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ABSTRACT
Problems related to the limitations of chemotherapeutic treatments compel the pressing

necessity to develop a drug-delivery system that will specifically target tumor cells and have
minimal or no harmful effects on normal/healthy cells. This study aimed to comparatively
evaluate the ability of chemically versus biologically synthesized site-specific selenium-silver
bimetallic stabilized folic targeted nanoparticles (SeAgChPEGFA NPs) to efficiently deliver
doxorubicin (DOX) in cervical cancer cells (Hela). The NPs were synthesized using a co-
reduction method chemically using sodium borohydride and polyvinylpyrrolidone, and
biologically using fenugreek seed extract. Moreover, the NPs from both methods of synthesis
were stabilized and functionalized using carbodiimide and adsorptionreaction procedures.
The drug/DOX-loaded nanocomplexes (NCs) were prepared via anadsorption and amide
bonding reaction process between the co-polymer stabilized NPs and DOX. The bimetallic NPs
and their DOX-loaded NCs were characterized using ultraviolet- visible (UV-vis) spectroscopy,
Fourier-transform infrared spectroscopy (FTIR), transmission electron microscopy (TEM), and
zeta Sizer. The drug release, loading, and encapsulation capabilities were evaluated in an in
vitro environment. The effects of the synthesized NCs on cell viability and programmed cell
death analysis were evaluated by means of the 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay and a dual staining technique in selected human
non-cancer and cancer cell lines (HEK293 and Hela cells), respectively.

The NPs and their drug-loaded NCs were successfully formulated and characterized. The
successful synthesis of the NPs was initially validated by the reaction mixtures’ change in
colour from cloudy to red-orange and subsequently from yellow-gold to orange-brown,
signifying the formation of SeAg NPs and F-SeAg NPs, respectively. The UV- spectroscopy
revealed that the SeAg NPs absorbance peaks were between 260 nm and 320 nm, while the
FTIR verified the stabilization and functionalization of the NPs by revealing the presence of
carbodiimide and amide bonds. All the resultant NPs and their drug-loaded NCs were shown
as spherical withthe NPs appearing predominantly monodispersed and the NCs as groups. The
sizes of the chemically and biosynthesized NPs ranged between 103.5 nm and 138.8 nm and
that of the DOX-loaded NCs ranged between 154.9 nm and 158.7 nm respectively. The DOX-
loaded chemically- and biologically-synthesized NCs showed good stability with zeta
measurements of 53.1+ 2.3 mV and 57.4 £ 1.9 mV, respectively. The encapsulation efficiency
(EE%) and drug loading (DL%) percentages of the chemically synthesized NCs were calculated
to be 84% and 26%, respectively, while the percentages of the biosynthesized NCs were 87%
and 22%, respectively. The cytotoxicity and anticancer activities of the BMNPs/NCs from both
methods of synthesis were cell-specific and concentration-dependent.

Overall, the encapsulation of DOX to the eco-friendly formulated BNPs enhanced the
biocompatibility, bioavailability, and therapeutic effects of the drug in tumor cells, with limited

harm to the healthy cells, thus showing promise as alternative delivery systems for targeted
i



cancer treatment. The findings indicated that both the chemically synthesized and
biosynthesized NPs showed great potential as anticancer drug-delivery modalities, with the
biosynthesized SeAgChPEGFA@DOX NCs showing superior optical, surface charge stability,
and drug encapsulation properties than the chemically synthesized SeAgChPEGFA@DOX NCs
and free DOX. Moreover, among the studied synthesis methods, biosynthesis is reported to
be eco-friendly and as a result the more ideal anticancer drug-delivery system with favourable
features for future in vivo applications. Thus, future studies can encompass in vivo assessment
of this eco-friendly system to further evaluate at a broader scale the bimetallic system’s
efficacy and safety before using these NPs clinically.
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I. Chapter One: Introduction

1.1 Background and Research Problem

Cancer has remained the leading cause of mortality, accounting for approximately 10
million deaths across the globe in 2020 (Okugawa et al., 2021). Amongst the different
kinds of cancers reported, cervical cancer has been identified as one kind that has been
increasing significantly all over the globe (Carlson et al., 2012; Al Rifai andNakamura,
2015), contributing to over 300000 deaths in 2020, despite available treatments (Sung et
al., 2021).

There are a few methods to treat cancer that are in place. These include surgery,
radiation/radiotherapy, hormone therapy, chemotherapy, and their combinatorial
treatments. However, these treatments are associated with several limitations, including
non-specificity, toxicity, fast clearance, limited bioavailability, and may exhibit low efficiency
instopping metastasis (Vaid et al., 2020). Amongst these treatments, chemotherapy has
been a hallmark of treating cancers (Peter et al., 2022). This technique involves the direct
administration of synthetic drugs such as doxorubicin, 5-fluorouracil, cisplatin,
fludarabine, ibandronic acid, and raloxifene in cancer patients. Amongst these drugs,
doxorubicin has been used in numerous cancer studies due to its effectiveness in treating
several types of cancer (Peter et al, 2022). The drugs function through even
biodistribution throughout the body, preventing the division of abnormal cells by
intervening in the cellular activities that are essential for their division. Yet, these
antineoplastic drugs lack the ability to differentiate normal cells from cancer cells, and
they reach most normal cells as well as tumor cells/tissues by free diffusion, resulting in
systemic toxicity. This limits their clinical use at increased doses which leads to some severe
side effects such as cardiotoxicity, renal toxicity, and gonadotoxicity. In addition, the
intravenous/oral administration of chemotherapeutic drugs yields a low therapeutic
effect due to the biodegradation of the drugs by enzymes in biological systems. Thus,
there is still a need to develop drug-delivery systems that are safe, can protect drugs
from degradation upon administration, and specifically deliver the drugs to the target

sites, thereby enhancing efficacy whilst reducing toxic effects on normal cells.



Nanomedicine presents an alternative solution to this ongoing problem, by proposing the
application of nanoparticles (NPs), particularly, metal NPs as drug carrier vectors. They
can be formulated through nanotechnology techniques, categorized as physical,
chemical, or biological/green methods (Dang and Guan, 2020). Amongst these methods,
the chemical and green synthesis methods have been studied in depth because they are
easy to use and the yield, toxicity and stability of the NPs can be controlled during
formulation (ljaz et al., 2020). However, the biological synthesis of NPs is deemed safer
than chemical synthesis because it does not utilize any harsh chemicals in any of its
formulations (Dang and Guan, 2020). During chemical synthesis, chemicals such as
sodium borohydride, ascorbic acid, hydrazine, and hydrogen are commonly used to reduce
metalions into metal NPs (Khandel et al., 2018). While during biosynthesis, natural agents
suchas plant extracts (e.g., seeds or leaves extracts) and microorganisms like bacteria,
fungi, and algae are used to reduce metal ions into metal NPs. The application of these
methods allows a vast variety of NPs formulations, including but not limited to metal NPs
such as titanium (Ti), platinum (Pt), gold (Au), silver (Ag), and selenium (Se), with unique
features such as exceptional physicochemical stability, large surface to volume ratio,
photocatalytic and optical properties to be used in cancer therapy. The desirable
properties allow them to efficiently bind, absorb, carry, and deliver anticancer drugs to
the desired sites. Over the years, various studies have been reported on these metal NPs
as anticancer drug carriers (Alshatwi et al., 2015; Cordani and Somoza, 2019; Huy et al.,

2020).

