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Abstract

Green nanotechnology enables tbenversion of biological systems into
environmentally friendly methods for synthesizing nanomaterials. Green approaches
utilize biological sources as an alternative to the physicochemical creation of
nanoparticles, which involves the use of harmful chemicals and severe settings. By
combining the principles of green chemistgreen nanotechnologynd chemical
engineering may create metal nanoparticles that are both environmentally beneficial
and cost effectivewithout the need for harmful chemicals during their production.
Therefore, m this study, we used the extract of the traditional Serbian tea Bosiljak
(Ocimum basilicum [..and Borovnica {/accinium myrtilluy extractsto create silver
nanoparticles (AgNPs) in a single step without the use of hazardous chemicals. This
ecofriendly, easyto-use, and reasonably priced approach uses an aqueous plant
extract as a reducing and stabilizing agent AgNPs The NPs synthesized from
Bosiljak and Borovnicawere termed as OBTAgNPs and VMTeAgNPs,
respectively. UViVis spectroscopy, energy dispersive spectroscopy (EDS),
transmission electron microscopy (TEM), field emission scanning electron
microscopy (FESEM), and dynamic light spectroscopy (DLS) were all used to
examine the AgNPsUViVis spectroscopydisplayed surface plasmon resonance
( SPR) a and 308n, raspactively foOBTe-AgNPsandVMTe-AgNPs The
FESEM analysis of OBFAgNPs and VMTe-AgNPs revealed that both processes
oval shape with average size of 55 and 52 nm, respectively. While and TEM analysis
revealed that thaveragesize ofOBTe AgNPsandVMTe-AgNPs was 35 nm and 80
nm, respectively.The anticancer ability of OBT&AgNPs againsthhuman cervical
immortalized (HeLa) cancer celigas tested. While on the other hand, VMAgNPs
were used as double action tool as-aaticer and antitherosclerosis againkteast
adenocarcinoma epithelial cells (MBMB-231) and human umbilical vein
endothelial cells (HUVEC)The results showed that both AQNPs possess cytotoxic
effect in a dose dependent man@BTeAgNPs showed € value 0f21.78 + 0.68
€ g / againstHela cells. While VMTeAgNPs showed 1Gp value 0f29.69 + 1.47
€ g/and 17.72 £ 1.25 g / agdinstMDA-MB-231andHUVEC cells, respectively.
Furthermore, the potential of OBPgNPswere incorporated into nanofibefllFs)
as antiratherosclerosis agent as well as a new coating materiaflrfay coated
balloons(DCBs) The Ag release study reveals that there is sustainable release over
time from various variations of OBT&gNPsNF. Due to this we saw anti
atherosclerosipotential of thes®BTe-AgNPsNFs when exposed to HUVEC cells.

In conclusion, AgNPs and AgNR$F produced via green nanotechnoldggvethe
potential to be used as awtincer and anitherosclerosis agentsloreover, AgQNPs

NF actsas anewercoating material for DCB#0 treat atherosclerosis and peripheral
artery disease.

Keywords: Green nanotechnology,silver nanoparticles, antiancer, anti
atherosclerosis, nanofibers, drug coated balloons.
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Chapter 1

Introduction
1.1 Introduction

The question "What is the allure of green processes?" can be dsied.
answercan be found in our environmefithe advent of the industrialprisingin the
1760s brought outn accumulatiorof environmental challenge¥/e are currently on
the verge of a 'nanvolution' that will profoundly shape all aspects of life on Earth
(Thipe et al., 2022)Nanoparticle{NPs)are minute molecular structuregluctuating
in size from 1 to 100nm, that have thespectiveo revolutionizedifferentdivisions
of modernsociety, such as health, transportation, electronics, and telecommunications
(Qamar, 2021) Nevertheless, nanomaterialdhlMs) have the potential to cause
significant alterations to our surroundings due to their prolonged usage, exposure, and
accumulation in the atmosphere and wgRamzan et al., 2022)Ne are currently
faced with a decision between selecting distiNEts/NMs embedded products that
will contribute to a secure and sustainable future, or opting for a future that is marred
by environmental contamination resulting from the usage of various formd/lef
both in the short and long ter(iThipe et al., 2022)Given the circumstances, it is
crucial to have environmentally friendly techniques that can reduce or eliminate the
harmful impact on our environment while producing and using products with
embeddedNPsin many industries

