources,
models outperformed classic ML techniques in terms of predictability.

The digital biochemical space resembles a geographical map of
molecules by depicting various concentrations of atoms and associated
attributes. The goal of biochemical space visualization is to gather
positioning information regarding chemicals inside the space to explore
bioactive components; hence, virtual screening aids in the selection of
relevant molecules for subsequent testing [177]. Numerous chemical
sites are available, including PubChem, ChemBank, DrugBank, and
ChemDB which are serve as repositories for leads that connect to the
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virtual screening process.

Several in silico techniques for virtual screening chemicals using
virtual molecular spaces and structural and ligand-based methodologies
allow superior-profile analysis, quicker removal of non-lead compounds,
and therapeutic molecule selection at a lower cost [178,179]. To pick a
lead ingredient, drug design techniques such as coulomb matrices and
molecular fingerprint recognition examine the physical, pharmacolog-
ical, and toxicology characteristics [180].

QSAR modelling techniques were used to identify prospective drug
targets and also have developed into Intelligence QSAR methods such as
linear discriminant analysis (LDA), support vector machines (SVMs),
random forest (RF), and decisions trees that may be used to accelerate
QSAR study [181].

3.2. Al in pharmaceutical products

Al can be envisioned as being involved in the creation of drug
products first from the work surface to the point of care because it can
support medicinal chemistry, assist in making decisions, and identify the
correct treatment for a service user, such as personalized tablets or
drugs, and clinical data management recorded and utilized for up-
coming medication development [182]. Eularis’ E-VAI is an analysis and
course of action Al platform that uses Machine learning and easy-to-use
user interaction to develop predictive frameworks relying on opponents,
and interested parties, including existing market presence, to forecast
important sales and marketing variables, allowing marketing people to
allocate resources most efficiently share of the market gain, trying to
reverse poor sales, and anticipating where and how to invest [107]. The
following diagram describes the various implementations of Al in drug
development and investigation (Fig. 3).

4. Pitfalls and future directions

Nanoscience tools have gone far to improvise the therapeutic
approach in several cancers. Yet there are some hindrances faced in
combating cancer; one of them is tumor microenvironment (TME),
which influences not only the pathogenesis but also impose a barrier to
most of the conventional therapeutics. In this context, remarkable
progress has been perceived in the Al based drug discovery process. The
successful prediction of biological activity and pharmacokinetic prop-
erties such as absorption, distribution, metabolism, excretion, and
toxicity (ADMET) along with pharmacokinetic profiles have generated
sufficient evidence to demonstrate their powerful computational intel-
ligence in the field of targeted therapeutics. Additionally, there have
been extensive applications in developing a structure or ligand-based
drug-like molecules for the development of the Quantitative-structure
activity-based relationship (QSAR/QSPR) model, or drug screening
with appropriate doses, pharmaceutical products formulation or tar-
geted inhibition of mutations by phytochemicals by the dint of Al tools.
However, there are some limitations faced with Al based tools for
feature attribute techniques undertaken by DL methods. There is a need
to bridge the gap between drug discovery specialists and developers of
DL models. Also, there is a mandatory requirement for technical support
and a user-friendly approach, which is a huge setback for researchers
with a non-computational background. A brief overview of the impro-
vised therapeutic strategy is shown in Fig. 4.

5. Conclusion

One of the critical factors that have got to regulate cellular growth,
proliferation, and differentiation is epigenetic modulation, which serves
to methylate or demethylate; acetylate or deacetylate DNA and histones
or histone-modifying enzymes; alteration of these components can
promote tumorigenesis. Several studies reported the improved of ther-
apeutic potential of nanoparticles based drug delivery system against
cervical cancer compared to conventional chemotherapy. This is due to
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Fig. 4. Schematic orientation of the present study with respect to nanoscience and Al tools and its implications in cervical cancer.

biocompatibility, targeting site of disease and cells and controlled
release of drugs. Targeted delivery can be achieved through targeting
the specific surface markers expressed on cancer cells that are rarely
expressed on healthy cells would be ideal. Thus, employing nano-
formulated therapeutics might enhance the efficacy of targeted drug
delivery, but on the same hand, it might vary depending on the physical
status of patients and their cancer stage. Formulation of natural drugs
with nano-carriers may have the least side effects, and these natural
nano-drugs might be effective. On the same note, nano-carriers formu-
lated drugs might impose several challenges, one of them being approval
from regulatory affairs to encompass clinical trials and hence AI
accompanying these nano-carriers or nano-DDs might provoke the cur-
rent platform for this kind of novel interventional therapies. Al based
algorithms have emerged as an innovative tool for diagnosing and
treating most cancers. Al tools provide a rational platform to screen a
wide variety of compounds using models, which cut off the resources
and time expenditure, unlike wet-lab approaches. The preliminary
screening using Al can fasten the rate for the drug discovery process,
following which in vitro and in vivo experimental validation is a pre-
requisite for precise anti-tumor or anticancer drugs development. Be-
sides, Al also has been implemented to predict drug toxicity, drug
loading and characterization at the surface level in addition to other
factors such as bioactivity, drug-target identification, de-novo drug
design, prediction of physicochemical properties, and QSAR-based drug
development. Additionally, Al based development of nano-formulated
drugs and their druggable target can be one of the crucial applications
to enrich the platform for designing novel anticancer therapeutics.
Given the rapid growth and emerging applications of “computer phar-
maceutics development” in developing drugs efforts should be put
across to enrich the platform for rapid implementation of these novel
techniques and the associated concerning regulatory affairs. Above all,
the unveiled route of discovering and employing Al accompanied nano-
formulations might plausibly overcome the bumpy journey of treating

cervical cancer.
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ABSTRACT

Prostate cancer is the second most dangerous cancer type worldwide. While various treatment options
are present i.e. agonists and antagonists, their utilization leads to adverse effects and due to this
resistance developing, ultimately the outcome is remission. So, to overcome this issue, we have under-
taken an in-silico investigation to identify promising and unique flavonoid candidates for combating
prostate cancer. Using GOLD software, the study assessed the effectiveness of 560 natural secondary
polyphenols against CDKN2. Protein Data Bank was used to retrieve the 3D crystal structure of CDKN2
(PDB Id: 4EK3) and we retrieved the structure of selected secondary polyphenols from the PubChem
database. The compound Diosmetin shows the highest GOLD score with the selected Protein i.e.
CDKN2 which is 58.72. To better understand the 2-dimensional and 3-dimensional interactions, the
interacting amino acid residues were visualised using Discovery Studio 3.5 and Maestro 13.5. Using
Schrodinger-Glide, the Diosmetin and CDKN2 were re-docked, and decoy ligands were docked to
CDKN2, which was used to further ascertain the study. The ligands with the highest Gold score were
forecasted for pharmacokinetics characteristics, and the results were tabulated and analysed. Utilising
the Gromacs software and Desmond packages, 100 ns of Diosmetin molecular dynamics simulations
were run to evaluate the structural persistence and variations of protein-ligand complexes.
Additionally, our investigation revealed that Diosmetin had a better binding affinity with CDKN2 meas-
uring 58.72, and it also showed remarkable stability across a 100-ns simulation. Thus, following in-vitro
and in-vivo clinical studies, diosmetin might lead to the Prostate regimen.
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1. Introduction According to studies, AR promotes prostate epithelial cells’

. roliferation and differentiation throughout the Prostate can-
In Western nations, prostate cancer (PCa) has evolved as one P 9

of the men’s most often detected tumors (Siegel et al,
2016). As of the most recent cancer data, the overall number
of other incidences and mortality from PCa in the statistics
for U. S. 2021 are 248530 and 34130, respectively, and the
five-year survival rate is 97.5% (https://seer.cancer.gov/stat-
facts/html/prost.html). Further, the GLOBOCAN 2020 report
shows that, 34540 cases were recorded for prostate cancer in
a year, which includes 16783 cases leading to death.
Moreover, the prevalence rate is 9.47 in 100000 individuals
(International Agency for Research on Cancer, 2020).
Androgen hormones or their executioner AR are known to
play vital roles in the genesis and development of PCa
(Dehm & Tindall, 2006; Suzuki et al., 2003; Tan et al., 2015).

cer Field’s progression (Singh et al, 2014). One of the most
widely given AR blockers comprises steroidal medicines such
as Cyproterone acetate (Gao et al, 2006; Goldenberg &
Bruchovsky, 1991). Even though a variety of GnRH blockers
and anti-androgens have evolved as one of the most com-
mon chemotherapeutic medications treating PCa, the
dilemma of developing cancer after a brief time of resistance
and enhanced toxicity owing to drug intake remains a sig-
nificant barrier to efficient therapy. In this regard, the excel-
lent correlation between flavonoid consumption and lower
incidence of PCa has piqued researchers’ curiosity, directing
their emphasis on flavonoids as chemotherapy drugs in PCa
(Bommareddy et al, 2013). Natural chemicals with a solid
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affinity for prostate cells/androgen sensors may result in effi-
cient PCa therapy.

Flavonoids have health-beneficial characteristics that can
be used for nutritional, pharmacological and cosmetic pur-
poses (Panche et al., 2016). Antioxidants, antibacterial, anti-
allergic, anti-inflammatory, antitumor, and pharmacological
actions are among the pharmaceutical characteristics (Di Leo
et al,, 2017; Guven et al., 2019). Flavonoids would treat can-
cer and other illnesses like cardiac, rheumatism, obesity, high
blood cholesterol, hypertension, and neurological disorders
(Ballard & Mardstica, 2018). The antitumor activity of
Flavonoids is more active during the tumorigenesis, begin-
ning, promotional, and advancement phases of cancer.
Flavonoids could suppress tumor growth throughout the ini-
tiating; promotional stages (Abotaleb et al, 2018). In add-
ition, flavonoids can suppress Pro angiogenesis, manage
metastases, cause cytotoxic and apoptotic, cause cell cycle
arrest and revert multi-drug resistance (MDR) at various
stages of development and combining approaches (Chahar
et al., 2011). Numerous research has presented empirical
proof of flavonoids; cytotoxic activity in vivo and in vitro
(Chan et al., 2021). Diosmetin is a natural compound abun-
dantly present in legumes and olive leaves and has been
shown to have the potential for use as an anticancer agent
(Xu et al., 2017). Diosmetin selectively induces apoptosis and
inhibits cancer cell growth without affecting normal cells (Xu
et al., 2017). It has been suggested that diosmetin exerts
growth-inhibitory effects through various signal transduction
pathways, which have relevance in the cancer (Liu et al.,
2016).

The subcellular environment halts cell growth, cause
apoptotic, impair mitotic spindle development, and block
angiogenesis, making them especially useful anti-cancer
agents (Batra & Sharma, 2013). There, a molecular basis, fla-
vonoids have been identified to control many kinases (Hou &
Kumamoto, 2010) Furthermore, researchers have already
found flavonoids to arrest cell growth in a dosage and time-
dependent way. Based on their structural and tumor forma-
tion, they could stop the cell cycle at either the GO/G1 or
G2/M stage (Kobayashi et al, 2002; Woo et al, 2005).
Furthermore, Flavonols, a flavonoid subclass, were shown
to have a molecular resemblance to testosterone, implying
a high probability of cohesive forces with AR or many
anti-androgenic activities in the PCa (Boam, 2015). Thus,
examining the interaction of such diverse flavonoid classes
i.e. flavonols also having anticancer properties (Sheoran
et al.,, 2022) might provide perspective into their possible use
in PCa therapy. Along with its capacity to estimate the con-
formational of simple ligands within the best target binding
pocket with high precision, molecular docking is among the
most often utilized approaches in structure-based drug dis-
covery and development. As a result, it may be used to
investigate the interactions among flavonoids and selected
targets.

CDKs are well-known cell cycle stage mediators.
Therefore, they are important therapeutic candidates, and
unanticipated CDK stimulation might promote tumour
growth (Malumbres & Barbacid, 2009). One of its most

essential CDKs is CDKN2. It links up with cyclin E to create a
cluster. The cyclin E/CDK2 combination phosphorylates the
domain RB' and accelerates the cell cycle transformation
from G1 to S, resulting in cancer. Furthermore, CDKN2 has
already been identified as a critical mediator in the induction
of apoptosis following DNA damage (Bacevi¢ et al., 2017).
Moreover, the finding demonstrates that inhibiting CDKN2
lowers tumour growth, and CDKNZ2 inhibitors are already
being tested in clinical studies (Rizzolio et al, 2010).
Molecular docking is a two-step approach that begins with
ligand conformational changes in the active region of the
receptors. Afterwards, it ranks these based on respective
interaction conformational energy for every interaction con-
formation (Seyedi et al., 2016). In addition, to determine the
docking interaction affinity of different ligand-receptor con-
formations, widely accessible tools such as Auto Dock, Swiss
dock, click docking, and GOLD are broadly applied (Lounnas
et al., 2013). Therefore, we utilize GOLD for molecular dock-
ing because of its performance, accuracy, flexibility, and com-
prehensive analysis. Our virtual screening experiments are
predicated on the notion that flavonoids may conflict with
goals, inhibiting PCa genesis and development. In the pro-
cess, we utilize flavonoids against selected targets such as
CDKN2. In our present paper, we describe the selected
targetCDKN2 (Figure 1 shows the genes associated with
CDKN2 by employing GeneMania (Warde-Farley et al, 2010)
interaction with a specific flavonoid Diosmetin through in-silico
studies such as molecular docking, drug-like properties, and
pharmacokinetic properties and Molecular Simulation).

[CDKN2D)

o

&
@ g ©

Figure 1. Showing the genes associated with the selected target CDKN2.
CDKN2 has Physical interaction (77.64%) with all the proteins except PDGFA
and ZNF410. And co-expression (8.01%) with CDK6, AGO1, MOV10, PPP1R9B,
ZNF410 and CDKN2C. having PREDICTED (5.37%) with ZFP91, PPPT1R9B, HUWET1,
ZNF410, CDKN2C, RPL11, and TBRG1. Further genetic interaction (2.87%) with
PDGFA, IGFIR and RPL11. Further pathway (1.88%) with CDK4, CDK6 and MDM2.
And shared protein domain with CDKN2C, CDKN2D and CDKN2B.
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Figure 2. Showing 2D and 3D interaction with CDKN2 and Diosmetin (Green colour line denotes the hydrogen bonding). the positions B:229-HIS, B: 278-ARG, B:
369-ARG have formed hydrogen bonds and the positions B: 22-GLU, B:19-LYS, B: 26-ASP, B: 232-SER, B:233-ALA, B:236-SER, B:320-ARG, B: 371-LEU, B:274-PRO, B:
276-THR, B:277-SER, B:275-LEU, B:217-LEU, & B:219-LEU formed H-C bonds. The residues B:23-VAL and B:360-PRO established pi bonding. Due to all these interac-

tions, the diosmetin has produced a high GOLD score.

Table 1. The docking results of the top 10 compounds obtained from Gold.

Compound Name GOLD Score
Baicalein 47.93
Chrysin 47.00
Diosmin 57.50
Diosmetin 58.72
Hesperidin 57.20
Kaempferol 51.99
Myricetin 53.73
Naringenin 47.66
Rutin 56.44
Tamarixetin 49.19

2. Methodology
2.1. Preparation of ligand for docking study

The structure of 560 selected polyphenol secondary metabol-
ite molecules under the class of flavonoids on the basis of
the literature review was obtained from PubChem in SDF file
format (Ali et al., 2019; Patidar et al., 2019; Sweta et al., 2019;
Yadav et al, 2019). The energy was then minimised using
the Avogadro program (Maicas et al., 2021) and the MMF
force field (Park et al., 2021). The steepest descent technique
with a range of 200 rounds at RMS gradients of 0.1. was
used to achieve the optimisation. Finally, minimised ligands
were subjected to docking studies.

2.2. Protein preparation for docking study

The 3-D structure of the selected prostate cancer protein tar-
get, i.e. CDKN2 (PDB ID: 4EK3), has been downloaded from
the PDB database (Pranweerapaiboon et al, 2022) & pre-
pared for future investigation (Information on protein sec-
ondary structure is in Figure 12). Employing Chimera, all
unnecessary water molecules are eliminated & polar hydro-
gens are introduced to the molecule (Shivanika et al., 2022).
To eliminate poor connections, the building must be energy
efficient. Localized strain can occur because of minor flaws in
the initial structure, such as poor Van der Waals connections.
To relieve the strain, the structures were optimized by per-
forming energy reduction under a vacuum hypothesis.
Chimera was used to minimize energy. The optimized pro-
tein compounds having partial atomic charges were
employed in a subsequent docking analysis to estimate the
optimal orientations of the complexes within the receptors’

active center and determine the essential residues engaged
in interaction with the ligand molecules. By using prank web
https://prankweb.cz/ we identified the active sites.

2.3. Molecular docking protocol by employing GOLD

GOLD software was used to study (Adeniyi & Ajibade, 2013)
the binding mode and selectivity of the selected compounds
with target proteins. Further, as reported in the literature, it
was used to allocate hydrogens and active peptides torsions,
which were docked further into binding pockets. The binding
site area was developed within a 5-A distance range. Water
molecules and unwanted ligands were deleted after selecting
binding sites or atoms ligands. Further, we have selected a
scoring function for calculating binding energy, and a default
generic algorithm was employed during the molecular dock-
ing process. The scoring function was used to group & evalu-
ate the resulting structures. Finally, the docking results were
compared with good conformation posture, and the best
groups with the highest docked value were chosen for
examination.

2.3.1. Molecular docking protocol by employing glide
Docking was accomplished using the Schrodinger-Glide mod-
ule (Olubode et al., 2022) The crystal structure of CDKN2 was
prepared suitably prior to dock with Diosmetin. The Extra
Precision (XP) docking mode was performed to predict
Diosmetin’s binding energy and glide score with CDKN2. The
semi-flexible docking research was conducted by allowing
the Diosmetin to generate various conformations within the
defined rigid active site of the CDKN2 structure.

2.4. Drug-like & pharmacokinetic properties

To be effective as a drug, a potent molecule must reach its
target in the body in sufficient concentration and also must
remain there in a bioactive form long enough for the
expected biological events to occur. Drug development
involves the assessment of absorption, distribution, metabol-
ism and excretion (ADME). To develop novel drug molecules,
pharmacokinetic parameters are one of the essential
properties. Any medicinal compound to evolve as a drug
candidate should have optimum biological activity and
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Figure 3. (A) The 2D interaction of Diosmetin with CDKN2 was derived from Schrodinger-Glide, which has shown an Xp score of -7.529 and a Glide energy of
-46.719. The pink colour arrow depicts the hydrogen bonding between Diosmetin and the active site residue of selected target CDKN2. (B) demonstrates the exact
interactions among the atoms of the drug and protein residues. Interactions that last more than 10.0% of the simulation duration are shown in the selected path
(0.00 to 100.01 nsec). It is possible to interact with >100% because certain residues might have multiple interactions of the same kind using the same ligand

atom.

pharmacokinetic properties. To analyse the pharmacokinetic
properties, we employed SwissADME (Daina et al., 2017) and
ADMElab 2.0 (Xiong et al., 2021). In pharmacokinetic proper-
ties, Pgp (p-glycoprotein), which plays a vital role in drug dis-
covery and development and presents in the liver, works as
an efflux pump (Muthumanickam et al., 2022). If the drug
molecule inhibits the Pgp, it is a good candidate and vice
versa.

2.5. Drug-like properties

In 2007, Lipinski proposed the ‘Rule of Five’ (Di Leo et al.,
2017), an essential drug-likeness filter commonly used for all
drug candidates, which provides four rules to determine
whether a molecule has good oral absorption or not. A com-
pound may not be orally active if it violates two or more
rules. To predict Lipinski’s rule of drug-like properties such as
Molecular weight (MW), Partition coefficient (Log p), hydro-
gen bond donors (HBD), hydrogen bond acceptors (HBA)
and the number of rotatable bonds, we have used the zinc
online server & SwissADME.

2.6. Molecular simulation using Gromacs

Gromacs is a widely used molecular dynamics simulation
package (Abraham et al, 2015) known for its efficiency and
scalability, making it suitable for handling large and complex
systems. By employing Gromacs, the study benefits from its
robust algorithms and optimized force fields, allowing for
extensive exploration of conformational space and accurate
representation of protein-ligand interactions.MD simulation
of the protein-ligand complex was performed using the
GROMACS 2020.1 software package. The simulation was
accomplished by operating the CHARMM36-July 2021 force
field for a runtime of 100 ns. The external CGenFF webserver
was utilised to construct the ligand topology. The default
water model (CHARMM modified TIP3P) was adopted to

solvate the system in a manner like the protein-ligand conju-
gate; by maintaining a triclinic solvation box and positioning
it at least 1.0nm from its border in the centre Cl- ions were
introduced for neutralisation. The system with the 1 bar pres-
sure was used after the 300K of 100ns was equilibrated
using the Parrinello-Rahman barostat method. The GROMACS
utilities RMSD, RMSF, and hBond were examined following
the MD simulation. The average displacement change of the
frame is measured using the RMSD. For each frame in the
trajectory, it is computed. The RMSD for frame x is:

N

1
RMSDx = N;(r;(tx)) — 1i(tef))’
The local alterations of protein chain can be defined using
the RMSF. The RMSF for residue i is:

;
RMSF — %Z < (P(0) = ri(ter))? >
t=1
The protein regions that fluctuate the most during the
simulation are indicated by peaks on this map.
Contacts with Ligand: The protein residues that make
interactions with the ligand are indicated in Figure 8C by
vertical bars that are green in colour.

2.6.1. Molecular simulation using Desmond (Schrodinger)

Schrodinger’s Desmond is a molecular dynamics simulation
software that offers specialized tools and features for analyz-
ing protein-ligand interactions and binding free energies
(lvanova et al.,, 2018). Desmond 2021-4 simulated molecular
dynamics on an Acer workstation running Ubuntu 22.04. In
order to generate the topology for the Complex, the force
field for OPLS-2005 was processed. The complex was created
using the system builder platform by solving the straightfor-
ward point-charge clear water models within an orthorhom-
bic simulation box. The solvated complex system was
neutralised with sufficient Na+/Cl counter ions and a



concentration of salt of 0.15M to mimic physiological condi-
tions. The receptor-ligand complex system was located using
the OPLS-2005 force field, and a clear fluid model containing

Ewwo = 0.082154 ev
(Excited State)

|

|

|

Energy Gap-0.148975 eV
I

|
|
|
Erome = 0231129 ev

(Ground State)

Figure 4. Depicts diosmetin’s boundary chemical orbitals (HOMO-LUMO) and
the accompanying transitioning energies.

Table 2. ADME properties of selected top 10 flavonoids.
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SPC water atoms was used in this framework in an ortho-
rhombic box. Desmond At 300K and 1.0325 bar of pressure,
simulations were run for 100 ns after system minimization for
100 ps and relaxation of the systems using the default
technique.

2.7. BOILED EGG plot analysis

The Estimate D permeation method (BOILED- Egg) in the
brain or intestinal tract is a reliable prediction model for
determining ligand lipophilicity and polarity. It offers a dis-
tinctive statistical image for examining the ligand molecules’
bioavailability characteristics. By looking at cooked eggs,
physicochemical characteristics, including blood-brain barrier
& gastrointestinal absorption permeability, are anticipated.
BOILED plots, which are necessary for drug development and
discovery, are created using the Swiss ADME online service
(Daina et al., 2017).

3. Result and discussion
3.1. Molecular docking evaluation

Diosmetin has a higher gold score (58.72) with CDKN2 (4EK3)
(Figures 2 and International Agency for Research on Cancer,
2020), thus, it could have anti-cancerous activity and promis-
ing agent for treating prostate cancer. It also has drug-like &
pharmacokinetic properties, and the top 10 compounds
docking results are in Table 1. Diosmetin has three hydrogen
bonding interactions with the residues HIS, and ARG of
CDKN2. Also, Diosmetin has hydrogen-carbon bonding with
the residues GLU, LYS, ASP, SER, ALA, ARG, LEU, PRO and
THR of CDKN2. These in-silico studies may provide a signifi-
cant platform for further evaluations in in-vitro and in-vivo
experiments to explore their biological activity in order to
consider the bioactive compound against tumour sickness.
We are in the process of in-vitro evaluation on this com-
pound in our lab (CGTR & DD and Unite Life Science labs).
Further, to validate the result of GOLD docking, the
molecular docking of Diosmetin with CDKN2 in Schrodinger-
Glide has shown an Xp score of —7.529 and a Glide energy
of —46.719 (Figure 3A). The Figure 3B depicts the bonding
interactions in percentages throughout the 100 ns simulation.

1 Baicalein Inhibitor Inhibitor Inhibitor No
2 Chrysin No No Inhibitor No Inhibitor No No
3 Diosmin No No No No No No Inhibitor
4 Diosmetin No Inhibitor Inhibitor No No No No
5 Hesperidin No No No No No No Inhibitor
6 Kaempferol No No Inhibitor No Inhibitor No No
7 Myricetin No No No No Inhibitor No No
8 Naringenin No No No No Inhibitor No Inhibitor
9 Rutin No No No No No No Inhibitor
10 Tamarixetin No Inhibitor Inhibitor No Inhibitor No no
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Table 3. Drug-like properties of selected top 10 flavonoids.

S.No. Name of compound MW Log p HB donor HB accepter No. of rotatable bond
1. Baicalein 270.24 243 3 5 1
2. Chrysin 254.24 227 2 4 1
3. Diosmin 608.54 2.66 8 15 7
4, Diosmetin 300.26 247 3 6 2
5. Hesperidin 610.56 0.85 8 15 7
6. Kaempferol 286.84 1.7 4 6 1
7. Myricetin 318.24 1.08 6 8 1
8. Naringenin 272.25 1.75 3 5 1
9. Rutin 610.52 0.46 10 16 6
10. Tamarixetin 316.26 2.24 4 7 2

Figure 5. Shows the Boiled egg graph. As shown in the graph Diosmetin (red
dot) is present in the white centre not in the yellow centre, so it has a high
gastrointestinal absorption rate. It has a high blood-brain permeability if it is
present in the yellow centre.

3.2. DFT analysis

DFT calculations were done by using Schrodinger- Jaguar to
examine the molecular geometry and the electron distribu-
tion in the solid (Figure 4). The DFT method is a crucial and
valuable tool for examining the connection between chem-
ical compounds’ geometry and electronic characteristics. We,
therefore, present DFT calculations that take into account
vibrational frequency analysis, electronic spectra, HOMO-
LUMO energy with a range of chemical reactivity parameters,
the Mulliken population analysis, the molecular electrostatic
potential, the HOMA index, the natural population analysis
and an investigation of the Schiff base’s natural bond
orbital (NBO).

The LUMO has no electron but can accept electron, indi-
cating the molecule’s susceptibility to nucleophilic attack
which makes them electrophilic in nature while HOMO is the
highest energy molecular orbitals with an electron and has
the potential to donate an electron, it is used to describe the
ability of molecules to resist electrophilic attack that is they
are nucleophilic (Muthu et al.,, 2015). Furthermore, the inter-
action between a filled HOMO and an empty LUMO on one
or more molecules can explain chemical processes and res-
onance. In FMO analysis, a small energy difference between
HOMO and LUMO indicates that they are more reactive,
chemically soft and less stable. In contrast, a high energy
gap indicates that they are less reactive, chemically harder

and more stable (Benjamin et al., 2022). From the DFT
results, it is evident that the Diosmetin is observed to be
more reactive.

3.3. ADME analysis

ADME prediction plays an important part in drug discovery
and development, with the ultimate objective of predicting
the in vivo pharmacokinetics of a potential therapeutic mol-
ecule. Along with molecular docking research, ADME evalua-
tions are performed to categorise the safety and
effectiveness of a pharmacological molecule (Seyedi et al.,
2016). Tables 2 and 3 provide pharmacological
characteristics.

The values of the tested compounds in this investigation
are within an acceptable range. The natural molecule
Diosmetin falls in the acceptable values, indicating that it is
readily permeable. The results showed that, compared to the
screened compounds from the PubChem, and Zinc database,
the natural chemical Diosmetin followed Lipinski's RO5. The
Diosmetin chemical has excellent oral absorption in humans
and has desirable pharmacokinetic characteristics. As a result,
this Diosmetin compound is expected to have high bioavail-
ability and to function as an active therapeutic molecule.

Cytochrome P450s is an important enzyme system for
drug metabolism in the liver. The two main subtypes of cyto-
chrome P450 are CYP2D6 and CYP3A4. The results showed
that Diosmetin were not a substrate for the two subtypes.
Further, it was also not predicted to be a CYP2C19 inhibitor
and predicted to inhibit CYP2C9 inhibitor and CYP2D6 inhibi-
tors. This suggested that it may be metabolized in the liver.