Recently, bimetallic NPs are attracting more interest than monometallic NPs due to their
synergistic characteristics, such as enhanced catalytic properties, considering that
bimetallization improves the original mono-metal catalyst’s properties by creating
combined new properties (Dang and Guan, 2020; Atta et al., 2021). However, limited
studies have been reported, hence much research is still needed to explore these
bimetallic NPs. Therefore, in the current study, bimetallic Se-Ag NPs were chemically and
biologically synthesized, functionalized, and evaluated for their ability to deliver an

anticancer drug safely and efficiently to the selected cancer cell lines. Selenium is a vital
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micronutrient acquired from dietary sources and is documented to encompass
anticancer, antioxidant, antibacterial, and antibiofilm properties (Maiyo and Singh, 2017).
Its nano forms (Se NPs) have attracted significant attention as potential novel drug delivery
entities possessing additional photoelectric properties and high photoconductivity

(Vahdati and Moghadam, 2020).

Furthermore, Ag NPs are extensively known for their high electrical and thermal
conductivity in addition to their medical and therapeutic benefits, which include
antifungal, anti-inflammatory, antiviral, and antiplatelet properties (Beyene et al., 2017).
These NPs possess other attractive characteristics, such as ease of synthesis, tenable
stability, reduced cytotoxicity, exceptional biodegradability, biocompatibility, drug
loading capacity, and docility to synthetic modification (Senapati et al., 2018). The
amenability to synthetic modification allows for surface stabilization and
functionalization, which is needed for the effective biological application of the NPs as
drug-delivery systems. This is usually achieved through passive targeting (modifying NPs’
surface with polymers/co-polymers) and active targeting (modification of NPs’ surface

with specific agents or moieties) (Sohn et al., 2017).

Substances such as chitosan (Ch), polyethylene glycol (PEG), and folic acid (FA) have been
successfully utilized to fine-tune NPs for biological applications (Park et al., 2017; Gulati
et al, 2018) and for that reason they were selected for the stabilization and
functionalization of the synthesized bimetallic Se-Ag NPs in this study. Ch is a positively
charged amphiphilic polysaccharide with high bio-adhesiveness, low cytotoxicity, and
high buffering capacity (Collado-Gonzalez et al., 2017). The positively charged Ch binds
and protects the drug from degradation by intracellular enzymes. It also facilitates the
binding of the drug-loaded NPs to the surface of cells and subsequent cellular uptake and
facilitates the intracellular release of the therapeutic drug due to its high buffering
capacity (Richard et al., 2013; Parhi, 2020; Aibani et al., 2021; Frigaard et al., 2022). PEG
on the other hand is a hydrophilic polyether that shields NPs from inactivation by the
immune system. It is widely used as a gold standard in bio-conjugation and nanomedicine

due to its ability to prolong the blood circulation period of the NPs or drug-loaded NPs
3



resulting in the improvement of therapeutic efficacy (Shariatinia, 2019; Frank et al., 2020).
PEG is also biodegradable, biocompatible, and has low cytotoxicity. Herein, these
polymers have been chosen to work synergistically as they have been reported to have
the appropriate biological properties to be used in pharmaceutical applications.
Furthermore, to increase target precision, a folate targeting agent was conjugated onto
the NPs. Most cancer cells have been reported to overly express folate receptors on their
outermost membrane and as a result, FA is frequently used as a targeting agent due to its
high affinity to the folate receptors. Additionally, FA is non-toxic, biodegradable, and
biocompatible (Leamon et al., 2014; Scaranti et al., 2020). The chosen bio substances
cover all the limiting aspects currently faced by the currently used chemotherapy to

produce an improved and safe alternative.

1.2 Aim
* To evaluate and compare the ability of site-specific chemically synthesized versus
biologically synthesized bimetallic SeAgChPEGFA nanoparticles to efficiently deliver

doxorubicin in cervical cancer cells.

1.3 Objectives

* To synthesize (chemically and biologically) and confirm the synthesis of the
SeAgNPs/SeAgChPEGFA and their DOX-loaded nanocomplexes (NCs).

* To determine the ultrastructural morphology, size, zeta potential, and dispersity of
the synthesized NPs/DOX-loaded NCs.

* To evaluate the in vitro release profiles, drug loading, and encapsulation efficiency
of the DOX-loaded NCs.

* Toevaluate the cytotoxicity and anticancer profiles of the synthesized NPs and their

DOX-loaded NCs in cervical cancer.



1.4 Outline of Thesis

The thesis is structured with chapters 1-5 as presented:

* Chapter One: A brief introduction to the current study’s background, problem
statement, novelty, aims, and objectives.

* Chapter Two: An in-depth literature review on the research topic.

* Chapter Three: Experimental details including the materials and methods used to
formulate, characterize and evaluate the novel selenium-silver nanoparticles and
nanocomplexes.

* Chapter Four: Results and Discussion.

* Chapter Five: General Discussion, Conclusion, and Recommendations.



Il. Chapter Two: Literature Review

2.1 Introduction
Cancer is an illness that results from genetic or epigenetic mutations in the somatic cells

which cause uncontrolled cell proliferation at a specific site in the body that can spreadto
other sites (Saini et al., 2020; ul Hussain et al., 2022). These abnormally proliferating cells
lead to the formation of tumors represented as lumps or masses of tissue. Tumors are
classified into cancerous (malignant tumors) and non-cancerous (benign tumors)
depending on their ability to metastasize (Saini et al., 2020). The malignant tumors can
grow on tissues near their primary location and mobilize to distant regions in the body to
form new tumors through metastasis. Benign tumors remain in their primary location

without invading or spreading to other distant sites of the body (Patel, 2020).