Green methods, such as green chemistry and green nanotechnology, employ
norrtoxic starting materials and environmentdtiendly solvents throughout the
entire synthesis procegQamar & Ahmad, 2021)These techniques strive to fully
eradicate harmful compounds in the reaction media and also #yatticatetoxic
derivatives that harm our environmen{M. Gupta & Seema, 2021)Green
nanotechnology¥GNT) seeks to completely eradicate all harmful compounds across
the entirety of manufacturing proces¢@bmed et al., 2022)GNT is portrayedby the
use of phytechemicals obtained fromarious plants speciesto act asstabilizing
reducingmediatorsin the conversion of metal ior(") into metallic nanoparticles
(MNPs) (Qamar & Ahmad, 2021)Green chemistry is guided by a set of 12 widely
recognizedprinciples. These principles serve asgeoundsfor the development and
enhancement of materials, processes, products, and syfeXisrno Kreuder et al.,
2017) The objectives are as follows) preventing the generation of toxic waste), (
maximizing the amount of final product by ensuriefficient use of atoms in the
synthetic route,iif) avoiding the use diarmful chemicals in the synthetmathways
(iv) designingof materials that are compatible with living organisms and pose no
harm, ¢) using environmentallyriendly solvents such as watewni) minimizing
energy usage while achieving high yields to minimize environmegalvell as
economicinfluences (vii) using renewable feedstoak raw materialso promote
sustainability, ¥ii) reducing the number diyproductsto limit extrasteps, andiX)
utilizing catalysts instead of lessffectual stoichiometric reactions(x) the design
leads to the formation of harmless byprodu¢ts) the life cycle analysis aims to
minimize and prevent environmental damage, @iyl there is improved efficiency in
themanufacturingstoring and transportation operations.

Nanotechnology is now in its early stages of development, although it is seeing
significant growth with farreaching consequences in the fields of energy, electronics,

1



food, medical, and related industri€Shafique et al., 2023)The global market for
nanemachines antanadevicesis predictedto grow from $736.1 million in 2018 to
approximately$2.7 billion in 2028, according to a predicti@dcWilliams, 2018b)

The worldwide nanocomposites markepriedictedto reachabove$7 billion by 2022,

with a combinedannual growth rate ofabout29.5% during the period from 2017 to
2022 (McWilliams, 2018a)Hence, it is crucial that we foster theogressiorof GNT

in away that is both sustainable and environmentally benign, in order to facilitate its
expansion and effectively mitigate the present fomthcomingconsequences of the
nanarevolution on our surrounding¥he notion ofGNT encompasses the notion of
environmentallyfriendly and sustainabtechnology(Verma et al., 2019)

Over thepreviousfew years there has been significant interest and extensive
researchpersistene seenon the biomedical assessment and reassessmdéiiNBs
obtained from noble metals, such slver (Ag) and gold (Au) This isdue totheir
distinct chemical, biological, and physical proper{idadaf et al., 2022)Significant
focus was directed towards the evaluation of silver nanoparticles (AgNPSs) in the
discipline of biomedicine, since they gained global recognition as-tremitional
antibacterial agentsSimon et al., 2022)Despite the limited knowledge about the
vivo toxicokinetic behaviorof AgNPs, theséNPs have extensiveljpeenutilized as
antibacterial agents in the healthcare indus(BodriguezFélix et al., 2022)
cosmetics(Gajbhiye & Sakharwade, 2016pod storaggTaha et al., 2022)textile
coatings (Lange et al., 2022)and various environmental applicatioftSonzéalez
Pedroza et al., 2028eeFigure 1.1)

.

A

N
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Figure 1.1. lllustration of NPs application in various fiel@&dapted with permission
from (Qamar & Ahmad, 202})

The inherent therapeutic effects of medicinestha field of medicine are
equally significant as their pharmacokinetics and pharmacodynaiXieset al.,
2019) Due to its potential to improve present healthcare practices, the targeted
distribution and effectiveness of therapeutic agents have become a highly researched
area. As a resulAgNPshave gained significant interest for their role in designing and
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developing advanced drwdglivery systemgNikolova et al., 2023) AgNPs based
nanesystems were assessed as effective carriers for a range of therapeutic
compounds, such as aimilammatory (Steckiewicz et al., 2022)anttoxidant
(Alsareii et al., 2022)antibacteria(Ha et al., 2023)and anticancgiDultt et al., 2023)
agents