P-gp acts as a drug-extracting pump that needs energy in
the process. The efflux occurs through a pore in the cell
membrane that consists of 12 a-helices. High expression lev-
els of P-gp are found in normal tissues such as the liver, pan-
creas, kidneys (renal tubules), colon, and adrenal cortex (Ruiz
Gomez et al, 2002). These findings suggest that P-gp could
have a physiological role in secretion. In tumor tissues, there
is a correlation between the increase of P-gp expression.
Binding to P-gp prediction was calculated with SwissADME.

3.4. BOILED egg plot analysis

Aside from ADME prediction, minor molecule toxicity and
effectiveness are failures owing to adverse pharmacokinetic
characteristics. As demonstrated in Figure 5, the Diosmetin
Boiled Egg plot exhibits two favourable pharmacokinetic
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Figure 7. The regions of high flexibility are the protein residues- 0-25, 50-53, 112-125, 160-175, 200-214, 260-270, and 400-410. RMSD vs the residue plot
shows that the initial residues fluctuating most are responsible for the high RMSD in the simulation.

properties: gastrointestinal absorption and Blood Brain
Barrier (Ali et al., 2019). This chemical has a high gastrointes-
tinal absorption rate, which is visible in the white zone of
the egg (Figure 5). As a result, this Diosmetin molecule is
brain impermeable. Overall, Diosmetin was shown to be the
most effective anti-cancer drug in our investigation.
However, more in vitro and in vivo research on the natural
ligand is needed to confirm the findings of this work.

3.5. Molecular simulation evaluation

To explore the stability of Diosmetin with CDKN2 protein, the
types of interactions involved in the binding process, RMSD,
RMSF, and Hbonds are determined. Figure 6 depicts the
RMSD of the Diosmetin-CDKN2 complex after a 100-ns
molecular dynamics simulation in the solvent environment.
Throughout the simulation, the RMSD of the Diosmetin-
CDKN2 protein combination was between 0.1 and 0.5nm.
The movements of the CDKN2 protein’s activation loop may
be responsible for the early simulation stage between 0 and
15ns (Bacevi¢ et al, 2017). Minimal fluctuations are seen
beyond the initial steps. As a result, the RMSD averaged con-
stant snaps demonstrated that the arrangement of the
CDKN2-Diosmetin interaction remained steady throughout
the 100-nanosecond simulation, and Diosmetin did not dis-
solve from the protein.

The RMSD computes the variations in the protein’s
backbone between the initial and final conformations and,
as a result, evaluates the protein’s stability. The protein
backbone RMSD (backbone) and protein-ligand complex
RMSD (complex) were assessed in the current investigation.
According to the findings, computed values have indicated
a steady RMSD with any variances. Despite both exhibiting
stability throughout the simulation run, the backbone
RMSD has consistently shown lower RMSD than the
complex.

Furthermore, Figure 6 depicts the structural steadiness of
the protein-ligand complex, which is studied using the RMSD
result (Rizzolio et al., 2010). As a consequence of the equilib-
rium state at 100 ns, it was discovered that both the original
simulated structure and the end structure had stable con-
firmation throughout the period. According to the trajectory
study, the complex looks prospective and active.

RMSF also investigates the flexibility of the activation
loop, as demonstrated in Figure 7. Calculating the RMSF of
all residues along the simulation trajectory identifies the
region with greater flexibility in the protein. The data reflects
the variation of specific amino acid residues due to the pro-
tein’s loop and disorder regions. Using the complex’s RMSF
diagram (Figure 7), it is discovered that the primary peaks of
variation between residues are more than 0.1 nm. These resi-
dues are not detected in docking studies. Hence the fluctu-
ation does not affect the protein-Diosmetin chemical
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Figure 9. Depicts the triplicates results of RMSD by employing Desmond (Schrodinger), and throughout the triplicates, no significant difference is found, and
results are identical and similar.

binding. The rest of the residues are stable at less than 1nm. CDKN2 protein. Throughout the simulation, three hydrogen
The hydrogen bond is one of the most critical factors in the bonds remain stable in the binding process. Hydrogen bonds
protein-ligand complex. The Gromacs package is used to form all amino acid residues, including HIS and ARG
identify the hydrogen bond between Diosmetin and the (278,369). Through contact, each amino acid has contributed



JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 9

Ligand Torsion Profile
OH O

HO™

90°

7.83 3.36
5.22 2.24

180° 0°®
261 112
0.00 - Y Y Y Y 0.00
716" 20° _An° Ne QnN® 180¢ 336" ‘{ﬂ ()(\ ® ()(\ ®
477 4 2.24
2.39 4 112 4
0.00 -+ - y T 0.00
336-180°.90° 0° aneo l‘:l{ ' -1‘{() <)() ()" ‘)() H()
0.00

-180° -90° 0° 90° 180°

Figure 10. Depicts the 2D and 3D ligand torsion profiles it describes the torsions of ligands at different points. Each color defines the one point of torsion.

Ligand Properties

T T T T

0 20 40 60 80 100
Time (nsec)

Figure 11. Shows the RMSD, RGYR, IntraHB, MolISA, SASA and PSA.



10 S. SHEORAN ET AL.

% SSE

50

100
X
Q
© -
c S
o I A " T4 1 IR0 T AR ) | B
3 150 A
S
["2]
Q
o<
200
(LR ML SR BOIRR DU L HTAR BRI LU D B B ORI B N ) (B
250

T T

0 20 40

T T

1
60 80 100

Time (nsec)

Figure 12. Depicts protein secondary structures. The above plot represents the SSE, and the below plot summarizes the SSE composition for each trajectory frame

over the course of the simulation.
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Figure 13. Protein information has total residues 288 chain a and total atoms 4653 with heavy atoms 2300 and charges +5.

to the OH group of the Diosmetin molecule. This interaction
has the potential to stabilise Diosmetin in its interaction loca-
tion. Consequently, the presence of a hydrogen bonding
association between the Diosmetin and the CDKN2 protein is
in good accord with the docking research results.

Further, to validate and robust the study, we utilize
Desmond to simulate the Diosmetin docked with CDKN2
complex for 100ns in triplicate. We observed that in
Gromacs, the complex is quite fluctuating throughout 100 ns.
However, in Desmond, the complex is stable throughout the



100ns. In triplicate, we found no significant difference in
RMSD (Figures 8 and 9).

3.5.1. Ligand torsion profile and properties

Each rotatable bond (RB) in the ligand (Zaki et al., 2023)
underwent a conformational change during the simulation
trajectory (0.00 to 100.01 nsec) (Sangai et al., 2018), which is
depicted in the ligand torsions chart and other properties
(Figures 10 and 11). The top panel displays a two-dimen-
sional representation of a ligand with coloured rotatable
bonds. Each rotatable bond torsion includes a dial plot and
matching-colour bar plots. Dial (or radial) charts show how
the torsion has changed over the duration of the simulation.
The temporal development appears radially outwards from
the simulation’s starting point, which is in the centre of the
radial map. By displaying the probability density of the tor-
sion, the bar plots provide a summary of the data on the
dial plots. The figure also displays the potential of the rotat-
able bond (by adding the potential of the associated tor-
sions) if torsional potential information is available. The
potential values are shown on the chart’s left Y-axis and are
given in kcal/mol. The structural strain the ligand experiences
to retain a protein-bound shape can be understood by
examining the correlations between the histogram and tor-
sion potential.

In the present study, during the dynamic simulation pro-
cess, the radius of gyration (Rg) and RMSD values were used
to calculate structure deviation that determines whether the
protein suffered any distortion or maintained its conform-
ation during the 100-ns duration The Rg that measures pro-
tein compactness was found to be 4.08 A° (Figure 11). The
trajectory RMSD values were found to be 0.3 to 0.9A°
(Figure 11) during the 100-ns period.

3.3. Protein secondary structure

Beta- and alpha-strands are monitored throughout the simula-
tion as protein secondary structural elements (SSE) examples.
The SSE distribution across the protein structure is shown in
the plot above by residue index. The bottom plot tracks each
residue’s SSE assignment through time, whereas the plot
below summarises the SSE component for every trajectory
frame throughout the simulation (shown in Figures 12 and 13).

Further, we are in the process of In-vitro and In-vivo stud-
ies because Computational studies have some limitations. To
overcome these limitations, in vitro and in vivo investigations
are crucial.

4. Conclusion

In the current study, we utilize in-silico analyses to find
promising novel small compounds as viable candidates for
Prostate cancer regimens. Further, we investigated in silico a
series of compounds from the PubChem and the natural sub-
stance Diosmetin docked with CDKN2. Based on the Gold
score, ten top-ranked compounds from virtual screening and
molecular docking studies were chosen as the most effective
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leading molecules. Diosmetin shows the best ranking based
on the Gold score i.e. 58.72. The overall pharmacokinetic pro-
file and ADME analyses assessed the molecule’s characteris-
tics. The Diosmetin molecule was shown to obey Lipinski
RO5 and all other drug-like rules in an ADME analysis, and
egg plot investigations demonstrate that it has a high
gastrointestinal absorption rate and is brain impermeable.
Consequently, MD simulations at 100 ns using the Diosmetin-
CDKN2 complex were performed using Gromacs, and the
findings revealed high binding stability. To further validate,
we also perform Docking and simulation by Schrodinger. In
addition, the results of in silico experiments provided better
support for future in vitro & in vivo investigations. These find-
ings showed that Diosmetin might be investigated as a
potential lead molecule to cure Prostate cancer. As per
Christine Oak and team (Oak et al., 2018), Diosmetin inhibits
the growth of Prostate cells in the PC3 cell line by employing
cell cycle arrest and apoptosis further, it is also a promising
candidate for liver cancer (Ma & Zhang, 2020). Further inves-
tigation and the generation of scientific evidence are neces-
sary to determine whether the therapeutic effects of newly
identified and synthetically produced flavones benefit
patients. Diosmetin was discovered to have a greater affinity
with CDKN2 than tested compounds based on In silico
experiments. In vitro & In vivo studies will be conducted at
CGTR & DD and Unite Life Science labs. Overall, this study’s
implications lie in advancing our understanding of prostate
cancer biology, identifying potential therapeutic targets, and
exploring novel treatment options. It contributes to the
broader field of prostate cancer research by shedding light
on the molecular interactions involved in the disease and
providing a foundation for further investigation and develop-
ment of targeted therapies.
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Abstract

Background: Prostate cancer (PCa) is the second most frequent kind of cancer in males globally
after Lung Cancer. In clinical practice, medicines that act as antagonists/partial agonists of hormone
recepliors against prostate tissue are employed in PCa treatment. Cyproterone acetate, Flutamide,
and Bicalutamide are prominent medications that induce acute and long-term toxicity and create drug
resistance in patients and remission. We concentrated on flavonoids since they are non-cytotoxic
and have substantial showing inhibitory action.

Methodology: We selected 560 flavonoids and small compounds along with 3 targets from the
extensive literature review. Three-dimensional (3D) structures of selected proteins were obtained
from Protein Data Bank, docked with 560 flavonoids and small molecules 3D structures, obtained
from PubChem and CHEMBL database using Gold Docking Software. ADME characteristics were
used to determine their bioactivities in the human body and drug-like investigations by using
SwissADME and Zinc database, while Lipinski's rule of five was used to evaluate the flavonoids' anti-
prostate cancer efficacy. Additionally, we have performed molecular simulation at 100ns and
furthermore, we will perform cytotoxicity analysis.

Results: Diosmetin (58.72), Lapatinib Ditosylate (121.61), and Estramustine Phosphate Sodium
(143.38) has the highest binding affinity for CDKN2 (4EK3), CYP17A1(3RUK), and CYP19A1(3579),
respectively, and are stable throughout 100ns simulation studies. At present, we are working on
cytotoxicity studies on PC3 cell lines. As per the literature review by Ansar et al. 2022 quercetin and
thymoquinone induce cytotoxicity in breast, lung, and prostate cancer cells effectively; MCF-7 cells
were the most sensitive cells to quercetin with an 1C50 value of 50 uM and PC3 cells were more
sensitive to thymaoquinone with an IC50 value of 20 yM.

Conclusion: As a result of our findings, these four Flavonoids may be viable candidates for additional
research into PCa prevention or management.Keywords: Diosmetin, Lapatinib Ditosylatye, Prostate
cancer, In-silico, Simulation
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Abstract

Background: Lung cancer is the most commonly diagnosed cancer globally. There are numerous
agonists and antagonistic treatment interventions available for therapy. However, all of them possess
different detrimental consequences in addition to resistance and remission in sufferers. Medicinal
plants have traditionally been employed to treat a wide range of ailments and problems.

Methodology: A total of 550 flavonoids and small molecules retrieved from literature and databases
(Chembl, and PubChem) were analysed for molecular docking, biological activities, ADME, and drug-
like properties through SwissADME and PreADMET, Molecular Simulation, and cytotoxicity studies.
Simultaneously, review literature is employed to identify the novel protein targeis viz. ROS1 (3ZBF) &
EGFR (6DUK). Additionally, the crystal structures of the proteins were obtained from PDB and their
domains and active sites were predicted using ScanProsite, MOTIF Search, metaPOCKETZ2, and
PrankWeb tools. Finally, the proteins and ligands were energy-minimized using Chimera and open
babel tool and subjected to virtual screening and molecular docking using GOLD. Furthermore, the
molecular simulation was performed at 100ns by utilizing GROMACS, and cyltotoxicity studies were
performed by employing the A549 Lung cancer cell line.

Results: Diosmin (64.57) and Hesperidin (60.98) had the greatest binding affinity with the identified
targets, i.e., ROS1 (3ZBF) and EGFR(6DUK) respectively against Lung Cancer, and remained stable
during 100ns of molecular simulation. Furthermore, we have performed cyiotoxicity studies on A549
cell lines that show both the compounds have significant anticancer activity and do not affect healthy
cells in the range of, i.e., Diosmin (500 pg/ml to 0.024 pg/ml.) and Hesperidin (500 pg/mi to 125

pg/mil).

Conclusion: After the analyses, we can conclude that it has the potential to be exploited as a novel
therapeutic agent in the treatment of lung cancer.Keywords: Diosmin, Hesperidin, In-silico, A549,
Lung Cancer, Simulation
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10.1 Introduction

Solid lipid nanoparticles (LNPs) are being produced as spinel delivery systems for the
administration of liquid soluble drugs and effective dynamic treatment adjustment [1].
According to a recent study, SLNs (solid lipid nanoparticles) constitute a flexible, diversi-
fied, and adaptable system for delivering drugs. This technology has the capability to
improve medication strength as well as regulate drug release from the matrix over time.
Furthermore, encapsulating pharmaceuticals in solid LNPs helps them resist enzymatic
destruction before they reach their target sites [2]. An agreement has arisen among scien-
tists that lipids are effective good adsorbents for drug administration due to their intrinsic
potential to promote stomach solubilization and the immersion of poorly accessible
therapeutic ingredients through the lymph system [3,4]. SLNs are one of the innovative
prospective dispersion transport systems utilized in lieu of polymers as an alternative
to oil-in-water (O/W) emulsifiers for enteral administration, and they are identifiable
from O/W emulsions. A solid lipid nanoparticle can replace the fluid lipid in the O/W
emulsion [5]. Solid LINPs are created using methodologies such as high-pressure homoge-
nization and solvent evaporation [6,7]. Moreover, the characteristics of SLNs may
be modified to increase their efficiency. This is especially beneficial for drugs that are
insoluble in water. In order to understand solid LNPs and their prospective uses in the
pharmaceutical sector, detailed literature research on the different varieties of SLNs and
conventional matrices utilized as drug delivery techniques are required.

For many years, the pharmaceutical industry has used lipid components that really are
room-temperature solids to make a range of formulations [8]. Further, Earlier research also

* First equal authorship.
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indicates that SLNs are nontoxic and biodegradable colloidal transporters [9]. It is vital to
highlight that SLNs are nanoscale in size, and their strong capability at the intracellular
membrane and in the intracellular compartment permits them to successfully infiltrate the
cells [10]. Solid LNPs have gotten a lot of interest since they can carry medicines and
genes efficiently and can also be utilized for specific therapies [11]. Because of their greater
bioactivity, enhanced capacity for drug loading, and scalability, they may have a benefit
over other nanoparticle. The lipids employed in the production of the matrix in solid
LNPs are consistent with the body’s natural defense and also have minimal side effects and
acceptable ratings. According to Basha and colleagues, solid LNPs form vibrant, varied,
and configurable pharmaceutical carrier systems with enhanced capacity for increasing
drug stability and attempting to control drug release from the composite over period, and
packaging drugs in solid LINPs aids in trying to resist proteolytic degradation first before
drugs reach the desired sites [2]. Additionally, pharmaceutical companies may employ solid
LNPs to develop medications for particular human organs depending on their biochemical
makeup and kind of responses. Furthermore, the features of the SLNs may be altered to
increase their efficiency. This is especially beneficial for medications that are poorly soluble
in water. Fig. 10.1 depicts a diagrammatic depiction of SLNs and their targeted particulari-
ties from several perspectives.

A9

Pulmonary delivery dosage form

Oral dosage form solm lipid nanopamcles
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Figure 10.1 Solid LNPs and their targeted identifications are depicted schematically. LNPs, lipid
nanoparticles.
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The current research concentrates on the various kinds of SLN and conventional
matrices used as drug delivery strategies in pancreatic cancer, as well as to understand
SLNs and their potential applications.

10.2 Symptoms and risk factors of pancreatic cancer

As pancreatic cancer is challenging to detect, it is frequently discovered as an advanced
disease. Jaundice and weight loss are symptoms of pancreatic cancer. Diabetes and
exposure to certain toxins are a major risk factors. Treatment is based on the size and
location of the tumor, in addition to whether or not it really has expanded to other
areas of the system.

Pancreatic cancer develops when abnormalities (mutations) in pancreatic cells cause
them to grow uncontrollably. A clump of tissue can form as a result. This tumor is
often harmless (not cancerous). However, with pancreatic cancer, the mass is malig-
nant (cancerous).

The majority of people do not notice early indications of pancreatic cancer
(Fig. 10.2). However, as the condition advances, individuals can observe:

1. Inflammation in the upper abdomen may move to the posterior.

Discoloration of the skin and the whites of the eyes (jaundice).
Exhaustion.

Hunger loss.

Light-colored feces.
Pitch black poop
Malnutrition.

The presence of thrombosis in the system.
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Dry, itching skin.
10. Diabetic, whether new or increasing.
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Puking and discomfort.
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Figure 10.2 Symptoms of pancreatic cancer.
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If you experience these signs and have suddenly established diabetes or pancreatitis—
a painful condition caused by pancreatic irritation—ryour healthcare provider may consider
pancreatic cancer.

The average lifetime chance of acquiring pancreatic cancer is roughly 1 in 64. A
risk factor is anything that increases your chances of getting an illness. There are dan-
ger variables (shown in Fig. 10.3) that are a result of behavior and may be modified.
Following are some major risk factors for pancreatic:

1. Smoking.

2. Obesity poses a risk factor as well. Having extra weight all around waistline is a
danger concern even if you are not obese.

3. Diabetes, particularly type diabetes patients, that is connected to overweight. The
emergence of diabetes at an advanced age and in somebody of normal body weight
or BMI might be a symptom of pancreatic cancer.

4. Coming in contact with chemicals used by dry cleaners and metal workers.

5. Having chronic pancreatitis.

There are some risk factors that you cannot change, some of which are as follows:
1. Genetic recurrent pancreatitis is caused by gene alterations (mutations) that are

handed down from parent to kid.

2. Being a Male.

RISK FACTORS
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pancreatitis diabetes
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Figure 10.3 Risk factors of pancreatic cancer.
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3. Being an African American.
4. Being of Ashkenazi Jewish descent.

If you experience certain symptoms or have suddenly established diabetic or pan-
creatitis, your doctor may suspect pancreatic cancer.

Pancreatic neuroendocrine cancer can vary from classic pancreatic cancer signs,
such as losing weight. This is due to the fact that some Pancreatic neuroendocrine
tumors (PNETs) increase the production of hormones.

10.2.1 The stages of pancreatic cancer?

Pancreatic cancer is divided into five categories (Fig. 10.4). Your prognosis is influ-
enced by the size and location of the tumor, in addition to whether or not really the
disease has progressed:

1. Phase 0: Stage 0 cancer, also known as cancer in situ, is distinguished by malignant
growth in the pancreatic lining. The cells might develop into cancer and migrate
to neighboring tissue.

2. Phase 1: The cancer is in the pancreas.

3. Phase 2: The tumor has migrated to regional lymph nodes, organs, or lymphatic
system from the pancreas.

4. Phase 3: The malignancy has progressed to massive blood arteries in the vicinity of
the pancreas. It might potentially have migrated to adjacent lymph nodes.

5. Phase 4: The disease has migrated to remote parts of the body in fourth stage of
pancreatic cancer. It may have spread to other tissues, organs, or lymph nodes.

10.3 Lipid nanoparticles

“Fat” appears to be a synonym for “lipid.” Lipids appear to be a substance that cannot
dissolve in water but may dissolve in alcohol, (C2H5)2 O, and chcl3 [12]. Individual
cells required lipids to thrive. Animal and plant cells were primarily composed of
lipids, Cx (H2O)y, and protein. Both triglycerides and cholesterol are lipids. Fats are
quickly obtained and maintained inside the system. It is a crucial component of the
cell’s structure and acts as an energetic benchmark. Fats sometimes are classified as
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Figure 10.4 Stages of pancreatic cancer.
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Figure 10.5 The entire configuration of solid LNPs, which offer advantages over LNPs and lipids
emulsions, is graphically represented [13]. A) Solid Lipid Nanoparticles (SLNs), B) Liposomes,
Q) Lipid Emulsion. LNPs, lipid nanoparticles.

aquaphobic or amphoteric low molecular weight compounds; the amphiphilic prop-
erty of particular lipids allows us to produce watery forms such as vesicles, huge unifla-
gellar liposomes, or membranes. The biochemical constituents or “building blocks”
of biological lipids are ketoacyl and isoprene groups. Fig. 10.5 depicts the structures of
SLN, liposomes, and lipid emulsion.

Fats have received a nice deal of interest since the commencement of the pharma-
ceutical era because of their biocompatibility as a transporter. Because they are very
repellent, they have low oral absorption [14]. As a result, the ambition to broaden the
variety of uses for such transporters fell short, and they were not used in propulsion sys-
tems until 1900 after they were enclosed in colloidal delivery methods [15—18]. In the
development of nanomaterials delivery systems, LNPs were shown to be more helpful
than polymeric NPs [19]. LNPs are considered to as “Nano safe” carriers since they are
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constructed of physiologic and/or disposable lipids [20]. Solid LNPs are a well-known
LINP synthesis that was created in the early 1990s [21]. Due to the numerous advantages
of previous transporters, such as emulsifying agents, lipid membranes, and polymeric
nanoparticles (NPs), delivery approach was developed [22]. The practicality of the
manufacturing techniques and leveling-up process, the GRAS grade of all formulations,
and absence of polar components separate SLNs from liposomes [23].

Tumor nanotechnology is presently being developed as a possible cancer therapy
approach for antitumor medication delivery [24]. NPs with sizes ranging from one to
1000 nm improve therapeutic bioavailability and antitumor drug selectivity [25].
Fig. 10.6 depicts a number of NPs and nanotech cancer therapy techniques that have
recently been published. Semiconducting quantum dots can really be employed as a
versatile composite structure with significant potential for biomedical activities because
of its peculiar optical properties, large excitation range, and extremely constrained
symmetrical intensity distribution. Semiconductor quantum dots are a novel type of
fluorescent element. They are used in cell imaging, biolabeling, and biosensing.
Quantum dots have a stronger influence than conventional fluorophores. They are
bright, possess better control over emission intensity, and are less photobleached.
Different colored quantum dots with wide absorption and narrow emission spectra can
be stimulated by a single light source. The previously described quantum dots appear

.

Nanocantilever

Liposome
Nanoparticles
Dendrimer
Polymeric Magnetic Solid Lipid
Nanoparticle Nanoparticle Nanoparticle

Figure 10.6 Several nanotechnology-based cancer therapy techniques are in use [13]. Taken from
S. Sheoran, S. Arora, and G. Pilli, “Lipid based nanoparticles for treatment of cancer,” Heliyon,
p. 09403, 2022.
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to be the most effective option for screening cell receptors. To make good fluores-
cence probes, the surfaces of quantum dots must be altered using diverse biological
molecules [26].

Among the numerous NP formulations used in the treatment of cancer depicted in
Fig. 10.6, we highlight ones relying on liquid that flows since significant advances in
production and alternative compositions have been made in the last decades. Chemical
modifications to lipid nanosystems can be employed to avoid detection by the
immune system or to boost pharmaceutical availability. These might also be made in
pH-sensitive formulations to boost the release of the drug in acidic conditions, and
they could be combined with antibodies that recognize tumor cells and their recep-
tors, such as folic acid (FoA) [27]. Nanomedicines may be used in concert with other
therapy techniques to improve patient’s response.

Several antitumor drugs, including cisplatin, have already been studied in nanofor-
mulations, and others have been studied in clinical studies and/or are industrially
available for medical use [28]. Doxil, a liposome formulation containing DOX, was
the first commercially used anticancer medication nanosystem that presents an over-
view of the many types of LBNPs (Fig. 10.7) that have been developed in recent
years, as well as their uses and benefits in various types of malignancies.

(A) LIPOSOMES (B) LIPID NANOEMULSIONS (C) LIPID NANOPARTICLES (LNPs)
(LNEs)

Phospholipid

V4 Active pharmaceutical ingredient (API)
. Rigid lipid

. Liquid lipid

Oligonucleotide

Aqueous phase

Lipid phase
@  Active pharmaceutical ingredient (AP) (D) SOLID LIPID NANOPARTICLES  (E) NANOSTRUCTURED LIPID CARRIERS (NLC)
(SLN)
Figure 10.7 (A) Liposomes, (B) lipid nanoemulsions in lipid-based nanoparticles, (C) solid lipid
nanoparticles, (D) and nanostructured lipid carriers. Taken from S. Sheoran, S. Arora, and G. Pilli,
“Lipid based nanoparticles for treatment of cancer,” Heliyon, p. e09403, 2022.
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10.4 Solid lipid nanoparticles

These really are solid sizes ranging from 1—1000 nm. Nanoparticles range in size between
150 to 300 nm. Solid LNPs are solid, submicronic colloidal nanocarriers with diameters
ranging from 1e1000 nm [13]. The granular size ranges from 150 to 300 nm. Nanoparticles,
for example, provide a framework for controlled drug release [29]. Their solid SLN method
enables them to limit medicine movement and provide greater stability, combining the ben-
efits of polymeric NPs and liposomes and consists of high emulsifiers [30]. Furthermore,
experiments reveal that SLNs were particularly beneficial in a variety of ways (Fig. 10.8),
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Figure 10.8 The advantages and applications of SLN are represented graphically [13]. SLN, solid
lipid nanoparticles.
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including the avoidance of using organic solvents during manufacture, the possibility
of scaling [31], and the incorporation of both lipophilic and hydrophilic medications
in substantial quantities [32]. SLNs are formed by substituting a solid lipid or a
mixture of solid lipids for the liquid lipid (oil) in the formation of an oil and water
dispersion. One distinguishing property of SLNs is that they are rigid both at room
and body temperatures [33]. These drug delivery systems are composed of 0.1%—
30% (w/w) solid lipids distributed in an aqueous media. SLNs are often made up of
solid-form lipids such as higher-grade triglycerides, free fatty acids, free fatty alco-
hols, complex glyceride blends, and even wax (all of which are well-known physio-
logic lipids) [34]. It is also possible to employ more complex systems [35].

10.5 Limitations of solid lipid nanoparticles and way to overcome

Though SLNs are typically composed of solid lipids, deterioration and unstable may
be an issue. Excessive pressure-induced drug disintegration, the coexistence of diverse
lipid alterations and colloidal species, the minimum drug-loading potential, and the
kinetics of the delivery are all things to consider.

10.6 High pressure-induced drug degradation

The principal reasons for drug disintegration are molecular mass and organization, and
high-pressure uniformity has been demonstrated to diminish polymer molecular mass.
Regardless of the fact that multiple studies suggest that elevated homogenization-
induced drug breakdown is not a problem for the vast majority of bioactive metabo-
lites, high molecular weight composites or chain-length components are significantly
more sensitive. However, big molecular weight compounds such as DNA, albumin,
and dextrose are more susceptible to breaking; hence, integrating these materials into
SLNs requires a unique strategy.