There are different types of cancer, which are classified based on their region of origin
and the type of cell they are made of (Liu, 2003). These types include but are not limited
to carcinomas, sarcomas, leukemias, lymphomas, central nervous system cancers,
multiple myeloma, and melanoma (Saini et al., 2020). This study focuses its examination
on a carcinoma called cervical cancer. This type of cancer represents a serious health issue
as the fourth most frequently diagnosed cancer in women living in developing countries
(commonly diagnosed in 28 countries and the leading cause of mortality in 42 countries)
despite available treatments (Gurram et al., 2020; Okugawa et al.,, 2021). Current
treatments in place to fight cervical cancer include surgery, radiotherapy, chemotherapy,
or a combination of these techniques (Maiyo and Singh, 2019); and theseare discussed in

detail below.

2.1.1 Surgery

Cancer surgery is generally a procedure used to cut out a tumor and possibly some of the
nearby tissues (Ramirez et al., 2014). It is often used as a debulking or primary measure
of tumor removal depending on the size of the tumor, its stage, and future fatality
possibilities (Davenport et al., 2015; Sharma et al., 2019). Upon diagnosis of the size and

stage of the tumor, the patient is taken to an operating theatre, gets sedated, and the



surgeon makes an incision. In the case of cervical cancer, the tumor can be removed either
by cutting away the tumor only, removing the cervix (trachelectomy) or removing the
cervixand uterus (hysterectomy) (Ramirez et al., 2014). Though this treatment eases the
pain or discomfort caused by a tumor pressing on bone nerves, its disadvantages include
prolonged pain at the surgery site, negative reactions to the drugs used to numb the pain
(local anesthesia), infections at the site, damage to nearby tissues, internal bleeding, slow

recovery, and high chances of tumor reemergence.

2.1.2 Radiation Therapy

Radio/radiation therapy uses high-powered energy rays referred to as ionizing radiation
to kill cancer cells or cause genetic changes resulting in cancer cell death through the
formation of ions (particles with an electric charge) and the deposition of energy in the
cells of the tissues it passes through (Baskar et al., 2012). This can either be accomplished
through external beam radiation therapy by leading the beams of radiation to theaffected
site of the body or internally by means of positioning a radioactive material- loaded device
inside the affected area (e.g., inside the vaginal area for cervical cancer therapy), usually
for only a few minutes (brachytherapy) or by combining the administration techniques
(Baskar et al, 2012). Radiation therapy can also be used in combination with
chemotherapy as the primary treatment for locally advanced cervical cancers (Tannock,
1989) and following surgery, if there is an increased risk of relapse (Thariat et al., 2013).
The advantages of this technique include its abilityto lower the risk of local recurrence and
distant metastases; its cons include its possible cause of excessive nausea, hair loss, and

swelling (termed lymphedema).

2.1.3 Chemotherapy

Chemotherapy involves the use of Food and Drug Administration (FDA) approved
anticancer agents (e.g., doxorubicin, docetaxel, tamoxifen) which inhibit cancer cell
proliferation and tumor multiplication (Chu and Sartorelli, 2018). The chemotherapeutic
agents/drugs can be administered intravenously using an injection or orally in the form of
pills/capsulated anticancer drugs. These administration techniques are used as

neoadjuvant (before primary treatment), adjuvant (in addition to initial therapy), or in
7



combination with other cancer treatments (Chu and Sartorelli, 2018). Upon
administration, the drugs widely travel throughout the body damaging the ribonucleic
acid (RNA) or deoxyribonucleic acid (DNA). Subsequently, the occurrence instructs the
cells how to replicate themselves during cell division, ultimately leading to programmed
death of the affected cells, thus avoiding invasion and metastasis (Chu and Sartorelli,
2018). Due to this ability, this technique is considered to play the most vital role compared
to the other treatments, given that surgery and radiation function to merely treat a
specific area (Menon et al., 2018). Chemotherapy functions by reaching tumors in
different sites of the body, some of its drawbacks include excessive nausea, hair loss,
fatigue, and non-specificity. These are detrimental to healthy/normal cells, and

susceptible to infections due to low blood cellcounts.

Overall, the common limitation faced by the above-discussed treatments is their inability
to eradicate cancer cells safely and completely, eventually leading to cancer regrowth.
That said, the limitations/disadvantages of these treatments necessitate the
improvement of cancer treatments. Therefore, innovations in coupling nanotechnology

with biotechnology have emerged to improve the existing drug-delivery systems.

2.2 Nanotechnology and Nanoparticles

In the last few years, nanotechnologies coupled with biotechnology have transformed
chemotherapeutic cancer therapy and diagnosis, employing nanomaterial-mediated drug-
delivery systems (Park et al., 2017; Maiyo and Singh, 2017; Maiyo and Singh, 2019).
Nanotechnology involves the use of nanostructures called nanoparticles (NPs) engineered
and manufactured by manipulating various materials on an atomic and molecular scale.
These NPs have unique optical and electrical properties, tunable size, rich surface charge,
and large surface-area-to-volume ratio, which enables them to carry anticancer agents,
such as drugs, deoxyribonucleic acid (DNA), ribonucleic acid (RNA), and proteins, along
with other biocompatible agents, with high efficiency (Rizvi and Saleh, 2018; Senapati et
al., 2018). Examples of NPs include but are not limited to micelle, dendrimer, liposome,

and metallic NPs. Amongst these, metallic NPs have gained more attention as drug-
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delivery systems in cancer studies, which can be attributed to the unique properties these
NPs possess. These include optical properties such as low toxicity, high biocompatibility,
biodegradability, tunable stability, and amenability to synthetic modification (Burdusel et

al., 2018; lvanova et al., 2018).

Over the last few decades, selenium (Se) and silver (Ag) NPs have been individually
studied immensely due to their desired activities as metallic NPs, including antioxidant,
anticancer, catalytic, and antibacterial activities (lvanova et al., 2018; Olawale et al., 2021).
Selenium is an important micronutrient obtained from dietary sources. It displays
distinctive activity in preventing the manifestation of cancer, decreasing the toxicity of
drugs, regulating thyroid gland functioning, and ensuring exceptional immune system
functioning, therefore playing a huge role in fighting diseases (Jabtoriskaand Reszka, 2017;
Maiyo and Singh, 2017; Liu et al., 2021). The nanoforms of Se (Se NPs)have been identified
for usage as conventional anticancer drug delivery systems. Various studies suggest that
Se has the potential to decrease systemic toxicities related to conventional antineoplastic
drugs, while working synergistically to enhance efficacy. Some properties that make Se an
appealing drug carrier include low toxicity, high bioavailability, and biocompatibility to
name a few (Maiyo and Singh, 2017; Alam et al., 2019; Fardsadegh and Jafarizadeh-
Malmiri, 2019). Silver, on the other hand, is a transitionmetal that occurs as a lustrous
white element and possesses high electrical and thermal conductivity (Beyene et al.,
2017; Alwhibi et al., 2018; Burdusel et al., 2018). The nano forms of Ag (Ag NPs) have
gained a lot of interest in therapeutic applications attributable to their enhanced
properties (Hembram et al., 2018; Huy et al., 2020). These properties include but are not
limited to, biocompatibility, biodegradability, tunable stability, and inertness. In addition,
Ag NPs possess high antimicrobial activity, anticancer activity and the capacity to be easily
synthesized chemically and biologically (biosynthesis) using various microorganisms and
plant extracts, hence they have been the subject of research and well-documented for

years (Alwhibi et al., 2018; Burdusel et al., 2018; Olawale et al.,2021).