Due to their inherent ability to fight cancer, AQNPs have received significant
interest in this field and have been proven to be effective in deliveringuambr
medications(Ebtesam S ABheddi et al., 2023; Benyettou et al., 20IB)ey can
operate as either passi(featra et al., 20159)r active(Poudel et al., 2018)arriers for
anticancer treatmentsTo prepare biocompatible AgNPs, many methods were
employed, includingadiolysis,organicwater2-phase synthesispicro-emulsion,and
the most often used method, reduction in aqueoxture (Qamar & Ahmad, 2021)

Due to its unique properties, AgNPs haately attracted a lot ointerestas a potential
drugdelivery platform(Hussein & Abdullah, 2022)These encompass its versatile
organic moleculdinding capabilities, potent and modifiable absorption
characteristics, and minimal toxicity. Considerable attention, scientific expertise, and
financial support have been devoted to tff@amar, 2021) Recent studies have
demonstrated the potential application of AgQNPs as carriers for vaccines and drugs,
allowing for directeddelivery to specific tissueand cells(A. Yusuf et al., 2023)

Given their remarkable optical propertiewhich are significantly impacted by
localized and specific surface plasmon resonad@gNPs are ideally suited for
applications involving the delivery of drugBurthermore, recent advancements in
enhancing the biocompatibility and stability of AgQNPs through surfacdification

make nanostructured systems based on silver excellent candidates that are specific,
selective, and versatile for such applicatiGAmooaghaie et al., 2015; Kumari et al.,
2020; Panda et al., 2022; Pauksch et al., 2014)

1.2  Aim of the dissertation

Combining nanotechnology and green chemistry has become an interdisciplinary
way that has increased the number of MNPs that are compatible with cells and their
geneg(Mulvihill et al., 2011) NPs that span a range of dimensions from 1 to 100 nm
are widely acknowledged as intermediaries that link ibukkubstances with atomic
scale substancefAltammar, 2023) Nanoscale materials exhibit exceptional and
distinctive characteristics in comparison to their bulk counterparts. The observed
idiosyncrasies can beredited to the inherentphysicchemical characteristics,
accompanied bthe surfacdo-volume ratio of nano moleculé$ekade et al., 2017)

Broadly speaking, there are two fundamental methodologies employed in the
productionof NPs. The chemical synthesis of NPs involves a multitude of techniques,
one of which is the utilization of photons of light in photochemical proceskes
Santos et al.,, 2019) physi ochemi cal -rajgapon(@mmaetal., i nv ol
2020) chemical reduction techniquéSuzman et al., 2008)nicroemulsion methods
(Sun et al.,, 2019)electrochemical procedurd&lemike et al., 2019)microwave
irradiation processeauzi et al., 2019)and techniquesf laser ablatior{(Rafique et
al., 2019) Each of these processes produces a significant quanhitiybut they are
limited by the presence of harmful components as well as the expensive and labor
intensive equipment required. Several chemical compounds, inclpdiggthylene
glycol, tollens, sodium citrate elemental hydrogemand sodium borohydrideywhen
dissolved in aqueousmixture, they operate as reducinghanagers The reducing
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chemicals facilitate the reduction of metal {Mons to their metallic (M) state
causingthe formation of NP§Chouke et al., 2024¥seeFigure 1.2)

Characterization Techniques

Biogenic Synthesis SEM, TEM,
Add Water,
{ Heating, PH Oxidation Aggregation
Change and Growth
(0 e—) (+ o5 0
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or : —
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) | APPLICATION
v

Bacterial | NADH+ ey, NAD+
or

Fungal
Biomass

Figure 1.2. lllustration of NPs synthesgrocesgAdapted with permission from
(Qamar & Ahmad, 202)})