10.7 Lipid crystallization and drug incorporation

Another essential issue to consider is lipids crystallization. Scientists have already been exam-
ining the association between lipid changes and medicine-based treatment over the past few
years. The investigation of lipid alterations is widely recognized. X-ray and differential scan
calorimeter studies are used in the bulk of the approaches. Nonetheless, the majority of the
evidence has come from large-scale lipid investigations. The efficiency of SLNs may vary
greatly due to the evident nanosize of the carrier, and a large number of interface active par-
ticipants required to sustain colloidal lipid dissemination. As a result, lipid crystallization and
drug inclusion have an effect on the characteristics of lipid particles. When considering med-
ication capture inside solid LNPs, the following important factors must be considered:
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(1) the presence of supercooled melts; (2) the presence of various lipid modifications; (3) the
shape of lipid nanodispersions; and (4) gelation processes.

10.8 Several colloidal species coexist

Researchers have given little consideration to the coexistence of many nanomaterials
within solid LNPs, despite the fact that it is an important issue to solve. Surfactants
are present on both the lipid surface and the inside of the lipid. Diverse micelles
must be recognized in glycocholate/lecithin stabilized and similar systems. Because
micelles, mixed micelles, and lipid membranes may dissolve drugs, they can be
employed as therapeutic incorporation targets. Because dynamic models are crucial for
drug stability and release, the existence of diverse heterogeneous entities alone is inad-
equate to define the structure of colloidal lipid phase separation. As a result, the kine-
matics of delivery process must be considered. Enzymatic hydrolysis drugs, for
example, breakdown faster in water-soluble and interface-localized chemicals than in
lipid molecules.

The rate of disintegration will be governed by two factors: (1) the chemical
makeup of the medication and (2) the drug concentration in the aqueous phase or at
the lipid/water border. When buoyant drugs come into contact with liquid, they
swiftly hydrolyze, disrupting the drug’s dispersion balance between diverse habitats.
Carriers are only useful if they keep drugs from being redistributed. Increasing the
matrix width naturally affects the mass transter coefficient of the drug within the trans-
porter, hence SLNs are expected to outperform lipid nanoemulsions.

10.9 Nanostructured carriers of lipid (solid lipid nanoparticles and
nanostructured lipid carriers)

Despite their safety and efficiency, solid LNPs have a number of significant drawbacks,
including increased moisture concentrations (70%—99.9%), inadequate drug content
due to crystalline shape, drug ejection during preservation, and probable polymorph-
isms transitions and particle formation during storage. As a consequence, modifications
to the Solid LNPs organization are required to meet these limits. At the tumn of 2000,
further research resulted in the invention of a “second generation” of LNPs: the
NLCs [29]. Dr. Rimpler (Wedemark, Germany) then created the first NLC concepts:
Nano Repair Q10 cream, Nano Repair Q10 serum, and Chemisches Laboratorium’s
Nano lipid CLR Restore (Berlin, Germany). Solid LNPs will be at the forefront of
nanotechnology innovation, with several potential applications and a short time
between discovery and commercialization [36]. Despite the reality that medication
loaded with aquaphilic molecules is quite low, previous data shows that SLNs and
NLCs were appropriate for the integration of lipophilic drugs [37]. Early research on
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the subject indicates that only highly potent aquaphilic medications with low effec-
tiveness might be thoroughly integrated through the solid lipid matrix [38].

10.9.1 Solid lipid nanoparticles and nanostructured lipid carriers for
drug delivery

Liposomes and different versions have indeed been utilized in lipid-based medicinal
compositions since the 1960s and are regarded as the classic forms. Previous research
has linked liposomes to inherent failures and poor characteristics in terms of depo-
lymerization, an absence of massive production technology, merging and drug leaking,
polymer matrix degradation and cytotoxicity, phospholipid degradation, high produc-
tion costs, and sterilization issues [20,39—42|. Miiller and colleagues coined the words
“solid LNPs” and “nanostructured lipid carriers” (NLCs) in 2002. These developed
from a natural notion that combined the beneficial properties of NPs with nontoxic
and biodegradable lipid components to generate nontoxic and biodegradable paren-
teral emulsions that could be delivered directly [20)].

The nanoparticle is categorized according to its contents, distribution method, and
doctors and medical. Depending on their content, a nanoparticle is classified into two
types: solid SLNs and NLCs. Since 1990 [42], SLNs have been touted as viable alter-
natives to liposomes, emulsions, and polymeric nanoparticle carrier systems. They have
a spherical shape with an average size of 40—1000 nm and may be studied using trans-
mitted and scanning electron microscopes.

10.9.2 Solid lipid nanoparticles as delivery carriers for anticancer
agents

Cancer is distinguished by uncontrollable cell proliferation, susceptibility to apoptosis,
and the ability to spread to other tissues [43]. Chemotherapeutic, which would be
administered through regular medication delivery channels, is the most thorough can-
cer treatment. However, there are significant disadvantages to this method, including
limited solubility, low sensitivity, potential toxicity, and low therapeutic efficacy [44].
Cancer medication resistance is the most challenging obstacle to overcome in cancer
treatment. Resistance to chemotherapy medications is common in cancer cells, result-
ing in treatment failure (Fig. 10.9). Resistance to cancer drugs may be produced by
genetic changes that result in parallel changes in signaling pathways. Multidrug treat-
ment with multiple target pathways has been found in studies to be more successtul
than mono-drug therapy [45].

External factors and obtained resistance to antibiotics, the two leading causes of
chemotherapy failure, have a major adverse effect on chemotherapeutics treatment
outcomes. Recent advancements in nanotechnology have provided new treatment
options for tumors that have grown resistant to traditional treatments [46]. Fig. 10.9
depicts how solid LNPs can bypass medication tolerance by successfully penetrating
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Figure 10.9 Escape mechanism of solid LNPs that contain anticancer drugs. LNPs, lipid nanoparticles.

cancer cells. Based on the nanoparticle composition and manufacturing process, SLNs
can hold both hydrophilic and lipophilic anticancer drugs. Drug particles may be
included in three ways: (1) they can be spread uniformly in the lipid matrix; (2) they
can be incorporated into the nanoparticles; and (3) they can be incorporated into the
shell of the nanoparticles. Docetaxel, a natural lipid-soluble molecule, exhibits favorable
characteristics for incorporation into Solid Lipid Nanoparticle (SLN) formulations. The
inherent properties of docetaxel make it suitable for utilization in SLN systems. Notably,
a previous study demonstrated that SLN formulations enhanced the cytotoxicity of doc-
etaxel when tested on MCF-7 breast tumor cells, surpassing the effectiveness of the
medication in its conventional form during characterization [47].

In vivo and in vitro research have been conducted to explore the efficacy of SLN
absorption in various systems. SLNs have indeed been demonstrated to have less side
effects while enhancing the occupancy length and effectiveness of cytotoxic medica-
tions. Doxorubicin is a natural drug compound with potent anticancer properties. Its
use has a number of negative side effects, including cardiac problems. Doxorubicin
may be integrated into SLNs, and when paired with alpha-tocopherol succinate,
which also has anticancer potential, it demonstrated excellent cytotoxicity and uptake
in drug-resistant MCF-7 human cancer cells [48].

Despite the reality that cancer cells represent for further than 80% points of all
malignancies in people, a treatment regimen of solid tumors continues to pose major
issues due to poor responses that have been anticipated to be as low as 20% in esoph-
ageal cancer, pancreatic cancer, and ovarian cancer [49]. An earlier study indicated that
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miRNA-200c might be effectively trapped in SLNs to prevent development of
resistance. According to one study, paclitaxel-loaded SLNs might be employed to treat
drug-resistant breast cancer cells. This was corroborated by later study findings.
Paclitaxel-SLNs demonstrated significant effectiveness in both drug-resistant and drug-
sensitive MCF-7 cells. According to a recent survey, doxorubicin SLNs have great
promise as a beneficial therapeutic method for overcoming multidrug resistance [50)].

10.9.3 Routes of delivering

The SLN technique has made tremendous progress in the treatment of a variety of ail-
ments. Hydrophilic and lipophilic medicines are encapsulated in SLNs, which decreases
their degradation in the body all while allowing for sustained strategic drug release. NPs of
various sorts have indeed been developed for the following purposes:

10.9.3.1 Oral delivery

SNLs can be transformed into traditional oral dosage forms. Furthermore, SLN dis-
persal can be utilized instead of granule fluid in a technique like wet granulation [51].
If the SLN suspensions are powdery, they can be tableted immediately after prepara-
tion by lyophilization and spray drying. To enhance expense, crisped SLN powder
can be packed in gelatin capsules, generated as liquid polyethylene glycol 600 and
packed in soft gel capsules, or turned into a powder form and wrapped in packets fol-
lowing lyophilization [2]. Numerous investigations on bioactive chemicals for SLNs
for oral administration have been done. Research effectively proved that SLNs are
appropriate delivery systems for oral insulin delivery [52]. Moreover, the solid struc-
ture of SLN has been demonstrated to shield insulin from degradation processes in the
gastrointestinal system while boosting insulin uptake through the intestinal lining.
Recent research revealed that docetaxel-loaded SLNs are potential drug transporters in
the prevention and treatment of metastases of breast cancer [53]. In another study,
solid LNPs (SLNs) combined with transferrin in the treatment of breast cancer showed
a significant ability to transport tamoxifen citrate to tumor cells, resulting in increased
therapeutic benefits [54].

10.9.3.2 Parenteral delivery

Administered is the most effective technique for administering bioactive chemothera-
peutic drugs with narrow absorption indexes and limited bio-availability, especially for
drugs prescribed to patients who have difficulty [55]. Parenteral drug delivery has
benefitted from considerable technical advances, which have resulted in the develop-
ment of complex devices that enable drug targets as well as prolonged or changed out-
comes of parenteral drugs [56]. Protein and peptide medicines are more vulnerable to
enzymatic breakdown, necessitating regular compensation when administered orally.
SLNs with a controlled release mechanism for a route of administration have been
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found to be effective treatment techniques for preventing enhanced patient adherence
and repeated administration [57]. Parenteral SLN delivery might take various forms,
ranging from intravenous to intraarticular. Several studies have been carried out on the
pharmacokinetic and distribution of doxorubicin content in SLNs in tissues [2,44].
Just the synaptic connections of rabbits were shown to contain doxorubicin in these
experiments. Hidden compounds were incorporated into the SLNs to increase disper-
sion to the brain. Doxorubicin oral dosing, on the other hand, resulted in lower bio-
availability in the heart and liver.

10.9.3.3 Pulmonary delivery

Respiratory drug delivery is a noninvasive mode of delivery that has many advantages
for local treatment of airway illnesses; it immediately enters the epithelium, avoids first
metabolizing in the liver, and has minimal toxicity [58]. A study on the pulmonary
injection of amikacin-loaded SLNs was conducted with the purpose of increasing its
intensity for the treatment of cystic fibrosis-associated lung infections in male rats [59].
Both free medicine and cholesterol-loaded drug administration strategies, such as intra-
venous and pulmonary delivery routes, were employed. Earlier research found that
pulmonary medication release had less negative impacts on the kidneys and a larger
drug dosage interval than intravenous administration, leading to higher patient compli-
ance [56,58]. People who do have trouble adhering to SLN drugs or who suffer from
renal problems may benefit from pulmonary administration of SLN medications.
Other important administration routes for SLN-packaged medications, in addition to
oral and parenteral administration, are ocular and rectal delivery, each of which comes
with its very own set of benefits.

10.10 Applications of solid lipid nanoparticles in pancreatic cancer

Solid LNPs are one of several kinds of NPs that can be utilized to treat cancer. They
are used as potential nanocarriers for the encapsulation of chemotherapeutic medica-
tions in addition to enhancing the stability and efficacy of the encapsulated anticancer
therapeutics. The high drug loading capacity of solid LNPs is comparable to that of
polymeric NPs. Additional benefits of solid LNPs include enhanced pharmacokinetic
characteristics and lower in vivo toxicity, which make them an adaptable nanodrug
carrier for anticancer medications. delivering these medicines by solid LNPs can con-
siderably reduce the difficulties associated with anticancer drugs, including the assess-
ment of normal tissue toxicity, lower specificity and stability, and the high prevalence
of resistance-related problems [60)].

Currently, specific cancer cells are killed using magnetic NPs and hyperthermia in
the treatment of cancer. A more recent method for treating cancer that involves mix-
ing chemotherapeutic drugs with magnetic NPs has been proven to be effective in
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treating a variety of tumors because it offers cancer cells a twofold boost from both
hyperthermia and chemotherapy. Chemothermia, a treatment for several types of
malignancies, including breast, colon, bladder, and pancreatic cancer, is defined as the
combination of hyperthermia with chemotherapy. The results of this study showed
how effectively and significantly anticancer medications had improved. The use of
NPs can lessen the major adverse effects associated with chemotherapy [61,62].

The total survival time for patients with pancreatic cancer ranges from a few
months to five years. Pancreatic cancer is recognized for having a low survival rate. By
employing medications, such as curcumin (CUR), sulforaphane (SEN), 5-FU, and
GEM, several NPs have been developed to treat pancreatic cancer and have shown
encouraging outcomes in preclinical investigations when compared to traditional che-
motherapy [61].

According to the study by Inkoom et al., 2022, it is crucial to check the anticancer
activity of 4NSG-solid LNPs (4-(N)-stearoyl-gemcitabine) on patient-derived pancre-
atic cancer cells in vitro using (PPCL-46, PPCL-68) and (PPCL -192, PPCL-135) cell
lines obtained from Caucasian (White) and African American (AA) patients, respec-
tively, and to further evaluate the antitumor efficacy in pancreatic cancer PDX mice
bearing tumors from both of these populations. It is crucial to note that while several
gemcitabine (GEM) analogs have been shown to be successful, in a number of com-
mercially accessible cell lines, there is little evidence available comparing the effective-
ness of GEM analogs in patient-derived pancreatic cancer cells from White and AA
patients. This study supports the use of patient-derived pancreatic cancer cells to assess
the eftectiveness of GEM analogs in White and AAs through scientific research investi-
gations [63].

Recent research on nanodrug delivery methods demonstrates enhanced cellular
absorption of the solid LNPs formulation in comparison to GEM in numerous organs
and cancer types and regulated drug release [64|. To enhance the therapeutic efficacy
against pancreatic cancer cells, an unusual solid lipid NP with a substantial payload of
GEM was created. To avoid drug dispersion into the aqueous phase, temperature-
induced drug degradation, and crystallization modification [65], 4NSG-solid LNPs
were prepared using the cold homogenization technique. The selection of surfactants
has a significant influence on solid LNPs particle size. Labrasol, tween 80, and lecithin
surfactant compositions were kept below 2% in order to create solid LNPs with small
particle sizes and to mitigate any potential toxicity concerns brought on by high sur-
factant amounts [66|. Using TEM for the analysis of 4NSG-solid LNPs formulation
revealed spherical NPs with diameters ranging from 63—100 nm, which validated the
particle size reduction in 4NSG-solid LNPs. In comparison to the comparable results
for GEM-HCL, the IC50 values of 4NSG-solid LNPs were considerably lower in the
PPCL-46, PPCL-68, PPCL-192, and PPCL-135 produced from White and AA indi-
viduals, respectively. The IC50 results indicate that 4NSG-solid LNPs have a strong
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antiproliferative effect on the PPCL-46, PPCL-68, PPCL-192, and PPCL-135 cul-
tures. This might be explained by the unique properties of 4NSG-solid LNPs, which
are most likely the result of the alteration of the polar nature of GEM-HCL to moder-
ately lipophilic by conjugation of GEM to stearic acid. Additionally, it has been
discovered that GEM heavily depends on nucleoside transporters such as hENT1 in
order to move between and accumulate inside cancer cells. It has been shown that
underexpression of these transporters confers pancreatic cancer resistance [67].
According to earlier published efforts that employ delivery methods for the targeted
transport of GEM derivatives [68], the lipophilic nature of 4NSG-solid LNPs implies
that it enters pancreatic cancer cells via passive diffusion. Using flow cytometry and
confocal imaging, the cellular uptake of 4NSG-solid LINPs was assessed. In their flow
cytometry and confocal tests, FITC-solid LNPs displayed a ten-fold increase in geo-
metric fluorescence intensity compared to FITC-exposed cells. This shows that the
solid LNPs might capture a larger payload of 4NSG, confirming the FITC-increased
solid lipid nanoparticle’s intensity above FITC alone. A crucial parameter of cell viabil-
ity is used in the clonogenic test to assess a cell’s capacity for growth and metastasis in
colonies of at least 50 cells [69]. According to the results, 4NSG-solid LNPs were
more successful than GEM-HCL at preventing cell growth. PPCL-46 and PPCL-192
cells were used in a cell migration experiment to investigate the function of 4NSG-
solid LNPs in cell mobility. According to the research, 4NSG-solid LNPs dramatically
decreased cell migration in both cells when compared to GEM-HCI. One method for
reducing tumor development is thought to be the inhibition of cell cycle progression
in cancer cells [70]. The genetic characterization of cell cycle regulators is crucial since
the majority of cancer-related disorders are often mutated [71]. The results of the
investigation showed that treatment of PPCL-46 and PPCL-192 cells with 4NSG-
solid LNPs at a concentration of 5 M significantly stopped the advancement of the cell
cycle in the G1 phase. This shows that 4NSG-solid LNPs may have antiproliferative
effects that prevent the advancement of the cell cycle. At a concentration of 20,
4NSG-solid LNPs may have caused apoptosis in the PPCL-46 and PPCL-192 cells,
confirming that only a small percentage of the cell population had accumulated in the
S and G2/M phases. The outcomes of their cell cycle experiments further substantiate
our claim that 4NSG-solid LNPs had a more powerful cytotoxic impact than GEM-
HCL. The process of cell migration plays a crucial role in promoting tumor spread. In
this work, PPCL-192 and PPCL-46 cells’ ability to move around was reduced by
4NSG-solid LNPs. Compared to GEM-HCL, the 4NSG-solid LNPs dramatically
lowers cellular migration. Very few cells were found in the wound area after adminis-
tration of the 4NSG-solid LNPs formulation at a dose of 20 mM, demonstrating its
superior capacity to inhibit cellular mobility when compared to GEM-HCL. It was
demonstrated that the half-life and AUC parameters significantly lengthened the resi-
dence duration and increased the proportion of 4NSG-solid LNPs that remained intact
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in systemic circulation when the pharmacokinetic profiles of 4NSG-solid LNPs and
GEM-HCL were compared.

The prognostic value of EGFR, which is overexpressed in 30%—89% of pancreatic
cancer, is still debatable [72,73]. Similar to EGFR, which is overexpressed in between
4% and 50% of pancreatic cancer patients, it is unknown how HER2 affects prognosis
[74]. HER2 expression predicts a poorer outcome in certain PDAC patients while
showing no correlation in others [75,76]. On the other hand, VEGFR and VEGF
overexpression in PDAC is an excellent indicator of advanced stage and recurrence
following resection. In this work, they examined the expressions of VEGFR, HER2,
and EGFR in pancreatic tumor-bearing PDX mice models treated with GEM-HCL
and 4NSG-solid LNPs. Lower expressions of VEGFR, HER2, and EGFR were seen
in the tumors of the 4NSG-SLNaaT and 4NSG-SLNyyt treated groups in this partic-
ular PDX model made up of members of the White and AA populations. This finding
suggests that 4NSG-solid LNPs could be used as an effective VEGFR, HER2, and
EGFR-specific therapy [77,78]. In comparison to GEM-HCL treatments, 4NSG-solid
LNPs significantly reduced the expression of the VEGFR, HER2, and EGFR recep-
tors in the tumor tissues of the White and AA patients. Clinical evidence suggests that
VEGFR, HER2, and EGFR receptor targeting may overcome innate tumor resistance
and improve therapy results in pancreatic cancer. This might lead them to hypothesize
that 4NSG-capacity solid LNPs to target VEGFR, HER?2, and EGFR receptors is
what most likely caused the tumor’s development to be significantly reduced. In com-
parison to GEM-HCL, 4NSG-antitumor solid lipid nanoparticle’s efficacy demon-
strated considerable tumor growth suppression in both White and AA’s tumors during
a 25-day period. To a significant extent, tumor inhibition was shown in animals carry-
ing White and AA tumors throughout the research period, suggesting that the solid
LNPs may play a key role in encapsulating a greater payload of 4NSG that resulted in
high build-up in the tumor location. The exceptional tumor effectiveness of 4NSG-
solid LNPs might be explained by a number of important aspects, including (1) The
4NSG lacked a free NH2 group, which prevented the cysteine deaminase enzyme
from properly metabolizing GEM. The duration of circulation, greater bioavailability,
and enhanced therapeutic effectiveness of 4NSG were most likely made possible by
this occurrence. (2) To preserve 4NSG from severe conditions and boost its payload
for targeted transport to tumors of interest, it is enclosed in a solid LNP delivery sys-
tem. (3) The conjugation of GEM to stearic acid may have given 4NSG some degree
of lipophilicity, which in turn may help facilitate its delivery to tumor cells.

In this investigation, Inkoom and his team showed that 4NSG improved the per-
meability and plasma metabolic stability of GEM, which increased its therapeutic
effectiveness. The pharmacokinetic properties of GEM were enhanced by chemically
converting it to 4NSG and then forming it into 4NSG-solid LNPs, which led to the
longer system circulation shown in their study. Comparing the mice with pancreatic
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tumors from White and AA patients to the mice treated with GEM, 4NSG-solid
LINPs significantly inhibited tumor development in all of the animals [63].

Ferulic acid (FA) is one of the most abundant antioxidants in wheat bran. In cases
of breast, skin, colon, and liver cancer, it exhibits anticancer potential [79]. FA has an
inferior oral bioavailability due to its weak water solubility. Solid LNPs can compen-
sate for FA’s low bioavailability. Glyceryl behenate was used to make solid LNPs that
were loaded with FA by Zhang et al. [80]. When compared to aqueous dispersion
(10.0 mg/mL and 2.1 hours, respectively), the pharmacokinetic characteristics for solid
LNPs exhibited a greater C,,,, and half-life (18.7 mg/mL and 4.6 hours, respectively),
indicating a sustained release from the lipid matrix. Using the in vivo imaging technol-
ogy, it was also shown that solid LNPs retained in the small intestine for a longer
period of time than in the free control. For the treatment of pancreatic cancer,
Thakkar et al. [81] loaded aspirin (ASP) and FA in chitosan-coated solid LNPs. The
lipid core of solid LNPs coated with chitosan demonstrated good durability in an
acidic environment thanks to the development of a thick coating around it. The
muco-adhesion of solid LNPs was similarly enhanced by this biopolymer covering
[82]. Pancreatic cancer cells MIA Panc-1 and PaCa-2 were suppressed by modest
dosages of free FA (200 mm) and ASP (1 mm), respectively, by 45% and 60%. After
solid LNPs entrapment, it was shown that FA (40 mM) and ASP (25 mM) showed
equivalent cytotoxicity at 5- and 40-fold lower doses. Oral administration of a combi-
nation of FA (75 mg/kg) and ASP (25 mg/kg) in solid LNPs effectively decreased
tumor development by 45% when compared to the reference group in the in vivo
pancreatic cancer xenograft mice research.

Accordingly, the 2015 study by Thakkar et al. looked at the possible chemo-
preventive effects of a combination of free ASP and FA as well as encapsulated ASP
and FA in c-solid LNPs. For the first time, the ASP and FA c-solid LNPs combination
inhibiting cell survival in a synergistic manner and causing apoptosis in MIA PaCa-2
and Panc-1 human pancreatic cancer cells was demonstrated. Even while this was not
statistically significant, additional in vivo experiments showed that the c-solid LNPs
combination might decrease tumors. Studies using immunohistochemistry show that
the regimen promotes apoptosis due to greatly increased protein expression. The pre-
liminary results from these studies provide a basis for further research to confirm if this
combination regimen based on nanotechnology is possibly useful as a chemopreventa-
tive therapy for pancreatic cancer [83].

Sutaria et al.’s research has mostly examined the chemopreventive effects of low
doses of the ACS (ASP, CUR, and SEN e) combination solid LNPs against pancreatic
cancer cells, MIA Panc-1 and PaCa-2 [84]. It was assumed that delivering two or more
chemopreventative medications at low concentrations together might have an additive
or synergistic effect on the cancer cells because administering a single agent at low con-
centrations has been demonstrated to be ineffective. This is because carcinogenesis has a
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multifaceted nature and cancer arises from a number of cellular modifications over a
long period of time. Among the several chemopreventive medications under investiga-
tion, ASP, SFN, and CUR have been found to be effective in the chemoprevention of
pancreatic cancer [85—87]. Nonsteroidal anti-inflammatory drugs (NSAIDs) such as ASP
and celecoxib have been proven in several in vivo and in vitro studies to aid in the pre-
vention of pancreatic cancer development. Researchers have looked at the chemo-
preventive effects of CUR and SEN, two substances that are both efficient and nontoxic
in nature [88—90]. Therefore using a multidisciplinary approach, this study investigated
the synergistic effects of solid LNPs combinations of chemopreventive medicines, espe-
cially ASP in combination with CUR and SFN.

However, a number of factors, such as these drugs’ limited oral bioavailability
after delivery, have greatly impeded their clinical translation. By designing a solid
LNPs drug delivery system for these medicines, it is possible to increase their bio-
availability in tissues and plasma compared to their free form, thus enhancing their
therapeutic efficacy. Additionally, administering medications at lower dosages with a
decreased risk of adverse side effects while preserving effectiveness is possible thanks
to the drug’s encapsulation inside the lipid matrix. Combining drugs with different
modes of action makes it easier to achieve the required preventative effect while
reducing the dose concentration and its adverse consequences [91]. Both CUR and
ASP solid LNPs were discovered to have excellent encapsulation efficiency, good
stability at or below room temperature in terms of formulation development, and
ideal particle sizes. The use of an organic solvent during the manufacturing proce-
dure may have enhanced the lipid’s hygroscopic properties, which might account for
the improved stability. The lipophilic properties of both ASP and CUR are responsi-
ble for high encapsulation. Additionally, it was discovered that the particles were in
the nm range, indicating a higher likelihood of the medications being taken up by
cells. The fact that the designed solid LNPs are composed of physiological lipids like
stearic acid makes them nontoxic.

In order to establish an additive or synergistic effect on the cancer cells, the effec-
tiveness of these medications was first evaluated by calculating their IC50 values, and
then by combining the ineffective levels to show that they were more effective at
lower concentrations. It was compared to how the two drug delivery methods—free
form and solid lipid nanoparticle form—performed. When compared to the drug’s
free form, it was seen that the CUR and ASP solid LNPs IC50 concentrations had
decreased by around 38 and 3 times, respectively. there have been studies showing
that drug-loaded solid LNPs had a superior cytotoxicity profile than the free drug
[92]. This has mostly been attributed to the NPs’ smaller particle size, which improves
drug absorption. The surfactant used in the development process determines the inhib-
itory effect on the cells. Poloxamer 188 was used, which has been shown in the past
to target malignant cells, due to differences in the membrane of these cells compared
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to the noncancer cells. Poloxamer has been demonstrated to increase proto-apoptotic
signalling and reduce antiapoptotic defence in multiple drug-resistant (MDR) cells in
addition to inhibiting MDR proteins and other drug efflux transporters on the surface
of cancer cells [93]. Three different concentrations of SEN (5 M), ASP (25 M), and
CUR (2.5 M) were used in the MTS test on drug-entrapped solid LNPs. The viability
of these two cell lines alone exhibited little to no decline, but when the two were
mixed, a substantial drop of 60% was seen in MIA Pancl and PaCa2 cells. Apoptosis
assay, which identified the advancement of a cancer cell from four different phases fol-
lowing the addition of the drug—living cell, early apoptotic cell, late apoptotic cell,
and necrotic cells—was used to confirm the effectiveness of the combination regimen.
These outcomes appear to be in line with what we discovered in the MTS experi-
ment. The suppression of the COX-2 enzyme, control of the P53 suppressor pathway,
and manipulation of the Nrf2 pathway are potential processes that might result in a
major change for the combination; however, additional research needs to be carried
out to verify these findings.

Given that pancreatic cancer cannot be detected at an early stage, it is reasonable
to assume that chemoprevention is an effective method of preventing the illness.
This study examined the synergistic effects of combining free SFN with ASP
and CUR solid LNPs using a multidisciplinary approach. It was observed that the
combination of solid LNPs decreased cell viability and induced apoptosis in human
pancreatic cancer cell lines for the first time. The effectiveness of this solid LINP com-
bination has to be investigated further in vivo, though. The findings from cell-based
tests and formulation studies thus amply show the potential for creating drug-
encapsulated solid LNPs formulations that combine several drugs to prevent pancreatic
cancer [94].