2.3 Synthesis of Metal NPs

Metallic nanoparticles (MNPs), either in their pure form or combined with another metal
(bimetallic) have gained exclusive interest, due to their broad usage in various fields of
science and technology (Forster et al., 2012). The synthesis of MNPs is usually achieved
by employing physical (e.g., laser ablation, condensation, lithography), chemical
(chemical reductants), or biological (e.g., microorganisms, plants) techniques (Kiranmai,
2017; Vaid et al., 2020) (figure 2.1). Some of these procedures are easy to execute and
permit control of the crystallite size by altering the environment of the reaction. The
selection of a synthesis method for MNPs is significant because, during formulation,
procedures like the kinetics of interaction of the metal ions with reducing agent, the
adsorption process of stabilizing agent with metal NPs, and various experimental
techniques produce a strong influence on the NPs physicochemical properties such as
morphology, size, charge, and dispersity (Jamkhande et al., 2019). Additionally, it is crucial
to employ a procedure that is easy to execute and cost-effective;uses non-toxic/benign

compounds; and can be applied in large-scale production (Dhall and Self, 2018).
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Figure 2.1: An illustration of the diverse methods used to synthesize nanoparticles (Vaid

etal., 2020)
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2.3.1 Physical Methods

Physical methods that are commonly used for the synthesis of MNPs are laser ablation,
evaporation-condensation, and lithography. The laser ablation synthesis method is a
practical and efficient procedure to prepare and obtain metal colloids without the
excessive use of chemical substances (Fazio et al., 2020). The method permits a change in
the number of pulses for a controlled formation of the colloid’s particle size. It uses a
standard high-power laser and a small laser beam spot sizer, which produce small NPs
with a narrow size distribution in pure water without the presence of chemicals, thus
making it an environmentally friendly method (Glizel and Erdal, 2018). The drawback, on
the other hand, is that the concentration of the resulting NP colloids is frequently too low,
making it problematic to utilize them on an industrial scale. To counteract the low
concentration yield of the colloids for final applications, high-energy lasers need to be
employed. Though high-energy lasers are used as alternatives, their application is usually
limited by high costs, as these lasers are more expensive than standard lasers (Sportelli et

al., 2018).

Evaporation-condensation is another physical method that can be used to fabricate
MNPs. The technique is usually performed through a transferred direct current arc, which
delivers the energy required for the metal target evaporation. In order to avert oxidation
of the particles during the procedure, the formulation process is performed in an
atmosphere of inert gases (Forster et al., 2012). This method permits the direct synthesis
of NPs utilizing pure metals as the initial materials, thus averting reactions that are
expensive and with potentially poisonous outputs (Forster et al., 2012; Vodop’yanov et
al., 2017). Using this method is limited by the large amount of space occupied by thetube
furnace, leading to high energy consumption by increasing the environmental
temperature around the source material. Furthermore, it is time-consuming as it takes a

long time before thermal stability is achieved (Vodop’yanov et al., 2017).

Moreover, MNPs can also be physically synthesized using the nanosphere lithography
(NLS) technique. Through the years, NSL has enticed increasing attention owing to its

compatibility with wafer-scale procedures; its ability to produce a broad range of
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homogeneous nanostructures, and its cost-effectiveness (Colson et al., 2013; Zaleska-
Medynska, 2018; Brady et al., 2019). The technigue combines the advantages of both top-
down and bottom-up approaches. During the top-down technique, bulk material is
physically broken down to make smaller molecules, whereas the bottom-up approach
relies on nucleating atomic-sized materials into the eventual nanoparticles (Colson et al.,
2013). Moreover, the bottom-up approach is carried out in a two-step process that
includes the preparation of a colloidal crystal mask (CCM) made of nanospheres and the
deposition ofthe desired material through the CCM mask (Colson et al., 2013). The mask
is then removed, and the layer keeps the ordered patterning of the mask apertures.
However, this technique is limited by the lack of structural variety, since it only produces
triangular-shaped NPs (Colson et al., 2013). In addition, the difficulty of the method
together with the extreme costs of the equipment deems the lithographic techniques

unfavorable for numerous researchers.

2.3.2 Chemical Method
The chemical reduction method is one of the most used synthesis approaches for MNPs.

This approach utilizes either inorganic or organic reducing substances such as ascorbic
acid, sodium citrate, sodium borohydride, polyol process, elemental hydrogen,
ammonium formate, and hydrazine to reduce metal ions to their nanoparticles (lravani et
al., 2014; Guzel and Erdal, 2018). The MNPs produced by this technique possess well-
defined dimensions, sizes, structures, and composition, and thus can be employed in
various research areas such as drug delivery: imaging and sensing; diagnosis. However,
the use of this method is sometimes limited by its use of toxic chemicals; its expensive
cost, and high strenuousness (Modan and Pldiasu, 2020). Thus, there is a need for the

identification and use of environmentally safe, low-cost, easy-to-use methods.

2.3.3 Biosynthesis Method

The biosynthesis of NPs is currently the method receiving abundant attention because of
the increasing necessity to produce NPs that are environmentally safe and cost-effective
(Rahimi and Doostmohammadi, 2019). In the last couple of years, various researchers

have investigated and reported on the extracellular production of stable MNPs using
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bacteria, fungi, actinomycetes, as well plant extracts (Mikhailov and Mikhailova, 2019;
Pyrzynska and Sentkowska, 2021; Saravanan et al., 2021). Plant extracts have been
extensively used for the synthesis of MNPs owing to their possible medicinal benefits,
abundant availability, and faster rate of NP production (Hosseini Bafghi et al., 2021;
Krishnaraj et al., 2022). The parts of the plants that are extracted and used during the
synthesis of the MNPs are usually the fruits, flowers, leaves, roots, and seeds (El-Seedi et
al., 2019; Ishak et al., 2019; Jadoun et al., 2021; Naikoo et al., 2021). A study by Sorbiun
et al. (2018), reported that biomolecules such as phenols, proteins, enzymes, vitamins,
alcohols, amino acids, terpenoids, polysaccharides, proteins, flavones, and alkaloids
which are found in plants, are the ones predominantly accountable for the reduction of
metal ions into stable MNPs (Sorbiun et al., 2018; Vaid et al., 2020). For this study,
bimetallic colloidal SeAgNPs were synthesized using an aqueous extract from fenugreek

seeds.