Additionally, the utilization of green or biogenesmplies the employmentof
natural molecules astabilizing, capping, and reducing agents, thereby replacing
costly and hazardous chemicals. Because of this observation, researchers employ
biosynthetic techniquegQamar & Ahmad, 2021) There exist multiple factors
contributing to this particular inclination. To begin with, it is important to note that
biologically synthesized NPs exhibit distinct physicochemical features in comparison
to NPs that are chemically synthesiz@dudeh & Linke, 2022)Furthermore, this
approach demonstrates a relatively lower cost and a higher level dfiaadliness in
comparison to the chemical approach, which involves the utilization of costly
chemicals(Mukherjee & Patra, 2017)n addition, the chemical substances possess
toxicity towards humans, animals, and notably the environf¥eninas et al., 2022)
Hence, the majority ofprofessionalsrefer to green synthesis as a botiom
methodology that involves substituting chemicals with plant extracts derived from
severaparts such aBuits, leavesroots, and fruit peel@adkour, 2018)

The productionand application of AgNPs haveaughtsignificant attention in
research papers, surpassing the study of other metallic NPs, despite variations in the
number of publications utilizing the tegpwn strategyFahimirad et al., 2019NPs
possess distinct characteristics, namely their size and form, which contribute to their
extensive selection of applications. NPs find extensive applications diverse
domains,involving biomedical sciencéor drug delivery, rapid diagnosignaging,
tissue regeneratioand medical equipment(Gosselin et al., 2022; Marassi et al.,
2018; Prasher et al., 2020; Y. Su et al., 20Hticancer agent§Y. Khan et al.,

2017) antimicrobial agent§Alotaibi et al., 2022) AtherosclerosigShi et al., 2014)
and bioremediatiofHeisnam et al., 2022)

Cardiovascular diseases (CVDs) are widely acknowledged as the prieaaon
of death on a global scaf¢aduganathan et al., 202Atherosclerosis is the primary
underlying factor responsible for CVD, which encompasde®rders such as
myocardial infarction (MI) heart failure claudicationand stroke Atherosclerosis
mostly affects the intima of several meailargesizedarteries, particularly at sites of
arterial bifurcation(Nakhlband et al., 2018)The rising incidence of such disease
necessitates innovative treatment and diagnostic strategies to address the related
clinical and societal challenges. Advancements in nanotechnology amddoal
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sciences have revealed the potential to use focused-maciuines for specific
purposes such as diagnosis, and therapy. Nanomedicines, which are innovative
methods for improving medication administration, imaging, and detection techniques,
have demonstrated significant potential in addressing cardiovascular illnesses i.e.,
AtherosclerosigOmidian et al., 2023seeFigure 1.3)
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Figure 1.3. Application of NMs for the treatment of CVAdapted with permission
from (Ramchandani et al., 2033)

When comparing thanpactsof rosuvastatin and AgNPs on hyperlipidemic rats,
AL-Duijaili et al. discovered that the former significantly decreased serum levels of
Endothelin and Obestatin, while the latter had no effect a{AuDujaili & Al -
Shemeri, 2016)Shi et al assessed thgtotoxicity of AQNPs and theimfluenceon
endothelial cell (EC) injuryShi et al., 2014)According to their findings, exposure to
AgNPs results in the suppression of cell growth, harm to the cell membrane, and the
initiation of programmed cell death. In addition, they asserted that AgNPs elevate the
concentrations oadhesion moleculesmflammatory cytokines, and chemokines, and
notably, they enhance the generation of ROS in HUVECSs. Collectively, they proposed
that AgNPs trigger the onset of early atherosclerosis by causing damage and
impairment to the endothelial cellsa the triggering o f l B kina8e (1 K
Conversely, certain studies have demonstrated a negative impact of AgNPs on
angiogenesigGurunathan et al., 2009¥hich consequently affects CVDs.

Therefore, his dissertation aims to proposesastainable approach to kill cancer
cells and provide a new coating material for drug coated ballf@G8s) for the
remedyof atherosclerosignd peripheral artery disea@@AD). This scientific goal
will be realized through the following partial goals:



1.3

1 Selection of plants having reported anticancer molecules that act as
capping agent for silver nanoparticles (AgNPs).

1 Biosynthesis of ANPs using plant extracts i.e., roots, leaves, and stems.

1 Selection ofFood and Drug AdministratiofFDA) approved polymers i.e.,
PolycaprolactongPCL) andPolyethylene GlycolPEG) for nanofibers
(NFs).

1 Incorporation of synthesized AgNPs into nanofiber via electrospinning
techniques.

1 Toxicological studies foassessing the potential of AQNPs as-aaticer
agents.

1 Exploring the toxicological aspects of AgNPs incorporated NFs for their
potential use as coating material for drug coated balloons to treat
atherosclerosiand peripheral artery disease.