CUR has been shown to be an effective pancreatic cancer chemo-preventive agent
among the many chemo-preventive drugs under investigation. However, this agent’s
limited oral bioavailability following administration has considerably impeded its clini-
cal translation [84]. In contrast to the free form, it is possible to improve the bioavail-
ability in the plasma and tissues of CUR by developing a solid lipid NP drug delivery
system, which will boost therapeutic efficacy.

Given the positive outcomes of in vitro cytotoxicity tests conducted on CFPAC-1
and PANC-1 cultures, the in vivo findings may serve as a good starting point for fur-
ther research into in vivo pancreatic cancer models. According to the study on c-solid
LNPs, their findings support the idea of using the created solid LNPs-based delivery
systems for entrapping CUR to increase both its chemical stability and water dispersi-
bility, allowing its use in treatment.

Even though the aforementioned results may not meet the ideal standards for
in vivo delivery, they offer promising insights and a plethora of possibilities for modi-
fying the composition and surface characteristics of SLNs. These findings inspire us to
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explore ways to enhance the circulation time of SLNs while simultaneously reducing
opsonization, thereby opening avenues for improved drug delivery strategies [93].

With a five-year survival rate of <5%, pancreatic cancer is the fourth most preva-
lent cancer mortality in the United States. The American Cancer Society estimated
that in 2014, 46,420 people would be diagnosed with pancreatic cancer in the United
States alone, and 39,590 of them would face death [95]. The poor patient survival rate
suggests a greater need for cutting-edge methods of battling this fatal illness.
Chemoprevention has lately drawn a lot of interest as a cutting-edge pancreatic cancer
treatment method [96,97]. In addition, current research has focused on the use of che-
mopreventive drugs that have different modes of action and target numerous pathways
[84,98]. This strategy offers a low-dose therapeutic method with more efficacy and
lesser damage. Studies on combination treatment, especially for the prevention of pan-
creatic cancer, are still in their early stages.

Numerous epidemiological and animal studies have shown that NSAIDs, such as
ASP, that are widely used can lower the incidence and death of many cancer forms
[96,97]. Ibuprofen (IBU), an NSAID, has lately been demonstrated to prevent the
growth and spread of malignancies in both in vitro and in vivo investigations
[99—101]. IBU has a good chemopreventive potential, however, side effects such as
increased gastrointestinal ulcers might make it unsuitable for long-term usage
[102,103]. According to current literature, encapsulation inside NP formulations may
provide the chance to lessen these medications’ negative effects while preserving their
high efficacy [104,105]. Formulations that may be helpful in chemoprevention include
LNPs with a solid matrix, such as solid LNPs and polymeric NPs [96,97,106]. The
ability of the drug to reduce renal and hepatic passage, cross mucosal barriers, lower
immune recognition, increased stability, enhanced apparent half-lives of the drugs, and
increased solubility are just a few of the benefits that these nanosized drug delivery sys-
tems have over standard delivery systems [107,108]. The ability of solid LNPs to boost
the oral bioavailability of lipophilic drugs, however, is their most significant benefit.
The necessity for more study in this field is justified by the rising importance of NPs
in cancer treatment and chemoprevention.

SEN is an isothiocyanate that contains sulfur that is naturally occurring and is
present in cruciferous vegetables including brussels sprouts, broccoli, cabbage, and
cauliflower [109]. In animal models, SFN has been demonstrated to be beneficial
in avoiding a variety of chemically generated malignancies and inhibiting the develop-
ment of preexisting tumors [110—112]. The expression of NF-B-mediated genes
that code for adhesion molecules, inflammatory cytokines, growth factors, and antia-
poptotic factors is impacted by SFIN, which has been demonstrated to decrease NF-B
activity [95].

In this experiment by Thakkar et al., lipid matrices of stearic acid, compritol ATO
888, and tripalmitin were combined with either (1) Poloxamer 188 or (2) Tween-80
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as the surfactant to improve IBU-loaded solid LNP formulations. The generated IBU-
solid LNPs were examined for their entrapment effectiveness, particle size, in vitro
drug dissolving rates, and zeta potential. Another group has not yet studied the impact
of low-dose free IBU, IBU-solid LNPs, or IBU-solid LNPs coupled with free SFN
on pancreatic cancer cells. In order to assess their combined chemopreventive activity
in MIA PaCa-2 and Panc-1 human pancreatic cancer cells, they thus adjusted IBU-
solid LNPs formulations [113].

10.11 Conclusion

Pancreatic cancer therapy is still difficult. Because pancreatic cancer is relatively resis-
tant to traditional therapies, innovative specific target medications have garnered a lot
of interest. These focused nanomaterials would have been capable of recognizing
cancerous cells, visualizing their spot inside the body, releasing the drug to such cells
only, thwarting drug resistance, killing cancer cells without harming normal tissue to
minimize adverse effects, and supervising therapeutic efficacy in instantaneously, as
well as provide responses about whether sick people react effectively to the treatment
options, allowing the diagnosis to be stopped on period. NP materials have demon-
strated extremely encouraging outcomes in improving the pharmacological properties
of this anticancer medication while also enhancing antitumor activity against experi-
mental solid tumors. In current history, nano-drug means of delivery technology have
emerged as a prominent topic. The utilization of nanomaterials as drug-carrier systems
is an appealing technique for achieving regulated drug delivery.
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Abstract

Lung Cancer remains a significant health concern, necessitating the exploration of novel therapeutic avenues due to the
limited efficacy and adverse effects of current treatments. In this study, we utilized a thorough in-silico and in-vitro method-
ology to develop prospective drugs for the treatment of lung cancer. The active components of Citrus latifolia were identi-
fied through the utilization of a variety of pharmacological instruments, such as Gene Ontology, GeneCards, DrugBank,
the Chinese Traditional Drug Database, and GeneMANIA. Subsequent molecular docking studies using GOLD software
revealed Hesperidin as the most promising candidate, exhibiting a remarkable binding affinity (GOLD score: 60.98 kcal/mol)
towards the epidermal growth factor receptor (EGFR), a pivotal target in lung cancer therapy. Further validation through
Schrodinger-Glide redocking reaffirmed the robust interaction between Hesperidin and EGFR. Pharmacokinetic profiling
of top-scoring ligands indicated favorable drug-like properties, supporting their therapeutic potential. Molecular dynamics
simulations employing Desmond software demonstrated the structural stability and persistence of the Hesperidin-EGFR com-
plex over a 100-ns trajectory, corroborating its efficacy. Additionally, cytotoxicity analysis revealed a potent inhibitory effect
of Hesperidin with an I1Cs;, value of 34.25 pg/ml. Collectively, our findings underscore Hesperidin from Citrus latifolia as a
promising candidate for lung cancer therapy, warranting further investigation through in-vivo studies for clinical translation.
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Introduction typically administered in combination with other chemo-
therapeutic drugs or treatments.

Lung Cancer remains a significant global health challenge, The dysregulated activation of these signalling cascades
with non-small cell lung carcinoma (NSCLC) account-  leads to abnormal cell growth, whereas the inhibition of
ing for approximately 85% of cases and exhibiting a high ~ apoptosis activates oncogenic pathways, thereby exacer-
mortality rate (Siegel et al. 2016). Small cell lung carci-  bating the severity of the pathological condition (Wee and
nomas (SCLC) account for 35% of the population (Seer, Wang 2017). Although numerous pharmaceutical agents are
xxxx). Adenocarcinoma, squamous cell carcinoma, and available for cancer treatment, their excessive cost, the chal-
large cell carcinoma are subtypes of NSCLC. The man-  lenge of developing resistance, and the increased toxicity
agement of may be approached with either palliative or ~ following drug administration are substantial obstacles to
curative objectives, contingent upon the disease's stage. ~ achieving effective therapy. Furthermore, these issues have
Lung cancer is frequently managed with surgical resec-  adverse effects on non-malignant cells. So, there is a signifi-
tion, chemotherapy, targeted therapy, radiotherapy, and  cant effort to prioritize the development of novel therapeu-
immunotherapy, among other approaches (Gadgeel et al.  tic agents that exhibit low cost and high bioavailability to
2012). For maximum efficacy, chemotherapeutic drugs are ~ address these challenges in Phyto-based therapeutics.

@ Springer
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Flavonoids were used to solve all of the problems because
they are widely used in nutrition, medicine, and cosmet-
ics because they have many health-promoting qualities.
They possess anti-oxidative, anti-bacterial, anti-allergic,
anti-inflammatory, anti-tumor, and other pharmacological
properties (Arora et al. 2023; Sheoran et al. 2022, 2023a,
2023b, 2023c¢). Their antitumor effects, including initiation,
promotion, and progression, are particularly pronounced
during the distinct phases of tumorigenesis. Consequently,
flavonoids can effectively inhibit tumor growth during these
stages (Panche et al. 2016). Hesperidin can generate reac-
tive oxygen species (ROS) in cancer cells and activate mito-
chondrial pathways (by upregulating caspases) and inhibit
kinases, which can induce apoptosis. Also, by regulating cell
cycle-related proteins, hesperidin can arrest cancer cell cycle
in Gy/G, phase and G,/M phase(Devi et al. 2015; Aggarwal
et al. 2020; Rahmani et al. 2023).

Further, EGFR (Fig. 1) was also chosen as a possible
drug target because it plays a key role in the development
of lung cancer. Activation of EGFR leads to the initiation
of multiple signaling cascades involved in cellular differ-
entiation, proliferation, growth, and survival. One such
molecular alteration observed in lung cancer is a rearrange-
ment of the ROS-1 gene, which results in the formation of
phosphotyrosine recruitment sites within the terminal tail of
the ROS-1 protein, leading to aberrant kinase activity and
dysregulated activation of downstream signaling pathways.
Abnormal activation of these signaling pathways contributes
to the development and progression of lung cancer. The pre-
sent work utilized pharmacokinetic characteristics, ADME,

@2
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Fig. 1 Showing the various types of connections of genes with EGFR

molecular docking, modeling, and cytotoxicity studies to
investigate the potential of hesperidin in the context of lung
cancer.

Methodology

Identification, retrieval, and preparation of ligand
for docking study

The biologically active component of Citrus latifolia was
identified through lit. review and acquired from PubChem
(https://pubchem.ncbi.nlm.nih.gov/) databases in SDF 3D
file format (Yadav et al. 2019; Sweta et al. 2019; Patidar
et al. 2019). Energy minimization was performed using
the Avogadro program and the MMF force field to prepare
the ligand for further analysis. The optimization process
employed the steepest descent technique with 200 rounds
and a threshold of 0.1 for the RMS gradients(Sheoran et al.
2023a). This approach aimed to achieve optimal ligand con-
formations. After the energy minimization step, the ligands
were ready for docking studies, which involved evaluating
their interactions with target molecules or proteins.

Prediction of citrus latifolia and lung cancer targets

Lung Cancer-specific targets of Citrus latifolia were
extracted from a variety of databases, including genecards
(https://www.genecards.org/), drugbank (https://go.drugb
ank.com/), Chinese traditional drug database(Ru et al.
2014), and a study of the relevant literature (Yao et al. 2023).
To get the established therapeutic targets for lung cancer,
the genecards (https://www.genecards.org/) and NCBI Gene
databases (https://www.ncbi.nlm.nih.gov/gene) were used.
To enhance the visual depiction of the target network, the
researchers used Gephi 0.9.2, (https://gephi.org/) a visu-
alization program, to build their network. Additionally, a
Venn diagram analysis was conducted to identify the tar-
gets shared by Citrus latifolia and lung cancer by using the
Venny tool.

Topological analysis and target network
development

To establish a network based on the functional relationships
of certain target genes, the GeneMANIA (Multiple Asso-
ciation Network Integration Algorithm) Cytoscape (https://
cytoscape3.9.1.org//) plugin was used to import the genes
(Mostafavi et al. 2008). The resulting gene network was
then assessed based on their predicted and colocalized pro-
tein domains, co-expression, genetic interaction, physical
interaction, pathway, and shared protein domains. Addition-
ally, the CytoNCA plugin was used to assess the generated

@ Springer
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network's topological features, including degree centrality
(DC), betweenness centrality (BC), and proximity central-
ity (CC).

Analysis of target pathway enrichment and gene
ontology (GO)

GO is a method for representing in-depth data on the prod-
ucts of genes and their molecular functions (MF), biological
processes (BP), and cellular components (The Gene Ontol-
ogy Consortium 2017). For GO analysis, the PANTHER
(https://www.pantherdb.org/geneListAnalysis.do) (Protein
Analysis Through Evolutionary Relationships) program was
used to determine the function of certain target genes in vari-
ous KEGG pathways.

Preparation of protein for docking study

The 3-D structure of EGFR (6DUK) was downloaded from
the Protein Data Bank (PDB) database and prepared for fur-
ther investigation (Agu et al. 2023). All non-essential water
molecules were removed using Chimera software, and polar
hydrogens were added. The protein was energy minimized
to ensure an energetically favorable structure to eliminate
unfavorable interactions. During the energy minimiza-
tion process, localized strain arising from minor structural
imperfections, such as poor Van der Waals contacts, was
alleviated. The energy reduction was performed under the
assumption of a vacuum environment. The Chimera software
was employed to minimize the energy of the protein struc-
tures. The resulting optimized protein structures and their
partial atomic charges were utilized in subsequent docking
analyses. Docking analysis involves the prediction of opti-
mal orientations of ligand molecules within the active site
of the protein and identifying the crucial residues involved
in ligand—protein interactions. The aim was to estimate the
binding modes and identify the critical interactions between
the ligand and the protein receptor.

Molecular docking protocol by using GOLD

The binding mode and selectivity of target proteins with
specific compounds were investigated using the GOLD
software. Additionally, the software was utilized to assign
hydrogens and define torsional angles for active peptides,
which were subsequently docked into the protein's bind-
ing pocket (Almeida et al. 2023). The search for potential
binding sites was conducted within a distance of SA°. After
identifying binding sites or atoms for the ligands, water
molecules and unwanted ligands were removed from the
system. A scoring function was employed to the binding
energy, and the default genetic algorithm was utilized to
conduct the docking. The resulting structures were evaluated

@ Springer

and grouped based on the scoring function, allowing binding
affinities. Subsequently, the docking results were compared,
focusing on conformations with favorable characteristics.
The compounds exhibiting the highest GOLD Score were
selected for further analysis.

Molecular docking protocol by using Schrodinger-Glid

The docking findings were validated using the glide pack-
age (Alsaif et al. 2024). It has also been employed in earlier
studies to distribute bioactive peptide moieties and hydro-
gens that were docked into binding pockets. The binding
site area was generated within a 5A radius. After selecting
binding site or atom ligands, water molecules and unwanted
ligands were eliminated. In addition, a score is chosen for
calculating binding energy and run the default genetic tech-
nique (Sheoran et al. 2023a). Further, the complex were
categorized and scored using a scoring mechanism. The
compound with the highest docked values was chosen for
further investigation.

Density functional theory (DFT)

The most efficient molecule was subjected to DFT. It pri-
marily computes the characteristics of LUMO, HOMO, and
electron density to forecast the lead molecule’s chemical
properties and biological activities (Sheoran et al. 2023a).
Composite DFT may be used to acquire precise geometric
aspects of a molecule. Schrodinger software determined sev-
eral molecule electrostatic parameters such as LUMO and
HOMO energy. The energy of the electrostatic potential of
the compounds of interest was assessed and characterized
by colour difference.

Drug-like & pharmacokinetic properties

Developing novel drug molecules requires a thorough under-
standing of their pharmacokinetic parameters, which are
crucial for their efficacy and safety profiles. An ideal drug
candidate should possess optimal biological activity and
favorable pharmacokinetic properties. One vital aspect of
pharmacokinetics is the interaction with Pgp (p-glycopro-
tein) in the hepatic as an efflux pump (Sheoran et al. 2023a;
Muthumanickam et al. 2020). Inhibiting Pgp can be advanta-
geous for a drug molecule, making it a promising candidate,
whereas the opposite scenario indicates a potential limita-
tion. Therefore, assessing the interaction with Pgp is critical
in evaluating drug candidates, as it can influence their effec-
tiveness and overall pharmacokinetic profiles. SwissADME
was used to predict the compound's drug-like properties and
other molecular characteristics.
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Molecular simulation

Molecular Dynamics simulations have been conducted for
the docked complexes to study the conformational stability
(Sheoran et al. 2023a; Pranweerapaiboon et al. 2022). The
study has produced the trajectory of the particle coordinates,
velocities, and energies via which the strength of expres-
sion of the model system could be analyzed, for which the
Molecular Simulation was performed for 100 ns by using the
Desmond (version 2021.4-Ubantu-2022.04) software. The
OPLS-2005 force field was utilized to generate the topol-
ogy. Further, the system builder platform was employed
to construct the complex and explicit water models with
point charges, creating an orthorhombic box form. The
solvated complex system was neutralized by adding Na+/
Cl- ions to achieve a salt concentration of 0.15 M, simulat-
ing physiological conditions. Subsequently, the simulations
were conducted under conditions of 300 K temperature and
1.0325 bar pressure (Sheoran et al. 2023a). The system
was initially minimized to 100 ps, followed by relaxation
using the default technique. The simulation was then run for
100 ns to explore the dynamics and behavior of the complex.

Analysis of the boiled egg plot

The Estimate D permeation method, commonly called
BOILED-Egg (Sheoran et al. 2023a; Daina et al. 2017), is
a dependable predictive model to assess ligands' lipophilic-
ity and polarity. This method provides a unique statistical
framework for evaluating the bioavailability characteristics
of ligand molecules. This approach considers the physico-
chemical properties associated with blood—brain barrier
penetration and gastrointestinal absorption by analogy to a
boiled egg. It is generated using the Swiss ADME online
server. It enables researchers to visualize and analyze ligand
permeability characteristics, aiding in identifying promising
candidates with favorable permeation properties in relevant
biological systems such as the brain and intestinal tract.
By leveraging the BOILED-Egg method and its associated
plots, researchers can gain valuable insights into the perme-
ability potential of ligands, contributing to the assessment of
their pharmacokinetic properties and ultimately supporting
the development of more effective and bioavailable drugs
(Sheoran et al. 2023a; Kobayashi et al. 2002).

Biosynthesis of hesperidin

Many researchers are currently using a method for pro-
ducing the biochemical transformation of hesperidin. In a
recently published 2021 by Victor et al., (Victor et al. 2021)
a technique for extracting hesperidin from the Citrus Sinesis
(L.) Osbeck was formulated to increase yields. The method
entailed using the discarded peels of citrus fruit, separated,

and extracted using methanol. Using dichloroethane, the iso-
lated chemical was crystallized in an aqueous solution. The
amount of solvent was then lowered, and the mixture was
treated to hot retrieval with methanol to achieve fresh citrus
albedo. Further, to validate its components and structure,
characterization techniques are utilized i.e., NMR, XRD,
DSC and FTIR.

Cytotoxicity by using MTT assay

The MTT test was used to assess active metabolic cells
(Czylkowska et al. 2021). The ICsj (the effective concentra-
tion of the tested medication at which a 50% growth decrease
in cell growth is detected when compared to the untreated
control) approach was employed in this research. An MTT
assay was used to assess the in-vitro cytotoxicity of the drug
against A549 cells acquired from NCCS Pune(Czylkowska
et al. 2021; Carmichael et al. 1988). The cells were grown in
Dulbecco’s Modified Eagle’s Medium (GIBCO), 10% FBS
(Sigma Aldrich), and MTT (Sigma Aldrich). To finish the
studies of the novel compound, the cells were grown over-
night at 37 °C with 5% CO?2 in a conventional 96-well flat-
bottomed plate containing 10%10° cells/well (Czylkowska
et al. 2021). The medium was refilled the next day with
100 pL with medication supplied in varied quantities to the
wells. After 24 h of incubation, 100 uL. MTT was applied to
each well for the next 4 h. A microplate reader was used to
quantify the final absorbance at the analytical wavelength
Hesperidin (595 nm for blue-violet insoluble formazan). The
viability and cell cycle analysis findings were cn. All experi-
ments were in triplicate (Table 4).

Result and discussion
Retrieval of active components of Citrus latifolia

Following a comprehensive analysis of the literature, 87
active components of Citrus latifolia were retrieved and sub-
sequently acquired in the.sdf format. The smiles and molecu-
lar weights of the compounds are detailed in Table S1 (Sup-
plementary material).

Target prediction

In this work, two types of targets (those linked to lung cancer
illness and those connected to C. latifolia) were gathered
from several public databases such as DrugBank, Genecard,
the NCBI database, and the literature service. According
to literature and databases such as GENEcards, DrugBank,
and NCBI, there are 131 targets associated with C. latifolia
and 24,879 targets associated with neurological disorders.
Figure citrus shows a network representation of all of these
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targets (supplementary material). Following a Venn diagram
examination of both groups' targets, a total of 126 common
compounds were identified for future study. (Fig. 2).

L. Cancer
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Fig.2 Showing the relationship of Drugs and Lung cancer through
Venny diagram

mucte

TRPNE

ALKBH3

TFFL

LEF1

‘ FGFR3

MYLK

ACP3
SFTPAT

MAPSK2D

[ ] SEMG2
AsiCs. GSR

[}
AC093830.1

SCNNTA

SCNN1B

csnb MUCt

FLTH

ALDOA

EPASI
PIGS2

ROVRN

PTKE

HEXA

HPGD. SFIPD.

crst

CEMIP2 o
ERRFIT HYAL2

HYALY

HEXB

o
s ALDOB
HYALS

FABPS

SPAM1
LDHC
°
ALDOC
HYALG

°
HEXD

o
AC093512.2

o -
$100A8 .

ABC

ACACA

Gene-gene interaction

The gene—gene interaction network of targets was con-
structed using the Cytoscape plugin GeneMania. GeneMa-
nia, an interaction network of comparable targets seen in
Fig. 3, detected 136 of the 126 common targets identified by
the Venny tool (citrus). Genes were represented as circular
nodes, with colored edges indicating their various relation-
ships. Larger circles indicated that these genes were the most
associated with other genes in the network. Furthermore,
topological metrics, betweenness centrality (BC), degree
centrality (DC), and closeness centrality (CC) of each node
were detected. Degree centrality is a measure of a node’s
direct connections in the network, with a greater degree
indicating a node’s considerable influence. The top 5 nodes
in the network were selected based on their highest degree
score. These nodes were epidermal growth factor receptor
(EGFR) and signal transducer and activator of transcrip-
tion 3 (STAT3), Mucin 1, cell surface associated MUC1),
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Fig. 3 The GeneMANIA networks depict the biological interactions between genes of the targets
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Protein Kinase D1 (PRKD1), PRKCE protein kinase C epsi-
lon (PRKCE).

Gene oncology & pathway analysis

A multitude of improved Biological Processes (BP), Molec-
ular Functions (MF), Cellular components (CC), Protein
class, and pathways were identified for five primary research
objectives. Pathways study of targets were identified to be
abundant in SHT?2 type receptor-mediated signaling route,
Alpha adrenergic receptor signaling pathway, Alzheimer
disease amyloid secretase pathway, Angiogenesis, Apop-
tosis signaling pathway, CCCKR signaling map Cadherin
signaling route, EGF receptor signaling pathway, endothe-
lin signaling system, FGF signaling pathway, gonadotropin-
releasing hormone receptor pathway, The Gq alpha and Go
alpha-mediated route of heterotrimeric G-protein signaling
The histamine H1 receptor-mediated signaling pathway
Inflammation caused by chemokine and cytokine signaling
Interleukin signaling pathway, JAK/STAT signaling path-
way, Muscarinic acetylcholine receptor 1 and 3 signaling
route, Oxytocin receptor-mediated signaling system, PDGF
signaling pathway, Ras pathway, Thyrotropin releasing hor-
mone receptor signaling pathway, VEGF signaling pathway,
and Wnt signaling pathway, The EGFR (epidermal growth
factor receptor) with the greatest degree (96.0) in the net-
work was chosen for molecular docking. GO and Pathway
enrichment studies indicate that EGFR participates in the
pathways involved in angiogenesis and apoptotic signaling.

Docking studies interpretation

Hesperidin exhibits a significantly higher GOLD score of
60.98 with EGFR (PDB ID: 6DUK), which depicts that
it may possess better anti-cancer properties and could be
an efficient candidate for treating lung cancer. (Fig. 4).

Hesperidin has H-bonds with LYS:745, ARG:841 and
ALA:743 of EGFR. The docking results provide a platform
for further pre-clinical evaluation. Table 1 shows the top 10
compounds with Gold Score. To further validate the GOLD
score, Glide (Schrodinger) was utilized, which revealed
an Xp Score of — 9.433 kcal/mol and a Glide energy of
—70.911 kcal/mol (Fig. SA). Figure 5B describes the hydro-
gen bond interactions maintained throughout the 100 ns
simulation. This finding suggests that Hesperidin possesses
a higher binding affinity towards the target protein EGFR.
The higher binding affinity towards the EGFR may have
potential anti-cancer activity and be a promising agent for
curing lung cancer.

DFT analysis
The characteristics of the Hesperidin in donating and receiv-
ing electrons were investigated. Furthermore, the signifi-

cant energy difference between HOMO and LUMO causes
an unfavorable condition of electron transfer and reduces

Table 1 Demonstrates the top 10 compounds as per GOLD Score

S.no Compound name GOLD score
(Kcal/mol)
1 Hesperidin 60.98
2 Icariin 58.32
3 Rutin 58.09
4 Isoliquiritin apioside 57.83
5 Silymarin 57.52
6 Pectolinarin 55.16
7 Myrciacitrin 53.53
8 Lichochalcone 53.35
9 Formononetin 52.97
10 Epicatachin gallate 52.42

Fig.4 The two-dimensional and three-dimensional interactions between EGFR and Hesperidin are shown, with the green hue emphasizing
hydrogen bonding. More precisely, there are hydrogen bonds localized at positions A: 745-LYS, A: 841-ARG, and A: 743-ALA
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Fig.5 A Displays the docking complex with a Glide XP score of
— 9.433 kcal/mol and a Glide energy of — 70.911 kcal/mol. The pink
arrows represent the hydrogen bonds that exist between Hesperidin
and EGFR. B Provides a detailed analysis of the specific interactions
between every atom of Hesperidin and the protein locations. Con-

reactivity with protein. The present research found a low
energy gap (HOMO-LUMO) for the Hesperidin compound,
which indicates that the Hesperidin is more reactive (Fig. 6).

ADME evaluation

ADME prediction is critical in finding and developing new
drugs and attempting to forecast the pharmacokinetics of
compounds (Rahmani et al. 2023). Tables 2 and 3 present
the pharmacological characteristics of the compounds under
investigation. These characteristics provide valuable infor-
mation regarding the compounds' absorption, distribution,
metabolism, and excretion properties, critical determinants
of their pharmacological profiles. By considering ADME
predictions alongside other evaluations, researchers can
make informed decisions regarding the suitability and poten-
tial of these compounds as drug candidates.

The study exhibits values within an acceptable range,
indicating their favorable pharmacological characteristics.
Notably, Hesperidin falls within this range, suggesting its
inherent permeability. Specifically, Hesperidin, as a chemi-
cal entity, demonstrates excellent pharmacokinetic proper-
ties. Consequently, this Hesperidin compound possesses
good bioavailability and is a naive agent with significant
potential. These findings highlight the promising nature of
Hesperidin as a candidate for further exploration and devel-
opment in the future.

This computational analysis offers a crucial foundation
for pharmaceutical research, offering valuable insights
for in-vitro and in-vivo studies. By exploring the multi-
faceted functions of Hesperidin, researchers can gain a

@ Springer

nectivity sustained for more than 10.0% of the simulation duration
is shown in the visible route (0.00-100.01 ns). Given that individual
residues can form several connections of the same kind with the same
ligand atom, it is feasible for contact rates to surpass 100%

comprehensive understanding of its potential as a bioactive
compound against lung cancer. This knowledge serves as a
stepping-stone for devising informed strategies in utilizing
Hesperidin for therapeutic purposes.

BOILED Egg plot analysis

In addition to ADME prediction, the efficacy and safety of
the compound can be compromised by unfavorable pharma-
cokinetic characteristics. However, Fig. 7 demonstrates the
two favorable pharmacokinetic properties of the Hesperidin
compound, as indicated by the Boiled Egg plot (Rahmani
et al. 2023). This plot illustrates the ability absorbed in
the gastrointestinal tract and its permeability across the
Blood—Brain Barrier.

Notably, the Hesperidin molecule does not exhibit a mod-
erate gastrointestinal absorption rate, & brain permeability
depicts its positioning within the boiled egg in Fig. 7. Con-
sequently, it can be inferred that Hesperidin demonstrates
limited permeability in the brain and gastrointestinal tract.
These observations suggest potential limitations regarding
the compound's distribution and absorption in these regions.