Fenugreek (Trigonella foenum-graecum L.) is one of the oldest medicinal plants from the
Fabaceae family originating in central Asia 4000 years Before Christ (B.C). Its description
and benefits had been reported in the Ebers Papyrus (one of the oldest maintained
medicinal documents) earlier in 1500 BC in Egypt (Ahmad et al., 2016; Anitha et al., 2021).
Fenugreek seeds contain a variety of biomolecules or compounds including antioxidants
such as flavonoids, alkaloids, and saponins; and phenolic constituents like gallic acid,
protocatechuic acid, catechin, gentisic acid, chlorogenic acid, vanillic acid and syringic acid
which possess biological activities such as anticancer, antiviral, antidiabetic, anti-
inflammatory, antimicrobial, and anticholesterolemic properties (Kor and Moradi, 2013;

Almatroodi et al., 2021).

2.4 Stabilization and Functionalization

The successful biological use of metal NPs as chemotherapeutic agent-delivery vectors
significantly depends on them having exceptional stability, reduced toxicity, and site
specificity (Abdellatif et al., 2021). To achieve this, following synthesis, NPs usually need

to be functionalized with non-toxic biomolecules such as polymers/ and targeting agents
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(Luesakul et al., 2018; Maiyo and Singh, 2019). The coating of NPs with polymers ensures
the preservation of the NPs unique properties and increases the NP's viscosity to enhance
colloidal stability which leads to less interaction between the NPs (Lee et al., 2021). This
results in hindering any further growth or structural changes; and prevents agglomeration
or precipitation upon administration which enhances their uptake by the tumor cells
(Sharma et al., 2019; Duan et al., 2020). Various polymers have been previously used to
stabilize metal NPs including cellulose, starch, polyethylene glycol (PEG), poly
(ethyleneimine) (PEl), poly(L-lysine) (PLL), poly(d,l-lactide-co-glycolide) (PLG),
dendrimers, dextran, and chitosan; and amongst these, chitosan and PEG have been

extensively used (Xu et al., 2015; Hefni et al., 2016; Wang et al., 2018).

Chitosan (Ch) is a natural positively charged polymer with great biological properties such
as high bio adhesiveness, biodegradability, biocompatibility, antibacterial activity, low
cytotoxicity, and immunogenicity (Collado-Gonzalez et al., 2017). Due to the cationic
nature of this polymer, it can adsorb onto the surface of the metal NPs stabilizing and
tailoring them for the binding of therapeutic agents. Ch binds and protectstherapeutic
drugs from degradation by intracellular enzymes. Ch-tailored NPs can interact with
negatively charged membranes of various cells and facilitate effective cellular uptake. Ch
also facilitates the intracellular circulation time of the NPs and further controlsthe steady
cytosolic release of the therapeutic drugs due to its high buffering capacity (Richard et al.,
2013; Collado-Gonzalez et al., 2017; Parhi, 2020; Aibani et al., 2021). Polyethylene glycol
(PEG) is an inert, non-toxic, biocompatible, amphiphilic, easily excreted polymer that is
usually used as a co-polymer to coat the surface of NPs. The PEG coat functions as an
armor shielding the encapsulated therapeutic drugs from enzyme degradation, instant
renal clearance, and interacts with cell surface proteins, thus decreasing distasteful
immunological effects (Xiao et al., 2011; Wang et al., 2018; Liu et al., 2019). These features
are essential for the successful application of NPs and drug- loaded nanocomplexes in

vivo.

Furthermore, the polymers provide a surface that can host numerous biomolecules

(anticancer drugs or genes) at a time and can be synthetically modified with targeting
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ligands that are essential for targeted drug-delivery (Cordani and Somoza, 2019). The
targeting ligands are covalent/non-covalently conjugated onto the surface of MNPs and
are complementary to the receptors expressed on the targeted cells, allowing for
effective delivery of the attached biomolecules to the specific cells with minimal damage
to the surrounding areas (Bazak et al., 2015). Receptors that are commonly expressed on
cancer cells include transferrin receptors, folate receptors, glycoprotein (such as lectin),
and epidermal growth factor receptors to name a few (Zeromski, 2002). Amongst these,
folate receptors are the most overly expressed in many tumors particularly breast (MCF-
7), and cervical (Hela) cells (Weitman et al., 1992). The folate receptors (FA-Rs)
(glycophosphatidylinositols membrane proteins) affiliate with the ligand FA, which is
small, non-immunogenic, readily available, biodegradable, and easily conjugated to other

biomolecules. In addition, FA can regulate replication, cell growth, and protein synthesis.

FA enables the NPs’ drug delivery through active targeting which is better known as
targeted drug delivery (Bazak et al., 2015). The process provides several advantages over
non-targeted drug-delivery vectors including increasing transfection to specific sites and
increasing the quantity of the drug delivered to the targeted cells, therefore, lessening or
avoiding possible systemic toxicity, which causes undesirable side effects (Yang et al.,
2018). Upon the entry of FA-conjugated NPs into the targeted cells via receptor-mediated
endocytosis, the NPs cause S phase arrest, a form of cell cycle arrest and further
orchestrates mitochondrial-mediated apoptosis (Pi et al., 2013). This is achieved by
inducing reactive oxygen species (ROS) production which disrupts the mitochondria until
cell death, further disorganizing the cytoskeleton through F-actin expression reduction.
This approach has significantly expanded the therapeutic windows of drugs by allowing

for efficient and safe targeting of specific cells/tissues.

2.5 The Mechanism of Action of Cancer Targeting MNPs

MNPs have been reported to get to the outer membrane of a cell and intermingle with
components of the plasma membrane or extracellular matrix then go into the cell,

generally through endocytosis due to their unique tunable physicochemical properties
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(Cordani and Somoza, 2019; Rennick et al., 2021). Depending on the cancer cell type, as
well as the proteins, lipids, and other molecules involved in the process, endocytosis can
be classified into several types. These include phagocytosis, clathrin-mediated
endocytosis, and caveolin-mediated endocytosis. Furthermore, the structural
composition of the NPs also plays a role in deciding which mechanism of entry occurs
(Vaid et al., 2020). For instance, small targeted specific NPs enter the cell through
caveolin-receptor-mediated uptake pathways, while the large/bulk/aggregated NPs enter
through clathrin receptor-mediated, phagocytosis or endocytosis uptake mechanisms

(Rennick et al., 2021).