Objective of the dissertation

. By exposing the cancer cells to biosynthesized AgNPs, the cell viability

cancer cellsvill decrease in a dose dependent manner.

. AgNPs incorporated NFs will release Ag ion in a controlled manner for being

used as coating material for drug coated balldonigeat atherosclerosis and
peripheral artery disease.

. The toxicological studies for AgNPs incorporated NFs will provide

information about suitable dosage of AgNPs that can be incorporated into NFs
for drug coated balloons treat atherosclerosis and peripheral artery disease.
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Chapter 2

Review of literature
2.1 Prevalence of cancer

Cancer stands asadviouscontributor to mortality rates arggtsa substantial
barrier to the advancement of life expectancy across the ¢Rrag et al., 2021)
Agreeingto the World Health Organization's (WHO) 2019 estimates, 112 out of 183
countries have cancer as thencipal or secondaryasisof death for those under the
age of 70. In 2%ountries it is also the third or fourth leading cause of mortasye
Figure 2.1)(WHO, 2020) The rising incidence of cancer as thencipal cause of
death can be partially explained by the notable declines in the mortality rates from
coronary heart disease (CADInd stroke comparativeto cancer innumerous
countries. According to gender and kind of cancer, predictions for the number of new
cases of invasive cancer in the US in 2022 have been released by a recent study. The
study projects that 1,918,030 new instances of cancer will be diagnosed overall, or
around 5250 new cases every day. In addition, it is projected8/ihew cases of
melanoma in situ of the skin and 500 new cases of ductal carcinoma in situ of the
female breast will be found in womé€giegel et al., 2022)
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Figure 2.1. Cancer's ranking as a cause of death for individuals under the age of 70 in
2019(Source: WHO)

Figure 2.2illustrates the prevailing types of malignancies detected in males
and females in the ye2020. In 2022, over 609,360 individuals in the United States
are projected to succumb to cancer, resulting in an average of nearly 1700 fatalities
each dayColorectal, prostate, and bronchus (henceforth lung) malignancies comprise
more than half (48%) of newly diagnosed cases in males; prostate cancer accounts for
27% of all diagnoses. 51% of all newtientified cases of cancer in women are breast,
lung, and colorectal; breast cancer accounts for approximatelhwdeof these
cases. Males experienceetthighest mortality rates due to lung, prostate, and
colorectal cancers, while females are most susceptible to lung, breast, and colorectal
cancergseeFigure 2.3) (Siegel et al., 2022)About 350 people every day lose their
lives to lung cancer, which is more than the combined mortality toll from pancreatic,
breast, and prostate cancers put together. Plus, it kills 2.5 times as many people as



colorectal cancer, the secondrominent reason of cancesrelated fatalities.
Approximately 105,840 (or 81% of the total) of the 130,180 lung cancer deaths in
2022 will be directly caused by cigarette smoking, while an additional 3,650 deaths
will be attributed to exposure to seceimand smoke. The tally comes to 26. When
taking into account both sexes collectively, lung cancer ranks as the spreeting

root of cancerdeath with an additional 20,700 deaths attributable to factors other than
smoking(Siegel et al., 2022)
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Figure 2.2. Most prevalent types of cancer categorized by gefgterrce: WHQ



Estimated New Cases

Males Females

Prostate 268,490 27% Breast 287,850 31%

Lung & bronchus 117,910 12% ‘ Lung & bronchus 118,830 13%

Colon & rectum 80,690 8% Colon & rectum 70,340 8%

Urinary bladder 61,700 6% ) Uterine corpus 65,950 7%
Melanoma of the skin 57,180 6% | Melanoma of the skin 42,600 5%
Kidney & renal pelvis 50,290 5% Non-Hodgkin lymphoma 36,350 4%
Non-Hodgkin lymphoma 44,120 4% Thyroid 31,940 3%
Oral cavity & pharynx 38,700 4% Pancreas 29,240 3%
Leukemia 35,810 4% ‘ | Kidney & renal pelvis 28,710 3%