Despite these considerations, Hesperidin has shown
outstanding anti-cancer efficacy in our research. However,
further investigation of this native molecule is required to
confirm and elaborate the results of this study. Continued
exploration will help ascertain the full potential of Hesperi-
din as a therapeutic agent and provide a more comprehensive
understanding of its pharmacological properties.
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ELUMO =.0.074194 eV
(Excited State)

Energy Gap—0.152794 eV

EHOMO =. (.226988 eV
(Ground State)

Fig.6 Presents the HOMO-LUMO energy levels of Hesperidin
together with their corresponding transition strength

Evaluation of molecular dynamics simulation

RMSD, RMSF, and hydrogen bonds are just a few of the
metrics that were looked at to gauge the stability of the
Hesperidin-EGFR protein complex and comprehend the
nature of their interactions. The RMSD profile of the

Table2 ADME characteristics of the Hesperidin compound

Hesperidin-EGFR complex during a 100-ns molecular
dynamics simulation in a solvent environment is shown in
Fig. 8. Throughout the simulation, the RMSD values for the
Hesperidin-EGFR complex remained relatively constant,
ranging between 1.2 and 2.6 A. Notably, in the initial and
end phases of the simulation (15-20 & 90 ns), fluctuations
in the RMSD were observed, which can be attributed to
the movements of the activation loop in the EGFR protein
(Devi et al. 2015). However, minimal changes were observed
beyond this early stage, indicating a stable configuration
of the Hesperidin-EGFR interaction. The consistent and
averaged RMSD values throughout the 100-ns simulation
suggest that the Hesperidin-EGFR complex maintained its
structural integrity, and Hesperidin remained bound to the
protein without dissociation.

Further analyses, such as RMSF and hydrogen bond
assessments, can provide additional insights into the flex-
ibility of the complex and the specific interactions involved
in stabilizing the Hesperidin-EGFR binding. These findings
contribute to our understanding of the molecular dynamics
of the complex and provide valuable information for further
investigations and potential drug development efforts.

In the present study, the RMSD analysis was employed
to assess the stability of the protein backbone and the
protein—ligand complex. To determine any alterations
between the initial and final conformations, the RMSD
was calculated, providing insights into the system's overall
stability. The computed values of the RMSD indicated a
consistent and steady profile for complex, with minimal
fluctuations observed throughout the simulation. Figure 8
illustrates the structural stability of the protein-ligand
complex, as revealed by the RMSD analysis. The tra-
jectory analysis demonstrated that the initial and final
structures maintained a stable conformation throughout
the simulation, indicating an equilibrium state at 100 ns.
This observation supports the idea that the protein-ligand
complex remains structurally intact and exhibits promis-
ing dynamics throughout the simulation. These findings
contribute to the overall understanding of the stability
and potential activity of the protein-ligand complex. The
steady and stable behavior observed in the RMSD analysis

S.No  Compound name CYP_2C9 CYP_2C19 CYP_2D6 Pgp inhibition =~ CYP_3A4 CYP_2D6 CYP_3A4
inhibition inhibition inhibition inhibition substrate substrate
1 Hesperidin No No No Inhibitor No No No
Table 3, Drug—like properties of S.No  Name of compound MW Logp HBdonor  HB accepter  No. of rotatable bond
Hesperidin
1 Hesperidin 610.56  0.85 8 15 7
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Fig.7 The boiled egg plot for WLOGP
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suggests a favorable interaction between the protein and
the ligand, highlighting the potential of the complex as an
active entity. Further investigations and studies can build
upon these results to elucidate the protein-ligand com-
plex's specific interactions and functional implications.
The flexibility of the protein’s activation loop was
further investigated using RMSF analysis, as depicted in
Fig. 9. Calculating the RMSF values for each residue along
the simulation trajectory can identify protein regions with

@ Springer

higher flexibility and variation. These variations reflect
the dynamic behavior of specific amino acid residues,
particularly in loop and disorder regions of the protein.
In the case of the protein-ligand complex, the RMSF of
the ligand diagram (Fig. 9) reveals that specific residues
exhibit significant fluctuations below 1 A. However, it is
essential to note that these residues are not involved in
the binding process as identified in the docking studies.
Hence, the observed fluctuations do not adversely affect
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the stability of the protein-Hesperidin complex. Most resi-
dues exhibit lower changes, with RMSF values exceeding
1A, indicating stable behavior throughout the simulation.
These additional analyses enhance the robustness of the
findings and provide a comprehensive understanding of
the protein—ligand interactions. The protein secondary
strcture (Fig. 10A) and Protein RMSF analysis (Fig. 10B)
and hydrogen bond examination (Fig. 10C) collectively
contribute valuable insights into the flexibility and stabil-
ity of the protein-ligand contacts (Fig. 10D). The pro-
tein—ligand complex is the formation of hydrogen bonds.
The hydrogen bond interaction analysis between Hesperi-
din and the EGFR protein is shown in Fig. 10C and D.
During the simulation, five hydrogen bonds were formed
between specific amino acid residues and the OH group of
the Hesperidin molecule. These hydrogen bonds contribute
to the stabilization of Hesperidin in its binding site, vali-
dating the findings from the docking studies.

The results demonstrate the compatibility of the
observed fluctuations and hydrogen bonding patterns with
the docking studies, supporting the overall reliability of
the simulation and suggesting the favorable binding and
stability of Hesperidin in its interaction with the EGFR
protein.

Ligand torsion profile and properties

The top panel (Fig. 10D) of the figures presents a two-
dimensional representation of the compound, highlighting
the rotatable bonds with assorted colors. During the simula-
tion trajectory spanning from 0.00 to 100.01 ns (Sweta et al.
2019; The Gene Ontology Consortium 2017), each rotatable
bond (RB) in the ligand (Alsaif et al. 2024) experienced
conformational modifications are evident from the ligand
torsions chart and other relevant features (Figs. 11 and 12).
Each rotatable bond's torsion is illustrated using a dial plot
and a corresponding color-coded bar plot. The dial plots
visually display the changes in torsion angles throughout the

Fig.9 Presents the Ligand

simulation, with the temporal progression radiating outward
from the starting point at the Centre of the radial map. On
the other hand, the bar plots summarize the torsion data by
showing the probability density of each torsion angle.

Additionally, the figure showcases the potential energy
associated with each rotatable bond by incorporating pos-
sible torsional information. The likely energy values are
depicted on the chart’s left Y-axis and measured in kcal/mol.
By examining the histogram and torsion potential correla-
tions, one can gain insights into the structural variations and
anomalies experienced by the ligand to maintain a confor-
mation suitable for binding to the protein. These comprehen-
sive visual representations of the ligand’s stable bonds and
their conformational changes provide valuable information
about its flexibility and how it adapts to the protein-binding
environment throughout the simulation.

Protein secondary structure

The simulation analysis includes monitoring the presence of
beta- and alpha-strands as representative examples of pro-
tein secondary structural elements (SSE). The distribution
of these SSEs across the protein structure is visualized in the
plot above, with the residue index indicating their positions.
The bottom plot provides a dynamic view of the SSE assign-
ment for each residue over time, allowing for the observa-
tion of fluctuations in SSEs during the simulation. On the
other hand, the plot below summarizes the SSE composition
for each trajectory frame throughout the simulation. These
visualizations can be seen in Figs. 13 and 14. By tracking
the SSEs, we gain insights into the stability and structural
changes of the protein during the simulation. The analysis
helps us understand how the protein's secondary structure
evolves and how it may interact with the ligand or other
components within the system (Fig. 14).

Wit on Protein
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Fig. 10 A Illustrates the secondary structure of the protein during the
simulation. B displays the protein RMSF, providing a comprehen-
sive analysis of the ligand—protein interactions at an atom-by-atom
level. C and D Illustrating the chronological sequence of interactions
between proteins and their ligands, encompassing several types of
connections such as hydrogen bonds, hydrophobic interactions, ionic

Characterization of biosynthesized hesperidin

FTIR, NMR, XRD and DSC was employed to finds the
purity and structural analysis of hesperidin.

FTIR (Fourier transform infrared spectroscopy) analysis
of hesperidin

By analyzing the peaks detected in the IR radiation band, the
FTIR technique was used to determine the organic & inor-
ganic parts of the materials. When exposed to FTIR analy-
sis, each ingredient of the sample compounds was identified
based on its peak frequency.

FTIR was used to establish the presence of many organic
and inorganic elements inside the sample. Figure 15 shows
the FTIR analysis findings, which provide vital informa-
tion on the material’s chemical composition and structural
properties.

It is crucial to remember, however, that FTIR has several
limits. One of these disadvantages is that it cannot expose
the metallic features of any chemical. NMR (Nuclear Mag-
netic Resonance) spectroscopy is an alternate approach for

@ Springer
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bonds, and water bridges. The uppermost panel exhibits the temporal
distribution of unique contacts between the protein and ligand, whilst
the lower panel discloses the specific residues that engage with the
ligand in each trajectory frame. The presence of dark orange residues
indicates different sorts of interactions with the ligand. (“Identifica-
tion of agonists specific to allatostatin type-C receptors”)

analyzing metallic components. NMR spectroscopy is unbe-
lievably valuable for studying the characteristics and struc-
tures of metal-containing compounds, as it provides exten-
sive information on their coordination, oxidation state, and
ligand interactions. A thorough knowledge of the sample's
chemical composition and characteristics may be attained
by using the capabilities of FTIR for detecting inorganic
and organic components and supplementing it with NMR
for metallic details.

Several notable peaks were identified after analyzing the
FTIR graph. A peak indicated the existence of C=C aro-
matic bonds at 1565 cm™', whereas a peak characterized the
presence of C=0 bonds at 1657 cm™'. A peak at 1064 cm™!
showed C-O stretching, whereas a peak at 1065 cm™" rep-
resented C-H bending. Notably, two heights were associ-
ated with C=C aromatic bonds, one of which appeared at
1515¢cm™". Similarly, two extremes linked with C=0O bonds
were identified, one of which occurred at 1644 cm™".

FTIR examination also showed other peaks, including
one at 2361 cm™!, indicating the presence of carbon diox-
ide (CO2). A rise revealed the existence of an OH group at
3675 cm™!, which correlated to C—H stretching.
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Ligand Torsion Profile
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Fig. 11 Illustrates both the 2-D and 3-D torsional patterns of the
complex

The chemical structure of the molecule under inquiry
shared identical components, according to a detailed analy-
sis of the FTIR spectrum. The observed peaks matched the
predicted molecular properties of Hesperidin, indicating the
existence of functional groups and providing vital informa-
tion about its composition.

NMR analysis of hesperidin

NMR (Nuclear Magnetic Resonance) spectroscopy is a
powerful source for analyzing the structure of substances
by monitoring & measuring nuclear spin interactions in a
strong magnetic field. As shown in Fig. 16, this analytical
approach gives valuable insights into materials’ physical,
chemical, and biological properties.

By analyzing the chemical shifts, coupling patterns, and
relaxation periods in the NMR spectrum, helpful information

on the analyzed substances’ molecular structure, connectiv-
ity, and conformation may be gleaned.

5-hydroxy-2-(3-hydroxy-4-methoxyphenyl)-
7-(((2R,3R,4S5,5S,6R)-3,4,5-trihydroxy-6-
((((2S,3R,4R,5R,6S)-3.4,5-trihydroxy-6-methyltetrahydro-
2H-pyran-2-yl)oxy) methyl)tetrahydro-2H-pyran-2-yl)oxy)
chroman-4-one (HESPERIDIN).

'H NMR (400 MHz, DMSO-d) § 12.02 (s, 1H), 9.10 (s,
1H), 6.95 (s, 3H), 6.15 (s, 2H), 5.49 (s, 1H), 5.40 (s, 1H),
5.18 (s, 2H), 4.96 (s, 1H), 4.64 (d, J=29.7 Hz, 2H), 4.52 (s,
2H), 3.81 (s, 1H), 3.77 (s, 3H), 3.63 (s, 1H), 3.54 (s, 1H),
3.43 (s, 3H), 3.24 (s, 3H), 3.14 (s, 2H), 2.77 (s, 1H), 1.07
(s, 3H);"*C NMR (100 MHz, DMSO-d,) 8 197.49, 165.59,
163.46, 163.00, 131.34, 118.42, 114.61, 103.77, 101.06,
99.84, 96.84, 96.00, 78.84, 76.73, 75.97, 73.44, 72.53,
71.16, 70.73, 70.05, 68.78, 56.13, 18.30.

DSC analysis of hesperidin

A DSC (Differential Scanning Calorimetry) device with
thermal expansion capability was used to determine Hes-
peridin. The device was calibrated before the study using a
standard reference material to guarantee precise readings.

A 1.90 mg sample was carefully measured and placed in
an aluminum testing crucible for analysis. The crucible was
then firmly sealed, and the sample was heated in an atmos-
phere of nitrogen (N2). The temperature was raised by 10 °C
every minute until it reached 300 °C.

Figure 17 shows the findings of the DSC analysis of Hes-
peridin. These diagrams depict the thermal behavior of the
compounds, including the typical melting ranges and accom-
panying thermal events.

These findings add to a thorough understanding of the
physical properties of the compounds and can help in vari-
ous applications, including pharmaceutical formulation and
process optimization.

XRD analysis of hesperidin

To analyze the form or type of the specimens, the XRD
(X-ray Diffraction) technique was used, which distinguished
between crystalline and amorphous structures. The XRD
pattern can provide vital information about the sample's
structural features.

If the resultant XRD chart shows crisp and clear peaks,
it suggests that the material is crystalline. These peaks rep-
resent the regular arrangement of atoms in a crystal lattice,
and their locations and intensities reveal information about
the crystal structure.
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Ligand Properties
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Fig. 13 Tllustrating the second-
ary protein structures. The
graph above illustrates the
Standardised Statistical Error
(SSE), whereas the picture
below emphasizes the SSE
content for each trajectory step
in the experiment
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Fig. 14 Presenting The protein Protein Information
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Fig. 15 Hesperidin was analyzed using FTIR, which showed numer- 2915 cm™!, and OH group at 3675 cm™*!. The research verifies that

ous unique peaks: C-H bending at 1065 cm™', C=C aromatic at
1515 cm™!, C=0 at 1644 cm’!, CO, at 2361 cm™!, C-H stretching at

Conversely, if the XRD graph shows a featureless or flat
profile, the sample is amorphous. The lack of sharp peaks
in the XRD pattern suggests a lack of long-range order in
the atomic arrangement, which is typical of amorphous
materials.

The XRD data for Hesperidin are shown in Fig. 18,
respectively. The diffraction peaks at 11°, 19.9°, 23.2°,
and 25.1° could be indexed to (2600), (2800), (1900), and
(1400) planes. These images depict the XRD patterns,
which reflect the crystallinity of the materials.

the molecule incorporates these constituents within its molecular
framework

This information is crucial to grasp the atomic structure
of the molecules and has implications, including medicinal
investigation, materials science, and quality assurance.

Biological assay
This work employed the MTT cell viability test to assess
the cytotoxic activity potential of hesperidin compounds

at various concentrations. Figure 19 shows the dose-
dependent reduction in cell viability that was seen while
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Fig. 16 Demonstrates Hesperidin's NMR spectra

using hesperidin. The A549 cells showed remarkable
sensitivity to hesperidin at a concentration of 34.25 ug/
ml. This research leads us to believe that hesperidin has
cytotoxic properties (Table 4).
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Conclusion

This work employed in-silico and in-vitro methodologies to
uncover intriguing small compounds as potential therapeutic
modalities for lung cancer. Further, GOLD is utilized for
docking, and GLIDE is employed to validate the compound,
i.e., Hesperidin docked with EGFR, having the highest score
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Fig. 17 Showing The DSC graph of Hesperidin. The differential scanning calorimetry (DSC) data reveals an exothermic reaction at 100 °C, rep-
resenting crystallisation. The endothermic peak seen at around 259 °C is indicative of the melting point of Hesperidin

at 60.98 (Gold Score) and Xp Score (— 9.43 kcal/mol) and
glide score — 70.911 kcal/mol. Furthermore, ADME, DFT,
and Molecular dynamics were used to ensure the stabil-
ity of protein complex structures. The RMSD, RMSF, and

hydrogen bond interaction results indicate that the complex
is highly stable across the simulation time frame (100 ns).
Our study included In-vitro cytotoxicity investigation, which
revealed that Hesperidin had an IC50 value of 34.25 pug/ml.
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Fig. 18 Presenting the X-ray diffraction yields of Hesperidin. The
composition of the material is classified using an X-ray diffrac-
tion (XRD) graph. The substance is classified as crystalline if it has
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Fig. 19 Illustrates the cytotoxic effects of Hesperidin on A549 lung

cancer cell line
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distinct peaks. The polycrystalline material exhibits distinct peaks,
namely at 11°, 19.9°, 23.2°, and 25.1°, which can be attributed to the
(2600), (2800), (1900), and (1400) planes, respectively

The overall ramification of this work improves our compre-
hension of lung cancer biology, locating possible therapeutic
targets, and investigating innovative therapeutic approaches.
By shedding light on the molecular pathways implicated in
lung cancer, it paves the way for further investigation on
how to increase the bioavailability and target specificity of
hesperidin in in vivo environment and the development of
tailored treatment.
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Table 4 Statistical analysis of

Conc  Control Treated Difference  Viability Average SD SEM
MTT assay

6.25  0.192 0.065 0.127 66.14583 65.79861111  0.88524644  0.51109727
0.192 0.064 0.128 66.66667
0.192 0.068 0.124 64.58333

125 0.192 0.079 0.113 58.85417 58.50694444  0.49104638  0.28350576
0.192 0.081 0.111 57.8125
0.192 0.079 0.113 58.85417

25 0.192 0.099 0.093 48.4375 48.26388889  1.49345925  0.8622491
0.192 0.103 0.089 46.35417
0.192 0.096 0.096 50

50 0.192 0.115 0.077 40.10417 39.75694444  0.88524644  0.51109727
0.192 0.118 0.074 38.54167
0.192 0.114 0.078 40.625

100 0.192 0.135 0.057 29.6875 29.6875 1.27577591  0.73656956
0.192 0.132 0.06 31.25
0.192 0.138 0.054 28.125

Conc  Viability SEM

6.25  65.79 0.511097

125 585 0.283506 IC5,=34.25

25 48.26 0.862249

50 39.75 0.511097

100 29.68 0.73657
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Abstract

Worldwide, cervical cancer (CCa) is a major killer of women. As the conventional drugs used to treat cervical cancer are
expensive and expose severe side effects, there is a growing demand to search for novel modifications. Therefore, in the
current investigation employing a bioinformatic approach, we explored triterpenoids for their anti-cancer efficacy by target-
ing cervical cancer epigenetic proteins, namely DNMT3A, HDAC4, and KMT2C. The study utilized molecular docking,
ADMET assay, Molecular Dynamic simulation, and DFT calculation to unveil Betulin (BE) as the potential lead compound.
Comparative analysis with that standard drug indicated that BE has a better glide score with the target protein KM2TC
(—9.893 kcal/mol), HDAC4 (—9.720 kcal/mol), and DNMT3A (—7.811 kcal/mol), which depicts that BE could be a potent
inhibitor of these three epigenetic proteins and exhibits favorable pharmacokinetic, pharmacodynamics and toxicity prop-
erties. Molecular Dynamics simulation revealed noteworthy structural stability and compactness. DFT analysis revealed
higher molecular activity of BE and showed the most increased kinetic stability (5E=0.254647 eV). Further, we employed
In vitro analysis through MTT assay and found that BE has ICs;, of 15 pg/ml. In conclusion, BE can potentially treat CCa
upon further investigations using in vivo models for better understanding.

Keywords Triterpenoids - Epigenetic proteins - Molecular docking - MD simulation - DFT calculations - Betulin

Introduction

Cervical cancer (CCa) is one of the most prevalent forms
of gynecological malignancies, accounting for the fourth
leading cause of death in women [1]. CCa is categorized in
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several stages per the International Federation of Obstetri-
cians and Gynecologists classifications, wherein, in stage I,
the uterine alongside cervical tissues to the inner layers are
affected. Stage II, which is restricted to the pelvis, is also
detected in adjacent tissues like the vagina. Stage III: the
disease spreads to the pelvic wall and includes tumor cells
in the lower vaginal region. At this point, the tumor affects
the kidney and results in hydronephrosis. The rectum and
bladder are also involved in stage IVA, but the malignancy
does not impact other body parts [2].

The deep causal route in cervical malignancy can be
traced to the presence of diversified and versatile patho-
genic molecules. The pathogenesis of CCa is attributed
to one of the most fundamental factors, i.e., human papil-
lomavirus (HPV), which plays a predominant role in its
transformation and progression. Viral E6 and E7 are some
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of the crucial proteins of HPV, which alter the chromo-
somal orientation or landscape and promote the tumori-
genic phenotype. Additionally, extrachromosomal inher-
itance, also coined as epigenetics, heuristically changes
the fate of cells. In this regard, the existing epigenetic
modifications methylation, demethylation, acetylation, or
deacetylation are fascinating targets in anti-tumor thera-
peutics. Among the current epigenetic markers, KM2TC,
HDAC4, and DNMT?3A are prudent ailments involved in
the pathogenesis toward the malignant progression of cer-
vical [3]. These molecules regulate the genotype; hence,
an altered fate of phenotypic expression is inevitable [4].
For example, methylation is involved in the propagation
of the tumorigenesis process via repression of tumor sup-
pressor genes or elevated expression of proto-oncogenes in
most cancers, including cervical [5]. Interestingly, HDAC
acetylase inhibitors have gained as intriguing anti-cancer
therapeutics since they have exhibited cytotoxic effects
against cancer cells without affecting normal cells. Fur-
thermore, epigenetic inhibitory pharmaceutics arrested
cell proliferation via induction of apoptosis mediated by
cell cycle arrest or chromosomal fragmentation against
cancer cells in vitro and in vivo models.

Unlike other gynecological cancers, the prime route of
treating CCa is chemotherapy, following surgical resection
and radiation therapy. As of now, cisplatin, carboplatin, or
Paclitaxel (taxol) remain the gold standard chemotherapeutic
agent against most cancers, including cervical cancer. Con-
temporarily synthetic compounds, such as doxorubicin or
gemcitabine, have demonstrated potentiating effects against
CCa. Nevertheless, severe adverse conditions or side effects
have been reported, which have halted their long-ranging
cytotoxic potential. On the contrary, natural compounds or
derivatives have emerged as one of the prime pharmacologi-
cal leads in the era of efficacious anti-tumor chemotherapeu-
tic and chemo-sensitive agents, owing to their low toxicolog-
ical profile and potential efficacy [6]. More than half of all
drug types used in clinical settings globally are derived from
plants [7]. For instance, Resveratrol, a flavonoid, exhibited
effective anti-tumor activities against breast [7], colon [8],
liver [9], lungs [10], and cervical cancer cells [11]. Likewise,
epigallocatechin gallate (EGCG), a polyphenolic compound
available in green tea abundantly, has demonstrated anti-
neoplastic solid activities mediated by arrested rate of pro-
liferation by suppressing Ki67, telomerase activity inducing
apoptosis in cervical cancer cells, which has materialized
as a key anti-tumorigenic agent against most of the cancers,
including cervical [12]. Furthermore, silymarin, a natural
compound derived from the milk of the thistle plant, has
exerted anti-tumor effects via chromatin condensation and
nuclear fragmentation, and downregulation of JNK/MAPK
pathway with concurrent upregulated expression of p38 led
to apoptosis [13].
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From the human health standpoint, triterpenoids, a
chemically varied class of saponins, have served as vital
substances. Among the diverse nature of natural and sec-
ondary compounds, terpenoids, a classic source of biologi-
cally active components, have exerted as a promising source
of anti-tumorigenic agents. Betulin (BE), derived from the
bark of botulin, displayed many biologic and pharmacologi-
cal actions, which include anti-inflammatory, antibacterial,
antiviral, anti-diabetic, and anti-tumor capabilities and hence
emerged as one of the attractive therapeutic agents [14, 15].
BE is regarded as a potentially effective future anti-tumor
phytochemical because of its cytotoxicity against tumor cells
[16, 17], and because of its sublimation feature [18, 19], it is
simple to identify and isolate.

The conventional route of designing and developing phar-
maceuticals employs time and resources under stringent con-
ditions. On the contrary, the era of computational biology
and bioinformatics exerts a crucial role in drug organizing
regarding adequate time and expenditure. The preliminary
screening of drugs against targets deploying computational
therapeutics has facilitated the designing effective drug tar-
gets. Nevertheless, more studies need to be conducted on the
in silico-screened drugs against epigenetic markers, specifi-
cally against CCa. Considering this, we aimed to explore
the anti-tumor potency of BE against epigenetic markers
by implementing in silico and in vitro experimental setups.

Materials and methods
Target selection and preparation

The retrieval of targets was carried out for three of the most
essential epigenetic proteins, namely (DNA (cytosine-
5)-methyltransferase3A (DNMT3A), Histone Deacetylase
4 (HDAC4) and Histone-lysine N-methyltransferase 2C
(KMT2C). The 3D structures were retrieved from the Protein
Data Bank (PDB) (http://www.rcsb.org/) using their PDB-
ID’s 2QRYV, 2VQJ, and 5F59, respectively (Table 1) [20].
The protein structures were suitably prepared using default
parameters in the Schrodinger-Protein Preparation Wizard
for molecular docking (Protein Preparation Wizard, 2021)
[21]. Appropriate bond orders were assigned, and missing

Table 1 List of targets retrieved from RCSB and PDB

S.no Protein name PDB-ID Structure
resolution
(A)
DNMT3A 2QRV 2.89
HDAC4 2VQI 2.10
3 KMT2C 5F59 2.80
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hydrogen bonds were added during preparation. Further, the
protein structures were optimized and minimized to attain
stable conformation.

Preparation of ligand molecules

Secondary metabolites were selected from phytochemical
constituents of different plants. The 3D structures of ligands
were retrieved from PubChem (https://pubchem.ncbi.nlm.
nih.gov/) [22]. The phytochemical molecules retrieved from
the database were suitably prepared in LigPrep by adding
hydrogen bonds, assigning appropriate bond order charges,
correcting chirality, generating ionization and tautomeric
states, minimizing structure for low-energy ring conforma-
tion, and geometry optimizations [23].

Molecular docking of phytochemicals
against epigenetic proteins

The co-crystallized ligand molecules in the protein struc-
tures were selected to generate a receptor grid to facilitate
precise docking. The prepared phytochemical ligand mol-
ecules were docked into the respective grid of the target
protein using Glide-extra precision mode (GlideXP), and
the docking scores were calculated based on the Glide scor-
ing functions. The molecular docking studies employed the
flexible method of docking [24].

Molecular dynamics simulation

Molecular dynamics simulations were executed to deter-
mine the stability of the docked complexes. We have used
Desmond 2021-2024 to assess the stability of the docked
BE complexed with epigenetic proteins DNMT3, HDACA4,
and KMT?2C [25]. The complexes within the explicit sol-
vent system were solvated using crystallographic water
(TIP3P) molecules [26] and subjected to orthorhombic
periodic boundary conditions with a buffer zone of 10 A.
The overlapping water molecules were eliminated, and the
system was neutralized with Na* and CI~ as a counte-
rion. To maintain the consistent temperature (300 K) and
pressure (1 bar) of the systems, an ensemble (NPT) con-
sisting of nose-hover thermostats [27] and barostats was
employed. The study used a hybrid energy minimization
approach of 1000 steepest descents and applied conjugate
gradient algorithms. The energy reduction process utilized
the limited memory Broyden—Fletcher—Goldfarb—Shanno
(LBFGS) algorithm, with a convergence threshold gradi-
ent set at 1 kcal/mol. The long-range electrostatic inter-
actions, specifically the Van der Waals and Coulomb
interactions, were computed using a Smooth Particle
Mesh Ewald approach, employing a cut-off radius of 9

o

A. The study employed the multiple time-step RESPA

integration method, namely the reference system propa-
gator algorithms, to investigate the dynamics of bonded,
near-bonded, and far-bonded interactions. The simulations
were conducted for 500 ns, and the data were collected at
regular intervals of 100 picoseconds. The resulting tra-
jectory was examined utilizing the Maestro visualization
interface.