Following successful targeting, binding, and the internalization of the NPs by one of the
mentioned pathways the MNPs either interact with intercellular proteins or get
sequestrated within the endosome vacuole, followed by maturation to lysosomes
(Cordani and Somoza, 2019). This is then followed by their degradation, alteration, or
dissociation before being released into the cytosol. This is enabled by the cancer cells’
acidic pH microenvironment with redox imbalance that subsequently leads to pro-oxidant
conversion of the MNPs activating the supplementary formation of free radicals/ROS
(Khurana et al., 2019). This affects the physiology of the cell resulting in the disruption of
the mitochondrial (Mt) membrane initiating leakage of Mt proteins and endoplasmic
reticulum (ER) stress-activating pathways that lead to the programmed death of cancer
cells either by autophagy, apoptosis, or necrosis (figure 2.2) (Khurana et al., 2019; Ikram

etal., 2021; Miranda et al., 2022).

The multiple molecular pathways activated by the ROS-induced intracellular stress to
induce autophagy include but are not limited to the nuclear factor kappa B (NFkB),
phosphatidylinositol-3-kinase (PI3K/Akt), mammalian target of rapamycin (mTOR),
canonical Wnt (Wnt/B-catenin), and mitogen-activated protein kinase/extracellular-
signal-regulated kinase (MAPK/Erk) pathways. The NFkB pathway stimulates
inflammatory and oxidative stress signaling, which disrupts cellular homeostasis
(Panzarini et al., 2015; Khurana et al., 2019). Whereas, the PI3K/Akt/mTOR, MAPK/Erk,

VEGF, and Wnt/B-catenin pathways are essential in oncogenic signaling and their
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modulation by the MNPs causes compromised cellular proliferation which hinders growth

and encourages signaling in the locality of the tumor microenvironment.

The pathways leading to apoptosis include intrinsic and extrinsic apoptosis triggered by
the generated ROS upon the conformational alterations of the mitochondrial membrane
(Mohammadinejad et al., 2019; Vaid et al., 2020). The intrinsic pathway is activated by
the release of cytochrome-c (Cyt-c) in the cytosol, which binds with pro-caspase-8 and
apoptotic protease factor -1 (Apaf-1), activating the caspase-9/3 apoptotic mechanism
and initiating apoptosis by cleaving the cytoplasmic and nuclear substrates (Poly ADP-
ribose Polymerase-1 or PARP-1). Extrinsic apoptosis is activated by the signaled activation
of pro-caspase-8 which starts apoptosis by cleaving other caspases. Furthermore, for
necrosis to occur the NPs signal the activation of receptor-interacting serine/threonine-
protein kinase 3 (RIPK3) and receptor-interacting serine/threonine-protein kinase 1
(RIP1/RIP1). These pathways then affect the mitochondria by increasing the production
of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and cellular calcium
(Ca2+) thus triggering ROS production and influx leading to induced programmed necrosis

(Bauer et al., 2011; Manke et al., 2013; Vaid et al., 2020).

The resultant cellular morphological changes caused by autophagy, apoptosis, and
necrosis include loss of membrane integrity, nuclear fragmentation, chromatin
condensation, cytoplasmic shrinkage, and structural configuration of cytoplasmic
organelles, which can be observed microscopically (Nikoletopoulou et al,, 2013). The
occurrence of these disruptive cellular events is dependent on the type of cell, as well as

the size and dose of the metal NPs used (Vergallo et al., 2016; Khurana et al., 2019).
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Figure 2.2: An illustration of the receptor-mediated cellular uptake of targeted MNPs
and the anticancer mechanism of action (adapted from lkram et al., 2021)

2.6 Application of MNPS (Se, Ag and Bimetallic NPs) in Cervical Cancer Therapy

The delivery of anticancer agents/drugs using MNPs in cervical cancer therapy has been
conducted in vitro and in vivo with different outcomes indicating their potential efficiency.
Over the years, many studies have been reported. For instance, Srivastava and Kowshik
(2016) reported on Se NPs that were biologically formulated using the halophilic
bacterium, Idiomarina sp. PR58-8 and sodium selenite as the precursor. The results
depicted that the Se NPs displayed selectivity in causing cytotoxicity towards the human
cervical cancer cell line, Hela, while being non-toxic towards the model normal cell line,

HaCaT. The Se NPs induced caspase-dependent apoptosis in Hela cell lines. These results
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suggested the application of Se NPs synthesized by Idiomarina sp. PR58-8 as potential

anti-neoplastic agents (Srivastava and Kowshik, 2016).

In another study, Yuan et al. (2018) reported on the delivery of camptothecin (CPT) using
biosynthesized (sinigrin) Ag NPs in human cervical cancer cells. The researchers found that
the Ag@CPT NCs treatment notably inhibited cell viability and proliferation of the Hela
cells, increasing the levels of oxidative stress markers and decreasing antioxidative stress
markers compared to free CPT treatment. Furthermore, the merged treatment
upregulated numerous proapoptotic gene expressions and downregulate antiapoptotic
gene expressions. Intriguingly, the merged treatment modulated a variety of cellular
signaling molecules involved in cell survival, cytotoxicity, and apoptosis. These findings
suggested that the Ag@CPT NCs caused cell death by inducing the mitochondrial
membrane permeability change and activation of caspase 9, 6, and 3. The synergistic
cytotoxicity and apoptosis effect seemed to correlate with increased ROS formation and
depleted antioxidants. Overall, the results suggested that the combination of CPTand Ag
NPs could provide a beneficial effect in the treatment of cervical cancer compared to the

monotherapy (Yuan et al., 2018).

Xia and colleagues (2018) carried out a study on the anticancer drug-delivery activity of
folic acid-targeted DOX-loaded chemically synthesized Se NCs (FA-Se@DOX NCs). The NCs
were tested on folate receptor-positive human cervical carcinoma (Hela) cells and folate
receptor-negative lung cancer (A549) cells. The FA-Se@DOX NCs displayed substantial
cellular uptake in Hela cells in comparison with A549 cells; and entered the Hela cells
mostly by the folate receptor-mediated endocytosis pathway. In comparison to free DOX
or Se@DOX NCs at the equivalent dose of DOX, FA-Se@DOX NCs demonstrated apparent
activity to prevent Hela cells' proliferation and induce apoptosis in Hela cells. More
significantly, it was observed that the FA-Se@DOX NCs could specifically accumulate in
the tumor site, which contributed to the significant antitumor efficacy of FA-Se@DOX NCs
in vivo. The study suggests that the FA-Se@DOX NCs may be a novel therapeutic candidate

for human cervical carcinoma therapy (Xia et al., 2018).
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In another study, Xia and colleagues (2020) reported on the capability of chemically
synthesized RGDfC peptide-tagged Se NPs to deliver siRNA gene in selected cancer cell
lines. The findings demonstrated that the RGDfC-Se@siRNA exhibited greater uptake in
Hela cervical cancer cells in comparison to human umbilical vein endothelial cells
(HUVECs). The RGDfC-Se@siRNA entered the Hela cells via receptor-facilitated
endocytosis and demonstrated faster siRNA release in a cancer cell microenvironment in
comparison with a normal physiological environment. As a result, the system inhibited
the invasion, migration, and proliferation of the Hela cells, and triggered cell apoptosis.
Furthermore, RGDfC-Se@siRNA stimulated the distraction of mitochondrial membrane
potentials. The system improved the generation of ROS in the Hela cells, indicating that
the mitochondrial dysfunction mediated by ROS might play a significant role in RGDfC-
Se@siRNA-induced apoptosis. The results indicated that RGDfC-Se@siRNA provided a

promising potential for cervical cancer therapy (Xia et al., 2020).