Pancreas 32,970 3% Leukemia 24,840 3%

All Sites 983,160 100% All Sites 934,870 100%

Estimated Deaths

Males Females

Lung & bronchus 68,820 21% e Lung & bronchus 61,360 21%

Prostate 34,500 11% Breast 43,250 15%

Colon & rectum 28,400 9% 4 Colon & rectum 24,180 8%

Pancreas 25,970 8% ) Pancreas 23,860 8%

Liver & intrahepatic bile duct 20,420 6% . Ovary 12,810 4%
Leukemia 14,020 4% Uterine corpus 12,550 4%

Esophagus 13,250 4% | Liver & intrahepatic bile duct 10,100 4%

Urinary bladder 12,120 4% Leukemia 9,980 3%
Non-Hodgkin lymphoma 11,700 4% Non-Hodgkin lymphoma 8,550 3%
Brain & other nervous system 10,710 3% || Brain & other nervous system 7,570 3%
All Sites 322,090 100% { ‘ All Sites 287,270 100%

Figure 2.3. Top ten cancer types for tipeedictableotal of newcancercases and
deathsn USA (Adapted with permission frotfSiegel et al., 2022)

2.2 Current cancer treatment

Currently, despite the availability of early detection techniques and
sophisticated treatments, cancetays a significant worldwide health issue
characterized by a high occurrence and death Pate.to their genetic abnormalities,
cancer cells evade cell cycle regulatory systems and evade apdicsives &
Maley, 2012) While death rates for many forms of cancer have decreased due to the
success of treatment approaches,|élaglingfocus of cancer research remains on the
development of improved therapeutics to further reduce mort@dgFigure 2.4)

The advancement and transformation of cancer treatment has been driven by an
enhanced comprehension of the molecular pathways that underlie cancer. The global
prevalence of cancer patients is growing, leading to notable problems. Nevertheless,
the quest for a therapy thagields the largest rate of positive responses while
minimizing negative effects persists rapidly. The clinic employs many cancer
treatment modalities, including radiotherapsurgery, chemotherapystem cell
transplantphotodynamic therapyiormone therapytargeted therapymmunotherapy

and hyperthermia(Miller et al., 2022) Combination therapies are frequently
employed due to the resistance mechanisms exhibited by cancer.



Male Female

Prostate 3,523,230 Breast 4,055,770
Melanoma of the skin 760,640 Uterine corpus 891,560
Colon & rectum 726,450 Thyroid 823,800
Urinary bladder 597,880 Melanoma of the skin 713,790
Non-Hodgkin lymphoma 451,370 Colon &rectum 710,670
Kidney & renal pelvis 376,280 Non-Hodgkin lymphoma 394,180
Oral cavity & pharynx 311,200 Lung & bronchus 367,570
Testis 303,040 Uterine cervix 300,240
Leukemia 300,250 Ovary 246,940
Lung & bronchus 287,050 Kidney & renal pelvis 230,960
All sites 8,321,200 All sites 9,738,900

Figure 2.4. Forecastedancersurvivorshiprate in the United States in 20@QAdapted
with permission from{Miller et al., 2022)

While improvements in treatment have increased both progrefsierand
survivorshiprate, more work remains to be done to make cancer ultimately curable.
Although there may be a suitable phase of cancer withlestong traits, contrary to
popular beliefcancersare not transforming frorfatal to chronic illnesse¢Pizzoli et
al., 2019) Except for a small percentage of individuals whose tumors respond well to
traditional therapiesnostcases include a chronic, cyclical pattern of remission and
recurrence. When it comes to advanced and metastatic cancers, however, palliative
care is often administered not for the aim of curing cancer but rather to alleviate
symptom load and spiritual and psychological suffefidgnson et al., 2020)

2.3  Challenges in cancer treatment

Cancer ischallengingto treat because of the properties of cancer cells.
Cancer'scell and tissue biologygenetics, response to theragoyd pathologyare only
a fewexamples of the staggering range and depth ofiatsility. Cancer cells avoid
getting detected by immune system via varietapproachess presented ifigure
2.5.

Figure 2.5. lllustration of how cancer cells survive therg@yapted with permission
from (Hanahan, 2022)

2.3.1 Difficulty in targeting cancer stemcells(CSC)

More and more research points to the idea that malignant cells may often be
traced back to a single cell that has stem cell features. These results should have a
dramatic influence on the treatment of candée underlying premise of conventional
cancer therapy is that all somatic cells have an equal propensity to develop into
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