Drug-like properties and ADME studies

ADME properties were estimated using the Schrodinger-
QikProp package [10]. The ligands that underwent screening
were assessed for their drug-like characteristics and ADME.
The compounds were evaluated according to the following
criteria based on Lipinski’s rule of five: (i) The number of
hydrogen bond donors should be limited to a maximum of
five; (ii) the number of hydrogen bond acceptors should
be limited to a maximum of 10; (iii) the molecular weight
should be below 500 Daltons; (iv) the partition coefficient,
commonly denoted as LogP, is expected to be below 5; and
(v) drug candidates adhering to no more than one rule are
potential compounds exhibiting improved ADME character-
istics. The ligands that met Lipinski’s criterion of five were
chosen for subsequent study. The ligands were evaluated
to determine their drug-like characteristics and important
pharmacokinetic parameters as per absorption, Distribu-
tion, Metabolism, and Elimination (ADME). P-glycopro-
tein (Pgp), which plays a crucial role in drug discovery and
development and is present in the liver, functions as an efflux
pump [28] in estimating pharmacokinetic properties. If the
drug molecule inhibits Pgp, based on the criteria mentioned
above, the drug candidates were taken forward for further
experimental analysis.

Density functional theory (DFT)

The DFT is a computational method in quantum mechan-
ics used to analyze the electrical properties of atoms, mol-
ecules, and compounds [29]. The computational analysis
of the electrical and structural characteristics of the BE
compound was conducted using the Jaguar software devel-
oped by Schrodinger [30]. The calculations employed
the Becke3-Lee—Yang—Parr (B3LYP) technique and the
6-31G** basis set. The parameters used in this work encom-
passed the highest occupied molecular orbitals (HOMOs)
and the lowest unoccupied molecular orbitals (LUMOs),
together with the energy gaps. These parameters were com-
puted for the BE molecule using the Jaguar software. Fur-
thermore, the reactive chemical sites and promising areas
within BE were identified for subsequent enrichment experi-
ments to develop BE as a potent epigenetic therapeutic.
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Cell culture

The work utilized the human cervical cancer (HeLa) cell
line obtained from NCS Pune. The cells were cultivated in
Dulbecco’s modified Eagle’s media (DMEM) obtained from.
The DMEM was prepared by adding 10% fetal bovine serum
(FBS), amphotericin (Sigma, Merck, KgaA), glutamine, and
100 X pen-strep (Sigma-Aldrich, Merck, KgaA.). The culture
was kept at 37 °C with 5% CO, and maintained under high
humidity.

Drug preparation

BE was obtained from OtoChemi PVT Ltd. The main Stock
was prepared in DMSO. A 1-mM working concentration
using a complete media was prepared from the main stock,
and respective dilutions were used for the drug treatment. The
concentrations of BE used were 100, 50, 25, and 12.5 pM,
respectively.

Cell viability assay

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide (MTT) was employed to estimate the viability of the
cells. HeLa cells were seeded at 10* cells/well density in a
96-well plate. Post 24 h of incubation, the cells reached 80%
confluent, and the corresponding drugs or their combinations
were introduced. Following 24 h of treatment, 20 pl of MTT
(at a concentration of 5mg/ml) solution was added to 200 pl
of PBS without FBS in each well, followed by an incubation
period of 2 h. After transferring the media, 100 pL. of DMSO
was added to each well, and the mixture was incubated for 20
min while agitated.

Absorbance was measured at 570 nm spectrophotometri-
cally (BioTek). Each of the experiments was carried out in
triplicates. Cell viability was determined by implementing the
following:

Results
Molecular docking

Computer-aided drug design (CADD) has emerged as one
of the hotspot computational tools in terms of drug design
and development. As a preliminary step, the Schrodinger-
Glide tool was implemented to determine the binding
affinity of triterpenoids against the epigenetic protein
molecules HDAC4, DNMT3A, and KMTC. Typically,
all ligands bound with the target proteins through several
interactions, which have been decoded through molecular
docking studies. The outcomes of the molecular docking
process rely entirely on the selection of the binding site
residues. We have selected the residues surrounding the
co-crystallized molecule in the experimentally determined
structures of the epigenetic proteins as the binding site res-
idues (Table 2) for molecular docking. Among the subject
triterpenoids, we observed that BE exhibited the highest
binding energy with the epigenetic proteins through their
active site residues.

Docking studies of triterpenoids against the epigenetic
protein DNMT3A (PDB-ID: 2QRV) reported a Glide score
ranging from —7.811 to —0.78 kcal/mol as maximum and
minimum binding score of these ligands in the present
study (Table 3). BE’s flexible docking has an energy
of —50.305 kcal/mol and a score of —7.811 kcal/mol. At
a2.15 A bond distance, the ligand molecule has formed
a hydrogen bond interaction with Phe636 (Fig. 1a and b).
The amine group NH in Val661 has formed a hydrogen
bond with the OH atom in BE with a bond length of 2.01
A. In addition, hydrophobic interactions were observed
between the co-crystallized ligand S-adenosyl-L-homo-
cysteine and the DNMT?3A residues Val661 and Phe636.

Similarly, we observed the typical interaction of BE
against KMT2C with the highest binding score of —9.8
kcal/mol, while the triterpenoids produced Glide scores

% Cell Viability = (average OD of the individual test group)/(average OD of control)) X 100.

Table 2 Active site residues of the target proteins

Sl.no Epigenetic target

PDB-ID Residues forming the binding site

TRP889, ILE-A639, SER -A888, ARG-A887, GLY-A638, GLY-A703, LEU-

AT726, PRO-A705, VAL-A661, ARG A-684, VAL A-683, ASP A-682, PHE
A-636, SER A-659, CYS A-662, GLU A-660

LEU156, ASP158, GLY 159, ILE167, ASN168, GLU169, ALA196, VAL198,

ALA227, TRP290, PHE299, ALA330, GLY331

1 DNA methyltransferase (DNMT3A) 2qrv
2 Histone deacetylase 4 (HDAC4) 2qvj
3 Histone-lysine N-methyltransferase (KMT2C) 5f59

LEU A 4783, TYR A4825, ARG A4845, GLN A 4781, TYR A 4846, GLY A

4782, ASN A 4848, TYR A 4886, CYS A 4899, ILE A 4780, HIS A 43849,
MET A 4910, PRO A 4898, ILE A 4897

@ Springer



Molecular Diversity

Table 3 Molecular docking results of triterpenoids with the epigenetic proteins and their interaction profiles

Ligands Docking
score (Kcal/

mol)

Binding
energy (Kcal/

mol)

Type of interaction and its number Interacting residues

DNA Methyltransferase (DNMT3A), PDB-ID-(2QRV)

Betulin -78
Salsoloside C -64
2’-0O-Acetylsalsoloside C =57
3’-0O-Acetylsalsoloside C -5.0
Shatavarin iv -33
Forskolin -2.8
Alpha-amyrin -23
Betulinic acid -14
24-Hydroxyolean-12-en-3-one —1.3
Oleanolic acid -13
Sarsasapogenin -0.7
Histone deacetylase (HDAC4), (PDB-ID-2QVJ)
Betulin -9.7
Salsoloside C =77
2’-0-Acetylsalsoloside C -6.6
3’-0-Acetylsalsoloside C -64
Shatavarin iv -5.0
Forskolin -3.7
Alpha-Amyrin -32
Betulinic acid -29
24-Hydroxyolean-12-en-3-one — 2.8
Oleanolic acid —-2.8
Sarsasapogenin -2.6

Histone-lysine N-methyltransferase (KMT2C) (PDB-ID-5F59)

Betulin -9.38
Salsoloside C -7.1
2’-O-Acetylsalsoloside C - 6.6
3’-O-Acetylsalsoloside C -5.8
Shatavarin iv —-4.1
Forskolin -3.1
Alpha-Amyrin -27
Betulinic acid —-25
24-Hydroxyolean-12-en-3-one — 2.3
Oleanolic acid -19
Sarsasapogenin - 1.8

-50.3
-32.0
-34.4
-38.5
-32.0
-21.8
—20.6
—15.5
—13.7
-124
-17.2

—-41.8
-334
-533
—45.0
-30.6
-29.0
-269
—-233
—26.0
—-233
- 226

—44.6
- 334
-533
—-45.0
—30.6
—-29.0
—-269
—-233
-26.0
-233
—-22.6

Hydrogen bond (2) PHEG636, VAL661

Hydrogen bond (2)/ salt bridge(1)  CYS662, GLU660/ARG887

Hydrogen bond (3) ILE639, PHE636, VAL661

Hydrogen bond (3) PRO705, ILE639, CYS662

Hydrogen bond(1) VAL661

Hydrogen bond(1) PHEG636

Hydrogen bond(1) CYS706

Hydrogen bond(3) SER704, PRO705, ILE639

Hydrogen bond (2) LEU726, PRO705

Hydrogen bond (3) TRP889, ARG887, VAL661

Hydrogen bond (1) CYS662

Hydrogen bond (2) HIS159, PRO 298

Hydrogen bond (3) HIS158, PRO156, PHE168

Hydrogen bond (3) PHE298, PHE226, PHE227

Hydrogen bond (2)/ Salt bridge (1) LEU229, PRO298/GLU329

Hydrogen bond(3) HIS 158, ASP290, PRO156

Hydrogen bond(3) GLY331, GLY330, PHE226

Hydrogen bond(2) HIS157, HIS198

Hydrogen bond(3) HIS332, PRO156, ASP198

Hydrogen bond(2) LEU299, PHE227

Hydrogen bond(4) ASP290, HIS157, PRO156, PHE168
Hydrogen bond(2) PRO156, LEU299

Hydrogen bond(4) HIS4900, PRO4898, TYR4800, ARG4845
Hydrogen bond(2) ILE4980, GLN4781

Hydrogen bond(2) TRY4886, TRY4884

Hydrogen bond(2) ILE4864, GLN4885

Hydrogen bond(4) ASNA4848, VAL4824, ILE4980, TRY4886
Hydrogen bond(2) PRO4848, HIS4900

Hydrogen bond(4) ARG4845, PRO4898, ILE4980, ASN4848
Hydrogen bond(2) TRY 4800, PRO4898

Hydrogen bond(3) GLN4781, VAL4824, HIS4900

Hydrogen bond(2) PRO4898, ARG4845

Hydrogen bond(4) GLN4781, TRY4886, ASN4848,VAL4824

ranging from —9.83 to —1.8119.8 kcal/mol (Table 3). bond with His159 at a distance of 2.19A (OH-NC). In
The docking of triterpenoids to the crystal structure  addition, the hydroxyl group has formed a coordination
of the epigenetic protein HDAC4 (PBD ID: 2VQJ) has  with the essential catalytic metal ion Zn1415. The His
shown the Glide score from —9.720 to —2.698 9.8 kcal/  residue in the conserved position formed a hydrogen bond
mol (Table 3). BE has demonstrated the highest binding  at a distance of 2.92 A with the co-crystallized inhibi-
affinity with the protein HDAC4 among the triterpenoids  tor molecule TFG and a metal coordination with the Zn
(Glide score: —9.720 kcal/mol and energy: —41.835), ion [29]. Thus, the binding of BE to HDAC4 via His159
and the HDAC4-BE complex is stabilized by two hydro- and metal coordination with Zn ion can inhibit activity
gen bonds and metal coordination (Fig. Ic and d). The = comparable to that of the previously reported inhibitor
hydroxyl group of the BE molecule has created a hydrogen =~ TFG. At a distance of 2.04 A, the oxygen atom in Pro298
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Fig. 1 BE’s 2D and 3D interac-
tion profiles with the three
epigenetic targets. Betulin-
DNMT3A formed two hydrogen
bonds with Val661 and Phe636,
BE-HDAC4 complex formed
two hydrogen bonds with
His159 and Pro28, and BE—
KMT2C formed four hydrogen
bonds with His4900, Pro4894,
Tyr4800, and Arg4845

has formed a hydrogen bond with the hydrogen atom of
a hydroxyl group in BE (CN-HO). Likewise, the docking
studies of the epigenetic protein KMT2C, BE exhibited
the highest Glide score and binding energy of —9.893
and —47.06 kcal/mol, respectively. Four hydrogen bonds
were observed between the BE and the protein Histone-
KMT2C. The hydroxyl groups at each end of the BE
molecule formed two hydrogen bonds with the receptor
(Fig. le, f). The hydrogen atom in the hydroxyl group of
BE formed hydrogen with Pro4898 (OH-OC) at a distance
of 1.87 A. With the span of 2 (NH-OH), the hydrogen
atom in His4900 has formed a hydrogen bond with an oxy-
gen atom in the same hydroxyl group of BE. A hydroxyl
group at the opposite end of the BE molecule has formed
hydrogen bonds with Tyr4800 (OH-OH) and Arg4845
(CO-HO) at 1.69 and 1.89 A, respectively. His4900 has
been observed to form a hydrogen bond with the co-crys-
tallized ligand S-adenosyl-L-homocysteine at 2.86 A. In
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addition to other residues, the BE-interacting residues
Arg4845 and Pro4898 had hydrophobic contacts with the
KMT?2C, and these interactions were also observed with
the co-crystallized ligand S-adenosyl-L-homocysteine.

Comparison with promising cervical cancer drug

To compare our findings to conventional cervical cancer
drugs, we downloaded the Doxorubicin (DOX) structure
and performed a docking analysis against the epigenetic
targets 2QRYV, 2QV]J, and 5F59. Table 4 and Fig. 2 repre-
sent the docking results of Doxorubicin with the epigenetic
targets and their interaction profile. It has been demon-
strated that the FDA-approved drug DOX targets the epi-
genetic proteins [28] with low binding energies in cervical
cancer [29]. In contrast, the DOX molecule docked against
DNMT3A (2qvj), HDAC4 (2QVIJ), and KMT2C (5F59)
has produced — 3.53, — 8.05 kcal/mol, and — 8.43 kcal/mol.
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Table 4 Molecular docking of

. Epigenetic protein
standard drug DOX with the

Docking score

Binding energy Type of Interaction  Interacting residues

. . . (kcal/mol) (kcal/mol)
three epigenetic proteins
DNMT3A (2QRV) —-35 —28.8 Hydrogen bond GLU660, ARG887
HDAC4 (2QVIJ) - 8.5 —439 Hydrogen bond HIS158, GLY167, PHE227
KMT2C (5F59) -84 -50.8 Hydrogen bond GLU4814, GLU48138,

VAL4824, TYR4886

Fig.2 2D interaction and 3D
interaction profiles of DOX
with the three epigenetic targets.
DOX-DNMT3A complex
formed two hydrogen bonds
with GLU660 and ARG 887,
DOX-HDAC4 complex formed
three hydrogen bonds with
HIS158, GLY167, and PHE227,
and DOX-KMT?2C formed four
hydrogen bonds with GLU4814,
GLU4818, VAL4824, and
TRY4886

Comparatively, Betulin has produced higher docking score
than DOX against all three epigenetic proteins DNMT3A
(—7.81 kcal/mol), HDAC4 (—9.72 kcal/mol), and KMT2C
(—9.89 kcal/mol) Our docking analysis showed that Doxo-
rubicin had high binding energy for all the three epigenetic
proteins and thus is not as an active inhibitor of epigenetic
proteins against cervical cancer.

Molecular dynamic simulation

The top-binding cervical cancer inhibitor with the epige-
netic protein complexes from molecular docking was further
subjected to molecular dynamics simulation to understand
its stability and integrity. We performed the MD simula-
tion at 500 ns to validate and confirm the stability of the
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indicated protein-ligand complexes. Betulin was chosen as
a possible epigenetic inhibitor of DNMT3A, HDAC4, and
KMT?2C since it has shown the highest docking among the
other molecules.

For six different complexes, we calculated the RMSD
and RMSF. The RMSD value can predict the stability of
the ligand complex in the MD runs. The stability of a pro-
tein complex is enhanced when the RMSD value is low. We

compared the MD simulation time to the RMSD of the com-
plexes regarding Ca atoms. In general, the RMSD values for
all the complexes were relatively low.

The RMSD values for BE-HDAC4 complexes ranged
from 2.9 to 4.8 A. The C atoms exhibited stability in the
350-450 ns range with an RMSD greater than 0.25 A.
Between 200 and 300 ns, the RMSD varied the most, reach-
ing a maximum of 3.6 A (Fig. 3a). Residue flexibility at
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Fig.3 RMSD graph of the Protein-ligand complexes during 500-
ns MD Simulation. a RMSD graph of DNMT3A upon BE binding,
b RMSD graph of DNMT3A upon DOX binding, ¢ RMSD graph of
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HDAC4 upon BE binding, d RMSD graph of HDAC4 upon DOX
binding, e RMSD graph of KMT2C upon BE binding, and f RMSD
graph of KMT2C upon DOX binding
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ligand binding sites is investigated using root mean square
fluctuations (RMSF) (Fig. 4a). The following amino
acids were involved in the 38 ligand interactions with
proteins: SER634-ASP63, ILE639, THR641-GLY639,
TRY 656, GLU660-ASP665, ARG684-SER68S5, ILE701,
PRO705, ASN707, ASP708, LYS717, TYR720-GLY722,
ARG725-LEU72, GLU729, PHE751-GLU752, VAL754,
ARG786, ASN840, and GLY886-TRP889. The stability

of the ligand is enhanced by hydrophobic interactions with
the residues Leu726, Phe751, and Val754, as shown in
Fig. 5a. As the simulation progressed from 10 to 65%, it
generated hydrogen bonds with Asp637, Asn707, Glu721,
Gly722, Arg725, and Arg887. The RMSF of the ligand with
the first frame falls between the range of 7.5 and 10.5 A.
Additionally, the additional ligand properties that fall within
the range of 4.20-5.05 A include the polar surface area,
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Fig.5 The plots represent the intra-molecular interactions of recep-
tors and the ligands. Hydrogen bonds are shown in green, hydropho-
bic interactions are shown in light purple, water bridges are shown in
blue, and salt bridge interaction is shown in pink. a Protein-ligand
interaction graph of BE-DNMT3A, b protein-ligand interaction

solvent-accessible surface area, molecular surface area, and
radius of gyration.

Figure 6a shows a 2D-trajectory interaction diagram
showing how docking with I1e4870 creates a hydropho-
bic connection preserved in the MD trajectory pose. The
methanol group in BE supplied a hydrophobic bond to
11e4847, increasing its affinity by 38%. The ligand’s RMSF
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C

graph of DOX-DNMT3A, ¢ Protein-ligand interaction graph of BE-
HDACA4, d protein-ligand interaction graph of DOX-HDAC4, e pro-
tein—ligand interaction graph of BE-KMT2C, and f protein-ligand
interaction graph of DOX-KMT2C

was between 0.5 and 3.5 A in the first frame (Fig. 4a). Fig-
ure 14a shows that the gyration radius, molecular surface
area, solvent-accessible surface area, and polar surface
area are additional ligand properties that fall within the
range of 4.30-4.45nm. The complex exhibited higher vari-
ations from 50 to 150 and 20 to 400 n, as well as an RMSD
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Fig.6 2D diagrams of Betulin
and Doxorubicin interaction
with the active site residues
for 500-ns MD Simulation.

a 2D interaction diagram of
BE-DNMT3A, b 2D interaction
diagram of DOX-DNMT3A,

¢ 2D interaction diagram of
BE-HDAC4, d 2D interaction
diagram of DOX-HDACH4, e
2D interaction diagram of BE-
KMT?2C, and f 2D interaction
diagram of DOX-KMT2C

HO

<)

3
b}

e)

ranging from 0.5 to 3.8 A, over the MD simulations period
compared to the DOX-HDAC4 complex.

The graph indicates that the RMSF measurement reveals
how flexible the residues are at the ligand binding sites. In
addition, heavy atoms, the BE-HDAC4 complex, protein C,
and the backbone all had RMSDs ranging from 0.015 to 5.85
A (Fig. 3c). Between 250 and 480 ns of simulation length,
values ranging from 0.01 to 3.98 nm were recorded for the
stability of the C atoms with an RMSD of 4.0 A. The RMSD
altered by a maximum of 4.8 A between 100 and 150 ns, as
well as 250 and 300 ns. Residue flexibility at ligand binding

OH

DNMT3A

D
(LE
‘4897

KMT2C

sites is investigated using Root Mean Square Fluctuations
(RMSF) (Fig. 4c). They interacted with ligands at positions
Pro156, His159, Gly167, Phel68, Asp196, His198, Asn225,
Phe227, Asp290, Pro298, and Leu299, among others. The
interactions between the ligand and the hydrophobic residues
Pro156, Phe227, and Leu299 stabilize it, as seen in Fig. 5c.
A 10-65% simulation period saw the formation of more
hydrogen bonds with His 159. Figure 5d displays the time-
frame of the protein—ligand interaction. The MD trajectory
stance maintains the hydrophobic bond established by the
docking posture, as shown in the 2D-trajectory interaction
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diagram (Fig. 6¢). Figure 14b shows that the ligand's rela-
tive molecular size (RMSF) ranged from 0.105 to 1.034
nm concerning the beginning frame. The remaining ligand
characteristics ranged from 3.943 to 4.402 nm in gyration
radius, from 381.112 to 399.601 nm? in molecular surface
area, from 180.38 to 271.833 nm? in solvent-accessible
surface area, and from 70.227 to 8§6.468 nm in polar sur-
face area. When contrasted with the DOX-2qvj complex,
for BE-KMT2C, the RMSD values for protein Ca varied
from 1.35 to 3.0 IOA, and for the backbone and heavy atoms,
they ranged from 2.9 to 4.8 A. Throughout the 150-350
ns simulation time, the Ca atoms maintained a stable state
with values ranging from 1.25 to 2.1 A with an RMSD of
4.2 A. The 100150 ns and 350 ns range showed the larg-
est RMSD fluctuations, reaching up to 4.8 A. During the
simulation, it was discovered that Phe4826 and Tyr4884
establish robust hydrophobic contacts. Residue flexibil-
ity at ligand binding sites is investigated using Root Mean
Square Fluctuations (RMSF) (Fig. 4e). Argd907-Met4910
and GIn4781-Lys4897 were the sites of 24 ligand—protein
interactions. The hydrophobic residues Tyr4800, Tyr4825,
Phe4827, 11e4847, Ala4857, 114870, Tyr4884, Tyr4886,
Phe4888, and Trp4909 interact with the ligand to keep
it in place (Fig. 5e). Hydrogen bonds were generated by
Tyr4800, Val4824, Ala4844, Argd845, Asp4889, Lys4896,
and Met4910 during 10-60% of the simulation’s duration
displays the time-series of interactions between proteins and
ligands. Figure 6e shows a 2D-trajectory interaction dia-
gram showing how docking with [1e4870 creates a hydro-
phobic connection preserved in the MD trajectory pose.
The methanol group in BE formed a hydrophobic bond to
[1e4847, increasing its affinity by 38%. The ligand’s RMSF
was 0.5-3.5 A in the first frame (Fig. 4e). Additional ligand
characteristics falling within the 4.30-4.45 nm range were
the gyration radius, solvent-accessible surface area, polar
surface area, and molecular surface area. For 500 ns, the
RMSD varies between 0.5 and 4.4 10\, in contrast to the DOX-
5f59 complicated MD simulation. Between 150 and 250 ns
simulation time, the RMSD varies the most and reaches a
maximum of 4.4 A (Fig. 3b). Researching the adaptability of
residues at ligand binding sites is the purpose of the RMSF
measurements. Thirty-nine interactions between ligands and
amino acids in proteins were identified (Fig. Se).

Stability and structural integrity are maintained through-
out molecular dynamics simulations of BE-bound complexes
of epigenetic protein targets (DNMT3A, HDAC4, KMT2C).
The BE molecule was found to be firmly attached within
the substrate-binding pocket of the proteins, correlating well
with the molecular docking data. Because the bound com-
plex deviates slightly from the native state, the structural
integrity of the epigenetic target proteins is preserved in the
simulations. The BE-bound epigenetic protein complexes
reached equilibrium in the early part of the simulations, even
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though modest fluctuations were observed. They stayed at
the same level throughout the simulation. The core protein
structure is anchored to the ligand and remains bound to
the ligand despite residual variations. In epigenetic protein
complexes, most amino acid residues show low variability,
notably in the central regions of the proteins. Due to their
unbound state and loss of packing, the protein’s terminal
residues are free to move around. Except for a few deposi-
tions, all residues across all compounds showed stability
with shallow RMSF properties throughout the simulation
time.

The system’s compactness and equilibrium conforma-
tion were verified by measuring the radius of gyration (Rg).
Furthermore, the extent to which a protein folds and unfolds
is strongly affected by the value of the Rg’s. The Rg plots
of the BE-bound epigenetic protein complexes show steady
values, indicating that the protein complexes have undergone
only a mild folding and unfolding process over the simula-
tions. Solvent-accessible surface area (SASA) calculations
can be used to detect potential changes in protein solvent
accessibility. Changes in a protein’s solvent accessibility
can be analyzed with SASA. They fluctuated SASA values
during the simulation control protein convergence and envi-
ronment solvent expansion. The BE molecule is shown to
suppress the biologic activity of DNMT3A, HDAC4, and
KMT2C by MD Modeling, demonstrating that it binds well
into the active site of these epigenetic target proteins.

Physiochemical properties of ligand molecules

ADME prediction aims to predict the pharmacokinetics of
a potential therapeutic molecule, making ADME proph-
ecy a vital component of drug discovery and development.
ADME evaluations are performed alongside molecular
docking research to classify the safety and efficacy of a
pharmacological molecule [31]. The quantifiable evaluation
of drug-likeness (QED) is determined by integrating desir-
ability functions associated with drug similarity parameters,
such as molecular weight, log P, the number of hydrogen
bond acceptors and donors, aromatic rings, rotatable bonds,
polar surface area, and unfavorable functional area warn-
ings. The average QED for attractive compounds is 0.67;
molecules with a QED of 0.49 are entertaining and appeal-
ing, while those with a QED of 0.34 are exceedingly com-
plex and unattractive. The QED for IE is 0.565. Consider
the accessibility score, which evaluates the convenience of
synthesizing drug-like compounds by combining fragment
contributions and complexity penalty. For phytochemi-
cals, the Synthetic Accessibility Score (SAScore) is 4,936.
According to the Lipinski rule, based on physiochemical
properties and medicinal chemistry findings, BE is an ideal
candidate because it shares similar properties with the sub-
stance (Table 5). Under the Pfizer Rule, they demonstrated
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excellent absorption and permeability, and the compound is
regarded as a mildly toxic candidate due to its high Log P
(>3) and low TPSA (>75) values. Log P and Log D values
for a molecule with a weight greater than 400 are 5.328 and
5.009, respectively. Additionally, the BE molecule defines
the GSK Rule and the Golden Triangle, indicating that it
may have an outstanding pharmacological profile. The phar-
macokinetic properties of BE suggest that it might be one
of the Pgp (p-glycoprotein) inhibitors since Pgp functions
as an efflux pump in the liver and plays a vital role in drug
discovery and development. Therefore, the drug molecule is
an excellent candidate if it inhibits the Pgp and vice versa,
indicating that it could be a promising drug candidate.

Minimization and DFT calculations

For charge transfer interactions with the epigenetic protein
binding site, the orbital structures of the compounds play a
crucial role. An available electron acceptor exists in a mol-
ecule with a high HOMO value. Furthermore, molecules
intermolecular charge transfer and bioactivity are greatly
affected by a more negligible energy difference between
LUMO and HOMO energies. The low affinity of the inhibi-
tors for epigenetic proteins is due to the massive energy gap
in the compounds, which negatively affects the electron

Fig.7 a Betulin and Doxoru-
bicin’s boundary chemical orbit-
als (HOMO) and the accom-
panying transitioning energies.
b Betulin and Doxorubicin’s
boundary chemicals orbitals
(LUMO) and the accompanying
transitioning energies
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traveling from the HOMO to the LUMO. The electronic and
molecular properties of the pilot molecules were calculated
using density functional theory. LUMO values represent
the electron-accepting ability and a distinct energy gap that
shows its electron affinity, whereas HOMO values denote
the ability to donate electrons. The HOMO orbital energy of
the BE molecule was — 0.231397 eV, and the LUMO orbital
energy was 0.023250 eV. The expected energy gap for BE
molecules was 0.254647 eV. Whereas, the HOMO orbital
energy of DOX was —0.290605 eV, and LUMO orbital
energy was —0.159686 eV. The expected energy gap for
the DOX molecule was 0.130909¢V. The HOMO-LUMO
energy gap determines lead molecules' chemical hardness,
reactivity, and polarizability (Fig. 6). Due to the DFT stud-
ies’ elucidation of electrophilic and nucleophilic reactivity
zones in BE, these regions may be exploited to enhance the
chemical reactivity and efficiency of the compound (Fig. 7).