In a recent study by Igbal et al. (2022), Ag NPs were biosynthesized using a variety of
peach plant (PP) leaf extracts (Wild type, Carmon, Indian Blood). The NPs were tested on
anormal pre-osteoblast cell line (MC3T3) and two cancer cell lines (HeLa and HepG2). The
NPs had a positive effect on the MC3T3 cells as they enhanced the growth of the cells while
demonstrating a concentration/dose-dependent inhibitory effect on the growth of the two
cancer cells. All the formulated Ag NPs showed a distinct cytotoxic effect against HelLa and
HepG2cell lines. The findings suggested that the Ag NPs produced from PP extracts are
effective against the cancer cells, while simultaneously being non-toxic to normal non-

cancer cells (Igbal et al., 2022).

Currently, a limited number of studies on the application of bimetallic NPs (BMNPs) in
cervical cancer treatment have been reported. For instance, Alshatwi and co-workers
(2015) investigatedthe anticancer activity of green synthesized bimetallic Au@ Pt NPs
against human cervical cancer cells (SiHa). The findings showed that the Au@Pt NPs
induced cell death/apoptosisthrough the G2/M phase checkpoints in dose- and time-

dependent means (Alshatwi et al., 2015).
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In 2021, Ghosh and Singh reported on the anticancer activity of the biogenically
synthesized Desmodium gangeticum Au-Ag NPs against Hela cells. The findings showed
that the antiproliferative effect of the synthesized BMNPs was dose-dependent and was
through the passive targeting of the Hela cells, causing destruction to the mitochondria
membrane, which resulted in the induction of apoptotic cell death through the ROS-
mediated caspase pathway activation. These findings suggested the application of
Desmodium gangeticum synthesized Au-Ag NPs as potential anti-cancer agents (Ghosh
and Singh, 2021). That said, more studies need to be done to fully explore the application

and mechanisms of action of BMNPs in cancer treatment.
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IIl. Chapter Three: Materials and Methods

3.1 Materials

The human cervical cancer (Hela) cells and embryonic kidney cells (HEK293) were
purchased from Merck (St Louis, MO, USA). The maintenance and sub-culturing of the
cells were carried out as previously described (Singh and Ariatti, 2003). Fenugreek seeds
were purchased at Dischem (South Africa). The anticancer drug doxorubicin
hydrochloride (DOX. HCI, Mw 579.98 g mol-1), N’-hydroxysuccinimide (NHS), N’-
dicyclohexyl-carbodiimide (DCCI), trypsin-versene, ascorbic acid (CeHsOs), Minimum
Essential Medium (EMEM) with Earle’s salts and L-glutamine, penicillin (500
units/ml)/streptomycin (5000 pg/ml), sodium borohydride (NaBH,), phosphate buffer
saline (PBS), dimethyl sulphoxide(DMSO), benzolylated dialysis tubing (MWCO 12000 Da),
sodium selenite (Na,SeOs), selenious acid (H,SeQ3s), polyethylene glycol1000 (PEG, Mw
1000), chitosan, silver nitrate(AgNOs), MTT, folic acid (CigH19N7O6), polyvinylpyrrolidone
(PVP, Mw 40,000), 1-(3- dimethylaminopropyl)-3-ethylcarbodiimide (EDC), fetal bovine
serum (FBS), acridine orange/ethidium bromide (AO/EtBr) dye (100 pg ml™ acridine
orange and 100 pg ml™" ethidium bromide), were purchased from Merck (South Africa).
All other chemicals were of analytical grade and were purchased from Merck (South

Africa).
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3.2 Methods

Synthesis of Bimetallic Selenium-Silver Chitosan PEGylated Folic Acid Nanoparticles

(SeAgChPEGFA NPs):

3.2.1 Chemical Synthesis of SeAg NPs

The colloidal bimetallic SeAg NPs were synthesized by the co-reduction of sodium selenite
(Na;SeOs) and silver nitrate (AgNOs) solutions, with the aid of sodium borohydride
(NaBH4) as the reducing agent and polyvinylpyrrolidone (PVP) as a stabilizer as described
previously (Wang et al., 2009; Zhang and Toshima, 2013) with slight modifications (figure
3.1 a). Where, a 60 ml PVP aqueous solution (1 mM) was mixed with an aqueous solution
of Na,Se0s (20 ml, 5 mM) and stirred for half an hour under nitrogen (inert) conditions.
Subsequently, an aqueous solution of AgNOs (20 ml, 1 mM) was introduced into the
reaction mixture, followed by the addition of an aqueous solution of NaBH4 (5 ml, 10 mM),
and apH adjustment of the resultant solution mixture to pH 4.7. The mixture was then
vigorously stirred overnight under nitrogen conditions, which resulted in a change in
colour from a colourless solution to glossy orange suggesting the synthesis of bimetallic

SeAg NPs.

3.2.2 Biosynthesis of SeAg NPs

3.2.2.1 Seed Extract Preparation

The fenugreek seeds were washed with sterile de-ionized water to eliminate dust
particles and 10 g of fine-grinded seeds were placed in a beaker with 500 ml of distilled
water as previously described (Alagesan and Venugopal, 2019). The mixture was heated
for 15 minutes (min) till the colourless solution changed to goldish-yellow. The mixture
was then cooled at 25°C and filtered with filter paper (Whatman no. 1) before being
centrifuged at 1500 revolutions per minute (rpm) for 5 min to eliminate the biomaterials.
The resultant fenugreek seed extract (F-) was then stored at 25 °C to be used for further

experiments (Alagesan and Venugopal, 2019).

3.2.2.2 NPs Synthesis
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The NPs were synthesized as previously described (Elemike et al., 2019) with slight
modifications (figure 3.1 a). Initially, 50 ml of seed extract was mixed with 25 ml of 30 mM
selenious acid and 25 ml of 1 Mm silver nitrate and was left to stir. The solution was stored
at 25°Cfor 1 hour. The reaction mixture was then evaluated for any changes in colour and
examined periodically by a UV-Vis spectrophotometer. Thereafter, the formulated F-SeAg
NPs were collected by centrifuging the mixture at 1500 rpm. The resultant nano pellets
were then washed with distilled water and acetone, and they were dried overnight. For
use in further analysis, the F-SeAg NPs were resuspended in PBS (pH 7.4) by

ultrasonication and centrifuged.