Cytotoxicity analysis

Following a preliminary screening analysis that included
docking, modeling, and pharmacokinetics profiling, the
cytotoxicity test results were validated using In vitro inves-
tigations. Treatment of Hela cells with varied doses of BE
(ranging from 0.01 to 20 pg/ml) resulted in a substantial
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reduction in the viability of cervical cancer cells, with the
inhibitory concentration (ICs,) estimated to be roughly 15
pg/ml. It is important to note that BE exhibited a low level
of cytotoxicity toward normal cells, which suggests that it
has the potential to be a selective therapy option for cervical
cancer (Fig. 8).

Discussion

Cervical cancer is one of the fourth leading causes of mortal-
ity among women in the world. The extent of malignancy of
CCa can be classified based on stages of migration, invasion,
and metastasis [30]. Metastatic lesion formation is promoted
at stage III to IV transition, wherein stages IV A and B are
categorized based on the type of malignant spread in and
around the gynecological system. The incidence and preva-
lence of mortality rates of CCa across India have increased
over the past few years [32]. In the present scenario, mortal-
ity is restricted to the genetic constituents, which are the key
drivers of cellular reprogramming. This enables sustainment
through intricate mechanisms and the presence of extra-
genetic ailments termed epigenetics adds up complicity in
terms of pathogenesis in CCa. Epigenetic elements represent
an intriguing mode of action to regulate gene/protein expres-
sion patterns comprising manipulated cellular-physiological
and biochemical processes [33]. Methylation, demethylation,
acetylation, or deacetylation are some of the critical modi-
fications enrolled by epigenetic ailments encompassing the
tumorigenesis process in several cancers, including cervi-
cal. This has provoked the development of pharmaceutics to
target these epigenetic proteins, which have displayed robust
anti-tumor activities against several cancers, including cer-
vical cancer [34]. For instance, Takai et al. reported that
HDAC inhibitors (HDAC:I) restricted cell proliferation by
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Fig.8 Depicts the MTT assay result, and it shows ICs,=15ug/ml

inducing apoptosis and arresting the alteration of malignant
phenotype expression against human cervical carcinoma
[35]. In addition, these HDACi have exerted potentiating
anti-tumor effects in vivo and clinical trials against cervical
carcinoma [36]. Likewise, histone lysine methyltransferases
(KMT) have been enthralling therapeutic targets in most
cancers, including cervical cancer. One of the most potent
natural products, curcumin, exerted influential anti-tumor
activity against several cancers, which includes the alarm-
ing cervical cancer and breast. Among the existing sign-
aling pathways, curcumin demonstrated anti-proliferative,
anti-invasive, and anti-migrating properties via modulation
of epigenetic markers in lungs (38), colon (39), and breast
(40). DNMT3A, HDAC4, and KMT?2C are critical nodes in
the epigenetic regulatory network of cervical cancer [37]. A
multifaceted approach to modulating gene expression pat-
terns that promote oncogenesis and tumor progression is
provided by targeting these proteins [38]. It is possible that
the therapeutic efficacy of cervical cancer could be improved
and resistance mechanisms could be overcome by combining
inhibitors targeting DNMT3A, HDAC4, and strategies to
restore KMT2C function synergistically [39]. The develop-
ment of biomarkers for patient stratification and personalized
treatment approaches in cervical cancer can be facilitated by
an understanding of the molecular pathways involving these
proteins [40]. Likewise, Paclitaxel, a triterpenoid, has served
as one of the potent chemotherapeutic agents used to treat
patients with advanced cervical cancer via the downregula-
tion of ERK/JNK or NF-KB pathway [41].

Further, the combination of paclitaxel with bevacizumab
has appeared as one of the gold standard therapeutic agents
for metastatic cervical cancer. Triterpenoid, in combination
with taxol, synergistically arrested cervical cancer cell pro-
liferation via modulating reactive oxygen species (ROS) pro-
duction and mitochondrial dysfunction [42]. BE, a terpenoid
molecule, is reported as one of the efficacious phytochemi-
cals against melanoma, leukemia, colon, lung, and cervical
carcinomas [43]. In the same study, it was reported that BE
exhibited potent anti-tumor effects against each cancer cell,
with no cytotoxicity in normal cells, which was validated
further using in vivo platform [44]. BE has been reported to
induce apoptosis by downregulating PI3K/AKT and induc-
ing mitochondria-dependent apoptosis in human cervical
cancer cells (HeLa) [45].

Additionally, proteomic analysis of BE-treated cervical
cells revealed that most of the differentially expressed genes
were involved in ROS-mediated apoptosis induction in the
HelLa [46]. The previously reported studies suggest Betulin
shows promise as a therapeutic agent in cervical cancer due to
its selective cytotoxicity and potential to modulate epigenetic
markers associated with cancer progression. Molecular dock-
ing is a promising computational tool for identifying poten-
tial drug candidates. Thus, we conducted molecular docking
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and virtual screening of 5000 phytochemicals targeting three
important epigenetic proteins: Histone Deacetylase (HDAC4),
DNA Methyltransferase 3A (DNMT3A), and Histone-lysine
N-methyltransferase (KMT2C). Initially, the molecules were
passed through the pre-filters using Lipinski’s rule of five and
finally, 364 confirmations generated in the ligand prepara-
tions process were screened on the substrate binding site of
the three epigenetic proteins using the Glide score. We identi-
fied a list of ligands that had low binding energy based on the
Glide score and low RMSD values between the ligand poses.
Our molecular docking results showed that BE showed a high
binding affinity with KMT2C (—9.8 kcal/mol) as compared
to HDAC4 (—9.7 kcal/mol) and DNMT3A (— 7.8 kcal/mol).
The molecular interaction analysis depicted that the BE mol-
ecule has established stable hydrogen bonds with the active
site residues of the target proteins. Moreover, the molecular
docking of the control drug Doxorubicin with the epigenetic
targets has shown a comparatively lower docking score than
the test molecule BE. Further, the molecular dynamics simu-
lations confirmed the stable binding and stability of the BE
molecule within the active site of the epigenetic proteins. The
toxicity evaluation through experimental techniques are expen-
sive and time-consuming process. Based on the toxicity profile
of 364 lead molecules, 11 molecules which are predicted to
be non-toxic in nature were selected for further analysis. The
ADME properties (QPlogPo/wb, QPlogS, QplogHERG, Rule
of five, CIQPlogS, QPlogBB, QPlogKhsa, QPlogKp, and rule
of three) of the hits predicted by Qikprop are shown to be in an
acceptable range. The DFT studies depicted the electrophilic
and nucleophilic reactivity regions on the BE identified against
the three epigenetic proteins which can be potentially exploited
to enhance the chemical reactivity and efficacy. Various com-
putational studies have also reported BE as a potential inhibi-
tor against cervical cancer through different in silico methods
[47]. We have further validated the in silico results through
the cytotoxicity studies using MTT Assay in HeLa cell lines,
wherein BE exhibited significant cytotoxic effects at its respec-
tive ICs, in comparison to the control. Our results suggested
BE as a potential epigenetic inhibitor against cervical cancer as
compared to the standard FDA-approved drug. Thus, BE can
be considered a potential candidate drug candidate for further
clinical studies. Nevertheless, we acknowledge that compu-
tational docking analysis has limitations and further detailed
in vitro and in vivo studies are needed to validate the inhibitory
effects of BE against these epigenetic targets as potential drugs
for cervical cancer.

Conclusion
We concluded that BE exhibited a strong affinity for the

epigenetic proteins (HDAC4, DNMT3A, and KMT2C)
and established stable hydrogen bonds and a water bridge
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throughout the simulation, which improved protein inhibi-
tion and kept the complex stable. The present study’s in sil-
ico results prove that BE has an epigenetic inhibitory func-
tion. In addition, the in vitro assay confirmed with in silico
investigations wherein, BE had a low IC50 value inhibited
the proliferation of these cervical cancer cells via modula-
tion of epigenetic proteins. The vivid investigations based on
in silico experimental studies depicted that BE apprehended
as a fascinating therapeutic target against epigenetic markers
based on molecular docking and simulation results. The in
silico result that BE forms persistent hydrogen bonds and
water bridges to improve protein inhibition is consistent with
the manner of competitive inhibition of epigenetic proteins.
This is where our research can provide the groundwork for
future cervical cancer treatments involving BE as powerful
epigenetic protein inhibitors.
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Abstract

Cancer continues to be a leading cause of mortality worldwide, with rising
prevalence linked to genetic abnormalities, epigenetic alterations, detrimental
lifestyle choices, and an aging demographic. Conventional cancer treatments,
such as chemotherapy, radiation, and immunotherapy, while somewhat success-
ful, sometimes entail significant adverse effects, drug resistance, and restricted
access to tumor tissues, especially in advanced-stage tumors. These problems
have exacerbated the quest for alternative and complementary therapy.
Flavonoids, a category of naturally occurring polyphenolic chemicals present in
several fruits, vegetables, and medicinal plants, have garnered significant interest
for their anticancer properties. Compounds such as kaempferol, quercetin,
apigenin, and diosmin demonstrate several modes of action, including antioxidant
properties, reduction of tumor cell growth, activation of apoptosis, and suppres-
sion of angiogenesis and metastasis. Moreover, flavonoids have demonstrated the
capacity to regulate critical signaling pathways implicated in cancer advance-
ment, including the PI3K/Akt, mTOR, and JAK/STAT pathways. Recent
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breakthroughs in nanotechnology have improved the bioavailability and targeted
distribution of flavonoids, hence enhancing their medicinal efficiency. This
chapter underscores the potential of flavonoids in cancer prevention and treat-
ment, examines the incorporation of flavonoid-based nanoparticles in augmenting
cancer therapy, and stresses the necessity for additional research to assess their
safety, pharmacokinetics, and synergistic interactions with standard therapies.
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1 Introduction

Cancer is currently the leading cause of mortality worldwide, significantly impacting
life expectancy in the twenty-first century (Cao et al. 2017). Various factors contrib-
ute to the increasing number of cancer-related deaths; these include genetic predis-
position, changes in epigenetic markers, rapid population growth leading to
increased cancer incidence, an aging population with higher cancer risk, and
unhealthy lifestyle choices like smoking, lack of physical activity, and consumption
of Western dietary patterns (Fig. 1) (Mbemi et al. 2020). These factors particularly
exacerbate the cancer burden in developing countries due to their influence on cancer
incidence and mortality. Conventional cancer treatments, such as chemotherapy,
radiotherapy, and immunotherapy, face challenges such as limited access to tumor

Fig. 1 Various risk factors
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tissues and side effects from high doses and non-targeted therapies (Debela et al.
2021; Kciuk et al. 2023) (Arora et al. 2023; Sheoran et al. 2022a, 2023a, b, ¢, 2024;
Thesis et al. 2019).

Phytochemicals from plants, such as resveratrol, which targets the cell cycle;
sulforaphane, which activates detoxification enzymes; and berberine, which stops
tumor growth pathways, have become very promising cancer treatments (Wang et al.
n.d.). Their ability to modulate multiple molecular pathways while maintaining a
favorable safety profile makes them valuable in cancer treatment (Hashem et al.
2022). Researchers have found that flavonoids such as kaempferol, EGCG,
curcumin, and others can help combat various types of cancer. These chemicals,
acting as anticarcinogenic agents, stop pro-carcinogens and the enzymes that turn
them on. They also prevent carcinogens from functioning and shield DNA from
oxidative stress-induced damage (Amjad et al. 2022).

Despite extensive research on their potential to fight cancer, we have not thor-
oughly assessed the safety profiles of these flavonoids. Safety evaluations typically
involve in vitro studies, animal models, and clinical trials to determine the toxicity,
pharmacokinetics, and potential interactions of these compounds. Some studies
suggest that in specific situations, these flavonoids may act as pro-oxidants and
interact with other medications through biotransformation enzymes (Khan et al.
2021). For example, concurrent use of flavonoids with certain chemotherapy drugs
may lead to altered drug metabolism and efficacy, emphasizing the importance of
understanding these interactions. The advent of nanotechnology has facilitated
the development of drug delivery systems that selectively target tumor-specific
tissues. Nanocarriers offer advantages such as enhanced drug accumulation at the
tumor site, controlled release of therapeutic agents, and reduced systemic toxicity,
making them promising tools in cancer therapy (Chehelgerdi et al. 2023).
Nanocarriers can enhance the pharmacokinetics and pharmacodynamics of
incorporated drugs, allowing for greater accumulation at tumor sites and potentially
improving treatment efficacy (Al-Thani et al. 2024). Currently, research is exploring
the use of nanotechnologies to deliver multiple drugs simultaneously, which
holds significant promise in cancer treatment. For instance, clinical trials are
evaluating the co-delivery of chemotherapy agents and immunotherapeutic drugs
using nanocarriers to enhance treatment outcomes and reduce drug resistance
(Elumalai et al. 2024).

Cancer cells have special biological traits that help them grow and turn cancerous
in a number of ways, such as by disrupting cell signaling pathways, avoiding
immune surveillance, encouraging blood vessel growth, and being resistant
to apoptosis (programmed cell death). These characteristics contribute to the
aggressiveness and treatment resistance of cancer. Some of these include keeping
proliferative signaling going, avoiding growth suppressors and immune system
damage, maintaining immortal replication, encouraging blood vessel growth, and
fighting cell death. Such characteristics are a result of epigenetic reprogramming and
genomic instability caused by repeated mutations in regulatory genes. Understand-
ing these fundamental cancer characteristics is critical for developing successful
treatments.
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A key challenge in treating cancer is the resistance of tumor cells to multiple
drugs, known as multidrug resistance (MDR). This resistance happens for a number
of reasons, such as increased activity of drug efflux transporters like P-glycoprotein,
activation of antiapoptotic pathways, and changes in drug targets (Duan et al. 2023).
This makes it difficult to kill cancer cells effectively. Tumors trigger physiological
responses that fight back, including avoiding drug-induced cell death, initiating
detoxification pathways, absorbing drugs less efficiently, and enhancing DNA repair
systems (Talib et al. 2021). Natural products have demonstrated potential in clinical
trials to overcome these resistance mechanisms, offering the possibility of more
effective treatment combinations with fewer side effects (Chunarkar-Patil et al.
2024).

Moreover, abnormal changes in gene activity, such as DNA methylation
and histone modifications, play a crucial role in initiating and advancing tumors
(Yang et al. 2022). Researchers are recognizing the potential of natural phenolic
compounds found in plants as epigenetic agents that regulate these modifications in
cancer therapy. Combining them with traditional chemotherapy drugs or other
natural compounds often enhances their effectiveness (El Omari et al. 2021).

This chapter focuses on the utilization of flavonoids and nanoformulations in the
treatment and prevention of cancer, underscoring the importance of investigating
their safety and mechanisms to improve therapeutic strategies.

2 Therapeutic Potential of Flavonoids in Cancer Treatment

Targeted cancer medicines have markedly enhanced patient survival rates; yet,
managing advanced-stage metastatic malignancies continues to pose a considerable
challenge (Debela et al. 2021). Continued endeavors aim to identify safe and
effective pharmaceuticals to enhance the efficacy of cancer therapy and reduce
expenses. The utilization of plant-derived chemicals (Table 1) for chemoprevention
and therapy is increasingly gaining prominence (Chaachouay and Zidane 2024).
Plant-derived pharmaceuticals are employed to treat several acute and chronic
ailments, including paclitaxel and vincristine (Cragg and Pezzuto 2016). Moreover,
the intake of some fruits has been associated with a decreased risk of cancer
occurrence. Despite the potential of plant-based chemicals in cancer treatment, the
scientific comprehension of their molecular processes remains inadequate.

Recent breakthroughs in drug discovery, supported by advanced experimental
and molecular biology tools, allow researchers to explore the efficacy of these
phytochemicals in the treatment and prevention of cancer, inflammatory illnesses,
and cardiovascular problems (Chihomvu et al. 2024). Of the roughly 250,000
recognized plant species, hardly 10% have undergone investigation for their medic-
inal properties in relation to various ailments.

Phytoconstituents (Fig. 2), especially secondary metabolites present in diverse
plant components such as roots, leaves, bark, stems, fruits, and seeds, exhibit multiple
pharmacological effects. Compounds such as alkaloids, saponins, flavonoids,
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Table 1 Flavonoids with anticancer properties

S.No.
1.

Flavonoids
Silybin

Apigenin

Modified flavonoids derivatives
of silybin, such as
2,3-dehydrosilybin (DHS), 7-O-
methylsilybin (70M), 7-O-
galloylsilybin (70G), 7,23-
disulphatesilybin (DSS), 7-O-
palmitoylsilybin (70OP), and
23-O-palmitoylsilybin (230P)
Luteolin

Silybin nanosuspension

Tangeritin

Silibinin

Kaempferol

Quercetin

MOA

Inhibits mTOR signaling
pathway

Demonstrates anticancer effects
by activating both the JAK-STAT
and Wnt/B-catenin signaling
pathways

Exhibits growth inhibition and
promotes apoptotic cell death

Induces autophagy and triggers
apoptosis in MCF-7, ANA-1, and
ACS gastric cells through the
Akt, JNK, and p38 signaling
cascades

Causes growth inhibition in PC-3
cells and induces apoptosis in the
G1 phase

Leads to cell cycle arrest via
CyplAl and Cyp1BI1-mediated
metabolism, particularly in
MCF-7 and MDA-MB-468 breast
cancer cell lines

Inhibits rapamycin signaling,
which reduces translation
initiation

Promotes apoptosis and induces
autophagy by increasing the
expression of miR-340
microRNA in colon cancer
(HCT-116, HCT15, and SW480)
and human lung cancer (A549)
cell lines. Promotes apoptosis and
induces autophagy by increasing
the expression of miR-340
microRNA in colon cancer
(HCT-116, HCT15, and SW480)
and human lung cancer (A549)
cell lines

Triggers the mitochondrial-
mediated apoptotic pathway, thus
inhibiting the growth of
metastatic ovarian cancer cells

References
Garcia-
Maceira and
Mateo
(2009)
Ozbey et al.
(2019)

Agarwal
et al. (2013)

Liao et al.
(2018)

Zheng et al.
(2011)

Surichan
et al. (2018)

Lin et al.
(2009)

Han et al.
(2018)

Teekaraman
et al. (2019)

(continued)
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Table 1 (continued)

S.No.
10.

11

14.

15.

16.

17.

18.

19.

Flavonoids
Myricetin

Hesperetin

Galangin

Naringenin

Epigallocatecatechin gallate

Taxifolin

Catechin

Delphinidin

Cyanidin

Genistein

MOA

Suppresses metastasis by
preventing cell migration, as
observed in prostate cancer
Induces apoptosis in H522 lung
cancer cells

Reduces cellular proliferation by
initiating apoptosis via the PI3K/
Akt/mTOR signaling pathway in
human kidney (A498) cancer
cells

Decreases cancer metastasis
through voltage-gated sodium
channels and initiates apoptosis at
both early and late stages in
prostate cancer

Enhances chemoprevention and
induces apoptosis through the
Abl/Bcer-mediated p38-JAK?2/
STAT3/Akt and MAPK/INK
pathways in chronic myeloid
leukemia and glioblastoma cells,
respectively

Inhibits carcinogenesis via the
mTOR/PTEN axis and CYP1B1-
mediated pathways

Suppresses cancer growth by
promoting programmed cell death
Promotes apoptosis and
autophagy in HER2-positive
MDA-MB-453 cancer cells
Reduces angiogenesis in MCF-7
cells through the STAT3/VEGF
signaling pathway

Increases apoptosis and inhibits
cellular proliferation in human
laryngeal cancer and melanoma
cells expressing Mcl-1 and EP3,
respectively

References

Kumar et al.
(2023)

Elango et al.
(2018)
Zhou et al.
(2018)

Aktas and
Akgun
(2018)

Grube et al.
(2018)

Haque et al.
(2018)

Xiao et al.
(2019)
Chen et al.
(2018)

Ma and Ning
(2019)

Ma et al.
(2018)

terpenes, and glycosides have shown efficacy in cancer chemoprevention (Rabizadeh
et al. 2022).

Their capacity to combat cancer is believed to stem from their capability to inhibit
certain cellular enzymes and proteins that are crucial to metabolism (Fig. 3) (Park
et al. 2020). Furthermore, these substances may initiate certain DNA repair pro-
cesses or signaling pathways, which encompasses phosphatidylinositol 3-kinase
(PI3K) and the mammalian target of rapamycin (mTOR), or enhance protective
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Fig. 3 Multifaceted mechanisms through which phytochemicals exert their anticancer effects

enzymes like caspases (Roy et al. 2023). These bioactive compounds can enhance
the activity of antioxidant enzymes such as catalase, glutathione peroxidase, and
superoxide dismutase, hence augmenting their potential as cancer preventive agents.

Phytochemicals in Cancer Therapy: A Multifunctional Approach
Flavonoids, natural chemicals prevalent in several plant-based diets including tea,
vegetables, fruits, soybeans, and grains (Shen et al. 2022). They are recognized for
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Fig. 4 Schematic representation of the diverse mechanistic pathways underlying the anticancer
potential of flavonoids

their many attributes, including antioxidant benefits and anti-inflammatory activities
(Fig. 4). Their structure comprises aromatic rings, and alterations in hydroxylation,
polymerization, and other replacements influence their chemical behavior.
Flavonoids exhibit variability in their chemical composition and are categorized
according to the atomic arrangement in their structures, including the quantity and
positioning of particular components. The impact of flavonoids on the body is
dictated by their structure, including the core framework and particular constituents,
which affect their ability to neutralize detrimental compounds and bind to metal ions.

Research demonstrates that flavonoids exhibit therapeutic promise for a wide
range of ailments, including cancer, cardiovascular problems, and immunological
issues (Farhan et al. 2023). Studies indicate that they can inhibit cellular proliferation
and facilitate programmed cell death mechanisms such as apoptosis and autophagy.
Furthermore, they can trigger cell death via necrosis, impede cell cycle progression,
and inhibit cellular migration, invasion, or angiogenesis in malignancies (Fig. 4).
This suggests that they may assist in overcoming or preventing chemotherapy
resistance by altering enzymes that neutralize detrimental reactive oxygen species,
thus enhancing the effectiveness of cancer treatment (Jiang et al. 2023). Further-
more, flavonoids possess the capacity to eradicate detrimental free radicals, mitigate
oxidative stress, and modulate cellular metabolism (Panche et al. 2016). Flavonoids
are acknowledged as eco-friendly and economical substances. Numerous flavonoids
have been demonstrated to be safe and beneficial for diverse purposes, including
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Table 2 Flavonoids and its cancer type

Flavonoids
Artemisinin
Artemisinin
EGCQG, epigallocatechin

Ginkgetin, ginkgolide A & B
Solasonine, solamargine

Doxorubicin, rutin, and
quercetin

Licochalcone and
licochalcone-A

Psoralidin
Xanthium

Vicenin 2
Withaferin D and withaferin A
Gingerol

Luteolin

Podophyllotoxin
Procyanidins

Emodin and alexin B
Crocetin
Allylmercaptocysteine and
allicin

Bilobalide

Cannabinoid

Saffron
Crocetin, safranal, Picrocrocin,
and crocin

Gingerol

6-Shogaol

Cancer types

Breast cancer, pancreatic cancer, and
liver cancer

Breast, bladder, lung, skin, and
prostate cancer

Liver, hepatocarcinoma, prostate, and
colon cancer

Breast, skin, and lung cancer
Breast and lung cancer

Kidney, breast, stomach, and prostate
cancer

Prostate and stomach cancer
Lymphocyte leukemia cancer

Prostate cancer

Breast, cervical, prostate, and colon,
cancer

Liver, urinary, cervix, colon, and
ovary cancer

Colorectal cancer

Non-small cell lung carcinoma
Colon cancer

Stomach cancer

Lung and hippocampal cancer
Cervical and lymphoma cancer

Human colon cancer

Female breast, colorectal, prostate,
and lung cancer

Pancreatic, lung, and liver cancer
Oral and sarcoma cancers

Ovarian and colon cancers

Ovarian cancer

References
Efferth (2017)

Igbal et al. (2017)
Xiong et al. (2016)

Al Sinani et al.
(2016)

Jaradat et al. (2016)
Zhang et al. (2016)

Pahari et al. (2016)

Thangapazham et al.
(2016)

Nagaprashantha
et al. (2011)

Lee and Choi (2016)

Rastogi et al.
(2015a)

Osman et al. (2015)
Choi et al. (2015)
Cheah et al. (2014)
Shalabi et al. (2015)
Bakshi et al. (2009)

Karmakar et al.
(2011)

Suzuki et al. (2004)
Appendino et al.
(2011)

Ververidis et al.
(2007)

Hoshyar and Mollaei
(2017)

Rastogi et al.
(2015b)

Ghasemzadeh et al.
(2015)

cosmetic products, nutritional supplements, and pharmaceutical formulations
(Amawi et al. 2017; Chahar et al. 2011; Dias et al. 2021; Falcone Ferreyra et al.
2012; Kiihnau 1976; Woo et al. n.d.) (Table 2).
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2.1 Key Phytochemicals in Cancer Treatment

2.1.1 Diosmin

Diosmin (Ds), the flavonoid, is a methoxy flavonoid (3,5,7-trihydroxy-4-
methoxyflvone-7-rhamnoglucoside), which can be obtained from the plant Abies
nephrolepis, Scrophularia nodosa L (Li and Du 2018) and the peels of some citrus
fruits. Ds is a flavonoid glycoside with two glycosidic moieties in its structure and is
synthesized from another bioflavonoid, hidrosmin (Ramelet 2011).

Diosmin and Cancer

Anna Lewinska and their team (Lewinska et al. 2017) worked on 30 feeding
flavonoids in vitro to check anticancer activities and selected Diosmin, a citrus
flavonoid, due to its ability to diminish breast tumor cell activity at minimal
micromolar concentrations. This study demonstrated that exposure to diosmin
resulted in accelerated cellular aging and apoptosis, characterized by oxidative
stress, DNA damage, and alterations in global DNA methylation patterns. The
cellular response to diosmin was notably influenced by variations in the p53 status,
expression levels of ERK1/2, and diosmin-induced autophagy in breast cancer cell
lines MCF-7, MDA-MB-231, and SK-BR-3 [84][85].

Furthermore, the effects of diosmin on specific methylation markers were
assessed in these breast carcinoma cell lines, revealing significant changes in DNA
methylation and the expression of key methyltransferases, including DNMTI,
DNMT2, DNMT3a, and DNMT3b. Diosmin exhibited a hypomethylating effect
on DNA in MCF-7 cells, whereas it induced hypermethylation in SK-BR-3 cells. In
contrast, MDA-MB-231 cells displayed no significant alterations in global DNA
methylation levels.

For comparative analysis, 5-aza-2’-deoxycytidine (5-azadC) was employed as a
reference compound for DNA methylation inhibition. Treatment with 5-aza-dC
resulted in reductions of global DNA methylation by 33%, 25%, and 23% in
MCF-7, MDA-MB-231, and SK-BR-3 cells, respectively. Notably, levels of
DNMT1, a housekeeping transcription factor, remained unchanged in response to
alterations in global DNA methylation. However, significant increases in the expres-
sion of de novo methyltransferases, particularly DNMT3a, were observed following
diosmin treatment, suggesting a complex regulatory mechanism underlying its
effects on DNA methylation dynamics. MCF-7 and SK-BR-3 cells treated with
this showed a boost in DNMT3b (Lewinska et al. 2017).

Kilit et al. (2021) stated that it has cytotoxic, antiangiogenic, and antibacterial
properties. Further, in a concentration and time-dependent approach, reduced cell
growth in MDAMB-231 cells, with poor cytotoxic toward healthy human epithelium
cells in vitro, caused apoptosis by raising the Bax/Bcl-2 ratio or active caspase-3
levels. It was shown to be liable for morphological alterations and damage to DNA
in MDA-MB-231 breast cancer (BC) cell lines. However, in addition to in vitro
analysis, in vivo studies employing laboratory animals of tumorigenesis should be
conducted to assess the therapeutic performance and define the mechanism and state
it as a possible active drug for BC medicaments. Ds could be effective in the
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treatment of melanoma (Kilit et al. 2021). The molecule was evaluated for anti-
inflammatory activity, and the biochemical reduction of myeloperoxidase activity
confirmed the inflammatory activity. It inhibits colonic MDA production and inhibits
LTB, synthesis, preventing colonic inflammation through oxidation (Crespo et al.
1999). Diosmin is effective against hepatocellular carcinoma by attenuating the
2-AAF-induced hepatotoxicity and initial tumor promoters like ODC, PCNA, and
Ki67. Ds inhibits cell proliferation, and it has shown chemopreventive activity and
prevents hepatocarcinogenesis (Tahir et al. 2013). It also offers anti-inflammatory,
antihyperglycemic, antioxidant, and antiproliferative characteristics, which mainly
regulates cell proliferation by inducing apoptosis in oral cancer. It shows that the
antiproliferative associated with the STAT-3 pathway also creates an imbalance ratio in
Bax/Bcl-2 ratio, which triggers the caspase cascade and favors the apoptosis. IL-6/
STAT-3 signaling pathway, which is the potent developer of tumor cells, is inhibited
by Ds (Rajasekar et al. 2016). It induces apoptosis in DU145 prostate cancer cells by
inducing oxidative stress intracellular total reactive oxygen species based on the
superoxide formation, stimulating the DNA and breaking the double strand, producing
the micronuclei further that induce apoptosis (Lewinska et al. 2015). It is also active
against hepatocellular carcinoma HA22T and inhibits cell proliferation. This
influences the cell cycle arrest in the G2/M stage due to P53 activation and the
PI3K-Akt-MDM?2 signaling pathway (Dung et al. 2012b). Rajamanickam Buddhan
and their team (Buddhan and Manoharan 2017) investigated Diosmin’s in vitro
cytotoxic activity in A431 skin cancerous cells. The cytostatic potential of this
molecule was investigated in A431 cells using the MTT test, twofold staining, and
dichloro-dihydro-fluorescein diacetate assay (reactive oxygen species [ROS] genera-
tion). DNA fragment decreased the survival of A431 cells dose sensitively, with an
inhibitory concentration of 50% reaching at 45 g/ml using the MTT test. Diosmin at
45 g/ml produced increased ROS in A431 cells compared to the untreated control. In
A431 cells, it increased the transcription of p53, caspases-3 and 9, while decreasing
the transcription of Bcl-2, matrix metalloproteinases-2 and 9. Its carcinogenic or anti-
cell proliferation ability is related to its ROS-mediated apoptosis induction potential
and its involvement in inhibiting penetration in A431 cells (Dung et al. 2012a)
(Fig. 5).

At varying concentrations, certain flavonoids have been shown to induce premature
senescence and increased mortality in MCF-7 breast cancer cells. Among various breast
cancer cell lines tested, including MDA-MB-231 and SKBR-3, MCF-7 demonstrated the
highest sensitivity. The treatment with these flavonoids led to G2/M phase cell cycle
arrest, accompanied by elevated levels of tumor suppressor proteins p53, p21, and p27.
Additionally, there was a significant increase in senescence-associated p-galactosidase
(SA-p-gal) activity, oxidative stress markers, and DNA damage in MCF-7 cells at lower
concentrations indicative of senescence. At higher concentrations, these compounds
resulted in increased nitric oxide production, elevated levels of reactive oxygen species
(ROS), total superoxide, enhanced mitochondrial biogenesis, and protein carbonylation,
ultimately leading to cellular mortality.

The pro-apoptotic effects of these flavonoids were further established in the
androgen-independent prostate cancer cell line DU145, where the transcriptomic
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Fig. 5 Therapeutic nature of diosmin. (Adopted from Huwait and Mobashir 2022)

profile and toxicity of diosmin, naringin, and hesperidin were evaluated. Diosmin
exhibited the most significant cytotoxic effects among the three. The phytochemicals
induced lipid peroxidation and disrupted cellular redox homeostasis in DU145 cells,
resulting in alterations to the mitochondrial membrane potential and subsequent
apoptotic cell death. Notably, diosmin treatment significantly increased ROS pro-
duction and was associated with a higher frequency of DNA double-strand breaks
and micronuclei formation, indicating genotoxicity. Kuntz et al. [95] reported that
diosmin has an antiproliferative effect on various human colon cancer cell lines,
further supporting its potential as a therapeutic agent in cancer treatment.

Tanaka et al. observed that diosmin had a chemoprotective impact on cancer
development caused by azoxymethane in men F344 rats (Tanaka et al. 1997a, b).
Further, oral therapy decreased colon tumorigenesis, as shown by reduced
incidences of colorectal cancer. They speculated that blocking ornithine decarbox-
ylase (ODC), a rate-limiting enzyme in polyamine synthesis, was indeed the cause of
the reduction in colonic malignancies (Tanaka, Makita, Kawabata, Mori, Kakumoto,
Satoh, Hara, Sumida, Tanaka, et al., 1997). If ODC is blocked, damage to DNA
causes apoptotic cell death [26]. ODC levels have been found to elevate in several
tissues after chemical exposure. ODC activity was also increased in the colonic
mucosa of rats given azoxymethane. According to Buddhan et al. (2017), it has
a dose-dependent cytotoxic capacity for A431 melanoma cancerous cells. It
suppresses A431 cellular invasiveness by causing mortality via a ROS-mediated
mechanism (Eraslan et al. 2017; Perumal et al. 2018). With Ds therapy, A431 cells
showed DNA breakage, upregulation of p53, caspase-3 and caspase-9 genes, and
reduced expression of Bcl-2, matrix metalloproteinases-2 and 9 genes. The IC50
value of Diosmin was found to be 45 g/mL, creating substantial ROS (Baskar et al.
2014). In male F344 rats, it inhibited oral tumorigenesis caused by 4-nitroquinoline
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1-oxide (4-NQO). They believed that the molecule might fight cancer through a
variety of methods. One of those strategies was ornithine decarboxylase (ODC)
suppression. Drugs that reduce ODC activity have been demonstrated to limit tumor
development. Another proposed method suppresses DT-diaphorase function,
essential for 4-NQO to cause cancer (Tanaka, Makita, Kawabata, Mori, Kakumoto,
Satoh, Hara, Sumida, Fukutani, et al., 1997; Tanaka, Makita, Kawabata, Mori,
Kakumoto, Satoh, Hara, Sumida, Tanaka, et al., 1997). It is much more effective
than diosmetin (the aglycone form of diosmin) at suppressing oral tumorigenesis
(Browning et al. 2005; Walle et al. 2005). In male ICR mice, oral therapy with
1,000 ppm of the molecule reduced urinary bladder tumorigenesis caused by
N-butyl-N-(4-hydroxybutyl) nitrosamine. A count of silver-stained nucleolar-orga-
nizer-region-associated enzymes (AgNORs) and a 5-bromodeoxyuridine (BUdR)-
labeling index validated these findings. The anticarcinogenic actions of molecules
may be attributed to a reduction in cell proliferation (Sahu et al. 2016). Diosmin
exhibited a comparable impact on stomach cancer produced by N-methyl-N-amyl
nitrosamine in male Wistar rats (MNAN). Figure 6 summarizes its chemopreventive
effect on several types of cancer or cell lines.

Diosmin |

Fig. 6 Various anticancer activities of diosmin. (Huwait and Mobashir 2022)
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Diosmin also possesses antimetastatic effects in patients with lung carcinoma
(B16F10) (Martinez et al. 2005; Martinez Conesa et al. 2005). Further, it decreases
the number of metastasis lesions, the proportion of implants, and the penetration
index in micro- and macroscopic studies. Diosmin works with IFN to cure patients
with lung carcinoma (Alvarez et al. 2009). Further, it inhibited HA22T cell growth in
nude rodent models by interrupting the PI3K-Akt-MDM?2 transcription factor and
actuating G2/M cell cycle arrest via p53 activation (Dung et al. 2012b).

2.1.2 Diosmetin

Diosmetin, commonly called 5,7,3'-trihydroxy-4’-methoxy flavone, is an
O-methylated flavone with three OH groups found in Caucasian vetch, limes, and
the legumes Acacia farnesiana. It was identified as a gentle TrkB binding site
agonist and had various biological activities as shown in Fig. 7.

The biosynthetic pathway of the molecule begins with the step-by-step evapora-
tion of three molecules of malonyl CoA and one molecule of 4-coumaryl CoA,
accompanied by a stereoselective cyclization that results in a flavanone. During the
existence of chalcone synthase (CHS), it generates calcone, and in the reality of
chalcone isomerase, it generates naringenin (CHI). Naringenin creates eriodyctiol in
the presence of F3H, while eriodyctiol produces lutein in the context of FNS.
Finally, the end product of this reaction is Diosmetin (Fig. 8).

Diosmetin and Cancer

Xu Zhijie and colleagues (2017) demonstrated that the molecule, an aglycone of the
flavonoid glycoside found in olive leaves, limes, as well as some herbal remedies,
does have a positive potential on radiation therapy hypersensitivity and can induce
G1 phase arrest, thereby increasing radiosensitivity of radioresistant A549/IR lung
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Fig. 8 Diosmetin biogenesis involves the enzymes chalcone isomerase (CHI), chalcone synthase
(CHS), flavanone 3’-hydroxylase (F3’H), flavone synthase (FNS), and flavone O-methyltransferase
(FNS) (OMT) [37]

cancer cells. It inhibits IR-induced DNA damage repair by blocking the active Akt
signaling pathway (Xu et al. 2017). Combining Akt inhibitor and therapy effectively
inhibited the growth of A549/IR cancer cells (Xu et al. 2017). Christine Oak and
colleagues (Oak et al. 2018) discovered that the molecule treatments of LNCaP and
PC 3 prostate cancer cells caused a significant drop in cyclin D1, Cdk2, and Cdk4
expression levels (these proteins remained functional in the GO and G1 stages of the
cell). Such alterations are followed by a reduction in c-Myc and Bcl-2 expression
and a rise in Bax, p27Kipl, and FOXO3a protein production, indicating that it may
modulate protein formation. It activated an apoptosis mechanism in prostate cancer
cells by suppressing the X-linked regulator of mortality (XIAP) and raising cleavage
PARP and cleavage caspase-3 protein expression. Overall, the results of this inves-
tigation offer such an assessment of the molecular pathways held to account for the
molecule’s regulation effects on essential proteins that disrupt cellular proliferation
to restrict tumor development and recommend that it as an efficient antitumor drug
for long-term application in the management of prostate cancer (Oak et al. 2018).
Xiangcui Chen and colleagues (Chen et al. 2019) sought to characterize its
impact, a natural flavonoid, on NSCLC cells with its capacity to increase the
antitumor effect of paclitaxel. They discovered that Dm preferentially caused death
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and increased the effectiveness of paclitaxel in NSCLC cells via rattle or disturbing
the PI3K/Akt/GSK-3/Nrf2 cascade (Fig. 9). As a result, the molecule could be a
viable supplemental therapy for NSCLC (Chen et al. 2019).

Sanaz Koosha and colleagues (n.d.) studied its putative signaling events in the
colorectal (CRC) cancer cell line HCT-116. Utilizing micro sequence and
transcriptomic analyzer element techniques, we supervised the survivability of
HCT-116 cells in it. We explored the principle against HCT-116 molecules at the
protein and gene tiers. Their results indicated that it had a more considerable lethal
impact on HCT-116 CRC cells (IC50 = 3.58 0.58 g/ml) than on normal colon
CCD-841 cells IC50 = 51.95 0.11 g/ml). Arrests of G2/M cells demonstrate the
presence of mitosis disturbance via the molecule (Koosha et al. n.d.). The induction
of mortality markers, including Fas and Bax, just at protein and gene levels, as well
as the release of cytochrome from mitochondria and caspase cascade cleavage,
shows the existence of turbulence in diosmetin-treated cells (Koosha et al. n.d.).
Furthermore, it suppressed NF-B translocation in cells. Their findings show it may
impact HCT-116 cells via mitosis breakdown and apoptotic activation. Ageing Ma
and colleagues (A. Ma and Zhang 2020; Management and Zhang 2020) discovered
that it could reduce cellular proliferation, enhance apoptotic cell death, and induce
G2/M cell cycle arrest in HepG2 cells by targeting Chk2 (Ma and Zhang 2020).
Zhiyi Hu and colleagues (Hu et al. 2020) show how it inhibits homologous recom-
bination mechanisms, decreasing cell growth and increasing the susceptibility of
endometriosis (EC) to radiation. Colony formation studies demonstrated that com-
bining the molecule and X-ray dramatically reduced the survival of EC cells
compared to treated cells with it or X-ray separately (Hu et al. 2020). Whenever
0.4 Gy X-ray and 4 M molecule were combined, the surviving proportion of EC cells
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dropped to 40%; nevertheless, every therapy itself only killed around 15% and 22%
of cancerous cells. Following the development of DNA double-strand breaks, it
blocked the recruiting of RPA2 and RADSI, two essential factors involved in the
HR repair pathway (Hu et al. 2020).

Feijie Zhao and colleagues (2021) aimed to look into the impact of molecules on
solid tumors A2780 and SKOV3 cells and the causative factors. According to our
findings, it decreased cell growth, motility, and penetration while causing cell death.
Furthermore, it raised the levels of Bax, cleaved caspase-3, and PARP while
reducing the level of Bcl2 (Zhao et al. 2021). Moreover, they discovered that the
former molecule reduced Nrf2 and increased the generation of ROS. The ROS
scavenger N-acetyl-L-cysteine (NAC) inhibited its inhibitory impact on ovarian
cancer cell growth. Furthermore, Nrf2 overexpression partly reduced molecule-
induced apoptosis and proliferation suppression in these cells (Zhao et al. 2021).
Such results show that the molecule has an antitumor effect through increasing ROS
levels and suppressing Nrf2, implying that the molecule is a potential chemotherapy
choice for treating tumors (Zhao et al. 2021).

According to Rende et al. 2021 (Ning et al. 2021), it has anti-osteosarcoma actions
by decreasing cell growth and causing death by blocking the stimulation of the STAT3/
c-Myc signaling cascade, suggesting that it might be a chemotherapeutic option for
sarcoma. Substantially, it decreased cells, caused G2/M cycle arrest, encouraged
apoptotic cell death, including both Saos-2 and U2SO cells, and negatively regulated
the interpretation of antiapoptotic protein Bcl-xL whilst also raising the levels of
pro-apoptotic enzymes such as bisected caspase-3, cleaved-PARP, and Bax.

Moreover, it blocked STAT3 phosphorylation, decreased the production of its
regulatory protein c-Myc, and hampered STAT3-STAT3 coupling (Ning et al.
2021). Kamran et al. (2022) study the synergistic effect of the molecule and
5-fluorouracil (FU) on HCT116 and HT29 colorectal cancer cells and the
combination’s lethal action. The MTT test evaluated cell viability after monotherapy
and combinatorial treatment (Kamran et al. 2022). In HCT116 cells, the mixture of
5-FU and the molecule had a beneficial influence with an average CI value of 0.66
0.4 and an adhesive in HT29 cells with a CI value of 1.0 0.2. Compared to
monotherapy, the dose reduction index (DRI) of 5-FU in HCT116 cells was three
times less in the combined treatment of 5-FU (Kamran et al. 2022). Acridine orange
(AO)/propidium iodide (PI) microscopic inspection and Annexin V findings implied
that perhaps the combination-treated cultures contained more significant cellular
damage than the monotherapy-treated cell lines, indicating that suicide was primarily
induced via the intrinsic induction of apoptosis. Mitotic arrest in the G2/M phase
verified HCT116 cell damage. These findings imply that combining 5-FU and
molecule has a synergic effect on HCT116 cancer cells, possibly reducing the
undesirable side effects of 5-FU while increasing antitumor efficiency by triggering
death and interfering with mitosis (Kamran et al. 2022). Additional study is required
to confirm the combination’s anti-tumorigenic properties in a xenograft animal
study.
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Song et al. (2022) wanted to see how it affected gene expression in lung
adenocarcinoma (LUAD) cells (Fig. 10). Further, it decreased HCC827 and A549
cell growth and colony formation (Song et al. 2022).

It can upregulate or inhibit the activity and overall production of mRNAs,
microRNAs, and LNcRNAs in A549 and HCC827 cells compared to the control
group, according to differentially expressed genes (Song et al. 2022). Furthermore,
the three top possibilities in each RNA group were cross-validated using RT-qPCR,
and a single peak in the melted curve was seen, indicating high sensitivity and
specificity (Song et al. 2022).

2.1.3 Quercetin
It is an important flavonoid that belongs to the group flavanols. It contains five
hydroxyl groups at 3,5,7,3” and 4 of the basic skeleton of flavonols (Fig. 11).

Few of these hydroxyl groups are glycosylated to various molecule glycosides
and are distributed among multiple fruits and vegetables (Magar and Sohng 2020).
Their diverse biological activities are shown in Fig. 12.

It has been synthesized via phenylpropanoid metabolic pathway (Fig. 13).
Phenylalanine produces cinnamic acid with the crucial enzyme phenylalanine
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ammonia ligase (PAL). Cinnamic acid produces p-coumaric acid with the enzyme
cinnamate-4-hydroxylase (C4H). P-coumaric acid having a carboxylic group made
4-coumaroyl-CoA by ligation with CoA. The enzyme p-coumarate CoA ligase
catalyzes this reaction. One p-coumoraly CoA produces naringenin chalcone in the
presence of the enzyme chalcone synthase (CHY).

On the other hand, three malonyl-CoA makes A and B rings of flavonoid
skeleton. The hydroxylation of naringenin in the presence of enzyme flavonone 3f
hydroxylase (F3H) produces dihydro kaempferol. On the other hand, hydroxylation
of dihydro kaempferol in the presence of flavanol 3’ hydroxylase makes
dihydroquercetin, another enzyme flavanol synthase, the former molecule.

Quercetin and Cancer

It is one of the essential free-radical scavenging antioxidants. Further, it possesses
many hydroxyl groups and conjugated z orbitals by which it can donate electrons or
hydrogen and scavenge H,O, and superoxide anion (Shirai et al. 20006). It is
practically indigestible fiber in its aglycone form, although it is exposed to conju-
gated events such as glucuronidation and sulfation (Nam 2006), with a few
intermediates retaining antioxidant activity (Dihal n.d.). In plants, glycosylation
deactivates its biological action, with rutin (Qu-3-O-rutinoside) among the most
prevalent quercetin glycosides. As it is consumed as glycosides in food sources,
assessing them is more practicable than considering them alone. At least two
chemopreventive investigations in the rat colon have been conducted utilizing it
and rutin (Volate et al. 2005). Volate et al. (Femia et al. 2003) exposed rats to a
carcinogen, azoxymethane, and gave them 0-3% former molecule or rutin. Though
several hypotheses (Fig. 14) seeking to explain its molecular activity have been
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which is utilized to synthesize other flavonoids. Various alterations are blameworthy for the
formation of significant structural and functional variations. PAL catalyses the synthesis of
cinnamic acid from phenylalanine, and the resulting cinnamic acid is further transformed into
p-coumaric acid by C4H. The produced p-coumaric acid reacts with 4-CL, resulting in the
formation of 4-coumaroyl-CoA, and the following action of CHS over one 4-coumaroyl-CoA
molecule of three malonyl-CoA molecules yields the naringenin chalcone. Lastly, the FLS is
involved in the synthesis of the molecule. Enzyme abbreviations: PAL phenylalanine ammonia
lyase, C4H cinnamate 4-hydroxylase, 4-CL p-coumarate: CoA ligase, CHS chalcone synthase, CHI
chalcone isomerase, F3H flavone 3-hydroxylase, F3' H flavonol 3’-hydroxylase, FLS flavonol

synthase
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addressed, the mechanism by which it exerts an anti-inflammatory, pro-apoptotic,
and chemopreventive function is still not entirely known. One of these hypotheses
posits that it inhibits nuclear factor-B (NF-B) via the PI3K/Akt/IKK/NF-B signaling
pathway. Flavonoids are NF-B inhibitors that are present in nature, as is commonly
known (Bremner and Heinrich 2002; Kwon et al. 2005).

The transcriptional element NF-B has generated significant attention because of
its peculiar and complicated management, the wide variety of triggers that engage it,
its potential role in a diverse range of human disorders, the varied genes and
biochemical characteristics that it controls, and the impressive evolutionary preser-
vation of its function and structure across family members. Recently, NF-B has been
demonstrated as a viable target for novel drug development, increasing interest in
molecules derived from raw natural sources (Min et al. 2007; Perkins 2007). NF-B
has a significant impact on carcinogenesis and cancer formation. The NF-B inhibitor
IB keeps the predominant type of NF-B, known as RelA (the heterodimer p50/p65),
in a latent state. NF-B is activated by phosphorylation of IB by IB kinase (IKK),
which is powered by the IKK, IKK, and IKK subunits. IKK is the major kinase that
phosphorylates IB’s amino-(NH)-terminus in vivo, while IKK is a critical regulatory
component known as NF-B significant modulation or NEMO. It has been found to
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have anticancer activity, both in vitro and in vivo, with many of these effects
attributed to its direct or indirect action on various molecular actors involved in
carcinogenesis. Further, it inhibits NF-B. However, this function may imply multiple
effects in a pro- or antiapoptotic direction, given that NF-B also controls p53 by
acting on the p53 gene (Schneider and Kramer 2011). Several studies have been
conducted to evaluate the pro-apoptotic effect of it in cancer cells, which, like many
other flavonoids, contributes to the chemopreventive action of diet (Chen et al. 2005;
Kim and Lee 2007). The fact that it is a potentially genotoxic chemical is intriguing
for integrative medicine. Although its mutagenicity and chemical toxicity have not
been verified in vivo, it may activate the p53 signal—which HDM2 inversely
controls. This molecule requires Akt activation and works as an E3 ubiquitin
ligase-promoting p53 proteolysis (Wang et al. 2011); low doses of the molecule,
in the context of hormesis, allow this polyphenol to act protectively. However, the
position of the former molecule particle in the NF-B-p53 cross-talk is still unknown.
Although the connection between it and p53 has also been evaluated lately (Gupta
et al. 2010), it seems capable of inducing cell death irrespective of the p53 signaling
pathway (Vargas et al. 2011). Moreover, this also inhibits the PI3K/Akt/IKK/NF-B
pathway in human salivary adenoid cystic cancer, causing cell death via a
mitochondria-dependent pathway (Kong et al. 2011). The PI3K/Akt/IKK/NF-B
signaling pathway (Fig. 14) avoids cell death in such cells; it accelerates cancer
cell apoptosis by inhibiting PI3K/Akt upstream of NF-B signaling (Hou and
Kumamoto 2010). Because several flavonoids, especially the former molecule,
suppress various PI3K isoforms and the PI3K/Akt axis, PI3K is a putative biological
targeting for it. Apart from PI3K and NF-B, it can suppress a wide range of some of
the other kinases and enzymes (Bulzomi et al. 2012). Furthermore, flavonol could
have a favorable effect on kinase/suppressor factors, resulting in indirect kinase
suppression. It does not suppress Akt and ERK1/2, but it can raise the onco-
suppressor PTEN, which enhances the inhibition activity on PI3K activity.

3 Nanotechnology in Flavonoid-Based Cancer Therapy

The use of nanotechnology in cancer therapy has created new opportunities for
enhancing the therapeutic effectiveness of bioactive substances like flavonoids.
Traditional delivery strategies for flavonoids are frequently constrained by their
inadequate bioavailability, fast metabolism, and low solubility, which impede
their therapeutic use. Nanotechnology provides novel answers to these issues
by augmenting the pharmacokinetic and pharmacodynamic characteristics of
flavonoids, therefore boosting their therapeutic efficacy in cancer treatment (Sharma
et al. 2022).
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3.1 Nanocarriers for Targeted Drug Delivery

Nanocarriers, including liposomes, dendrimers, polymeric nanoparticles, and solid
lipid nanoparticles, have been engineered to encapsulate flavonoids, safeguarding
them from degradation and enabling targeted delivery to tumor tissues (Fig. 15).
These nanocarriers may be designed to preferentially accumulate at the tumor site
via increased permeability and retention (EPR) effects, which are typical of the
abnormal vasculature found in malignancies. By selectively targeting cancer
cells, nanocarriers mitigate harm to healthy tissues, therefore diminishing the nega-
tive effects typically associated with chemotherapy. Nanoparticles loaded with
flavonoids have demonstrated encouraging outcomes in preclinical investigations.
Quercetin-loaded nanoparticles exhibit heightened cytotoxicity against cancer cells,
especially in lung and prostate malignancies, by increasing the intracellular concen-
tration of quercetin and triggering apoptosis more efficiently than free quercetin.
Nanoformulations of diosmin and kaempferol have demonstrated enhanced antican-
cer activity by improving drug solubility and bioavailability, as well as facilitating
regulated drug release over time.

3.2 Synergistic Delivery of Flavonoids with Chemotherapeutic
Agents

Nanotechnology enables the simultaneous administration of flavonoids with tradi-
tional chemotherapeutic drugs, providing synergistic benefits that can improve total
therapy success (Fig. 16). Integrating flavonoids and chemotherapeutic chemicals
inside a single nanocarrier enables researchers to facilitate coordinated delivery
to cancer cells, hence enhancing the cytotoxic efficacy of chemotherapy and
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Fig. 16 Synergistic effects of flavonoids with anticancer drugs

minimizing the necessary dosage of harmful substances. This method enhances
therapy efficacy while simultaneously alleviating negative side effects [139].

Flavonoid-based nanoparticles that co-deliver doxorubicin and quercetin
have demonstrated enhanced therapeutic efficacy in breast cancer models by
circumventing multidrug resistance (MDR) pathways, a major impediment to suc-
cessful cancer therapy. The flavonoid component enhances the sensitivity of cancer
cells to chemotherapy by regulating drug efflux pumps and apoptotic pathways,
hence improving the effectiveness of the chemotherapeutic agent.

33 Overcoming Drug Resistance and Enhancing Bioavailability

A significant benefit of employing nanotechnology in flavonoid-based cancer
treatment is its capacity to surmount multidrug resistance (MDR) [142]. Cancer
cells frequently acquire resistance to chemotherapy by activating efflux transporters
such as P-glycoprotein (Fig. 17), which extrude medicines from the cell, diminishing
the efficacy of therapies [143]. Flavonoid-encapsulated nanoparticles can circum-
vent these resistance mechanisms by directly administering the active component
into cancer cells and improving intracellular retention [144].

The encapsulation of flavonoids in nanoparticles enhances their bioavailability,
enabling lower dosages to provide therapeutic benefits. Nanoformulations such as
quercetin or kaempferol-loaded nanocarriers have shown a considerable enhancement
in drug accumulation at tumor sites, attributed to their reduced size and enhanced
penetration into malignant tissues. The enhanced bioavailability facilitates the
extended release of flavonoids, essential for sustaining therapeutic concentrations in
the body and attaining maximum anticancer effects (Dwivedi et al. 2023).
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34 Future Directions and Clinical Potential

Notwithstanding the encouraging outcomes from preclinical investigations, the
clinical utilization of flavonoid-based nanocarriers continues to encounter several
obstacles. These encompass the necessity for extensive production, comprehension
of the long-term safety of nanocarriers, and the mitigation of possible immunological
reactions. As research advances, the creation of advanced nanocarrier systems,
including stimuli-responsive nanoparticles that release medications in reaction
to particular triggers in the tumor microenvironment (e.g., pH, temperature, or
enzymes), has considerable potential.

Nanotechnology offers a promising avenue for addressing the constraints of
flavonoid-based medicines and realizing their complete promise in cancer therapy
(Sheoran et al. 2022b, 2024). Nanotechnology has the potential to augment
the delivery and efficacy of flavonoids, therefore transforming them into potent
agents in cancer treatment, providing more effective and less hazardous therapeutic
alternatives in the future.
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4 Conclusion

Flavonoids, owing to their varied biological functions, have surfaced as intriguing
candidates for cancer prevention and treatment. Their capacity to address several
hallmarks of cancer, including unchecked cell proliferation, evasion of apoptosis,
angiogenesis, and metastasis, positions them as leading natural chemicals with
anticancer efficacy. Flavonoids, including quercetin, kaempferol, and diosmin,
have shown considerable effectiveness in preclinical trials, including processes
such as the management of oxidative stress, regulation of cell cycle checkpoints,
and activation of pro-apoptotic signaling pathways. The advancement of
nanoformulations has enhanced the therapeutic use of flavonoids by enhancing
their solubility, stability, and targeted delivery to tumor sites, therefore minimizing
systemic toxicity. This novel methodology has demonstrated potential in addressing
the shortcomings of traditional cancer treatments, including drug resistance and
off-target effects. Notwithstanding these advancements, the practical use of
flavonoid-based medicines encounters several obstacles. The intricate pharmacoki-
netics of flavonoids, possible interactions with other pharmaceuticals, and heteroge-
neity in absorption continue to pose substantial challenges. Furthermore, although
several flavonoids demonstrate anticancer properties in vitro and in animal studies,
their efficacy in human clinical trials requires additional confirmation. To fully
exploit the potential of flavonoids in cancer therapy, it is imperative to undertake
thorough investigations on their safety profiles, appropriate doses, and long-term
effects. Future study ought to investigate flavonoid combinations with current
chemotherapeutic drugs and their implications in personalized medicine to formulate
more effective, low-toxicity cancer therapy options. Flavonoid-based medicines
have the potential to transform cancer care by connecting natural product research
with clinical applications, providing more sustainable and less detrimental therapy
alternatives for patients.
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