3.2.3 Synthesis of SeAgChPEGFA@DOX-Loaded Nanocomplexes

The SeAgChPEGFA NPs from both methods of synthesis were prepared as previously
described (Maiyo and Singh, 2019) with slight modifications (figure 3.1 a). Briefly, to make
SeAgChPEGNPs, 100 ml of 0.2% Ch (in 1% acetic acid, CH3COOH) + 0.8% PEG solution (in
1% acetic acid) was prepared and left to stir for 12 hours. Thereafter, 10 ml of the solution
mixture was placed into 2 separate flasks and used to coat the SeAg NPs from both
methods of synthesis and were left to stir for 48 hours. Upon completion, the produced
NPs underwent dialysis (MWCO 12 kDa) against deionized water for 24 hours and stored
at 4°C for impending use. Moreover, to make SeAgChPEGFA NPs, a FA (20 mg), 20 ml
DMSO and DCCI (100 mg) solution, was prepared initially and then stirred for 2 hours at
37 °C. Then, 100 ml of Ch + PEG solution (in 1% acetic acid) solution was slowly introduced
to the FA solution, pH adjusted (9.0) and the mixture was stirred for a further 24 hours.
Then, 20 ml of the solution mixture was placed in 2 separate flasks and used to coat
SeAgNPs (left to stir for 48 hours). Upon completion, the produced NPs underwent dialysis
(MWCO 12 kDa) against deionized water for 24 hours and at 4°C for future use.

The conjugation of DOX onto the polymer-capped NPs surface was through an adsorption
and amide binding of the succinyl-activated DOX’s negative hydroxyl groups to the
positive amine groups of chitosan. Therefore, DOX-loaded nanocomplexes (NCs) were

formulated as described previously (Xia et al., 2020) with slight modifications (figure 3.1
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b). Where, 2 mg DOX-HCl was liquified in EDC + NHS (1 %) to activate the drug, thereafter
the activated DOX solution was added dropwise into the prepared selenium NP solution
~1:1V/, and then stirred for 8 hours at 37 °C. The resultant DOX-loaded NCs were dialyzed
for purification (MWCO 12 kDa) in deionized water for 6 hours.
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Figure 3.1: The chemical synthesis and biosynthesis mechanisms and conjugation of Ch-
PEG co- polymers on the SeAgNPs and F-SeAgNPs (a); and the general folic acid and DOX
bioconjugation on the SeAgChPEG NPs (b) (Adapted from Malinga et al., 2021).
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3.2.4 Characterization

3.2.4.1 UV-vis Spectroscopy, TEM, Zeta Potential, and FTIR Spectroscopy

The successful formulation and surface functionalization of the NPs was substantiated by
employing the UV-visible (Cary 60 UV-Vis, Agilent, Santa Clara, USA), and FTIR (ATR,
PerkinElmer Inc., Waltham, USA) spectrometer. Morphology plus the scattering of the NPs
were assessed by making use of a transmission electron microscope (JEOL JEM-1010,
JEOL, Tokyo, Japan). The size and stability were evaluated using a zeta potential analyzer

(Litesizer 500, Anton Paar, Graz, Austria).

3.2.4.2 Drug Binding Percentage Evaluations

The drug loading percentage (DL%) and the encapsulation efficiency percentage (EE%) of
DOX of the chemically synthesized SeAgChPEGFA NPs and biosynthesized SeAgChPEGFA
NPs were assessed by centrifugation of the colloidal system at 21000 rpm at 25 °C for 30
minutes. Free DOX aliquots in the resultant supernatants obtained following
centrifugation were determined by UV-vis spectroscopy at a wavelength of 481 nm. The

DL% and EE% were calculated as follows (Small Jr et al., 2017; Tempfer et al., 2018):

DL (%) — Weight of drug in nanoparticles ¥ 100

Weight of nanoparticles

Weight of drug in nanoparticles

EE (%) = X 100

Weight of total drug used

3.2.4.3 In Vitro Release

The ability of the formulated NPs to release the drug cargo in vitro was assessed as
described previously (Xia et al., 2018). Summarily, 2 ml of SeAgChPEGFA@DOX and F-
SeAgChPEGFA@DOX NCs were placed into separate dialysis tubes/cylinders (MWCO 12
kDa). Then the cylinders were transferred into 10 ml phosphate buffer saline (PBS) with
various pHs (4.4, 5.4, or 7.4), and incubated at 25°C for 48 hours. This was followed by the
seeding of 5 ul of each sample out from the PBS at various times from 0 — 72 hours and
analyzed. The concentrations of DOX released were quantitatively established by UV-vis

spectroscopy at 535 nm.
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3.2.5 Cell Culture and Maintenance

Cancer and non-cancer cells were preserved and proliferated at 37 °C and 5% CO?, in 25
cm? flasks comprising of sterile EMEM, FBS (10%, v/v, penicillin G (100 U/ml), and
streptomycin sulphate (100 pg/ml). The cells were divided into precise ratios for required

analysis purposes and the medium changed routinely.

3.2.6 Cytotoxicity Studies

Initially, the non-cancer (HEK293) and cancer (Hela) cells were sub-cultured and
preserved as described earlier (Singh and Ariatti, 2003). Thereafter, the cytotoxicity
profiles of the NPs/NCs were evaluated in these cells using an MTT assay (Akinyelu and
Singh, 2019). The selected cell lines were aliquoted in 96-well plates at densities of 1.76 x
10° and 1.64 x 108 cells/well, respectively, and incubated at 37 °C for 24 hours. After the
cell’s incubation, the old medium was replaced with fresh medium followed by the
addition of 0.3 ml of the NPs/NCs prepared at different concentrations (5, 10, 15, 20, and
25 pg/ml), and the cells were incubated at 37 °C for a further 48 hours. Afterward, the
older medium was replaced with renewed medium + 10% MTT agent (prepared in 5
mg/ml PBS), and then stored at 37 °C for 4 hours. The fresh medium + 10% MTT agent
mixture was subsequently removed, and the cells were washed with PBS (2 x 0.3 ml) and
treated with 0.3 ml of DMSO. Lastly, the absorbance values were measured at 570 nm.
The cytotoxicity was compared to the untreated cells (control) (100%). The average
absorbance measurements were changed into a percentage (%) of cell viability, as per the

equation below (Carlson et al., 2012):
Absorbance of treated cells

L 0N
Cell viability (%) Absorbance of untreated cells X100

3.2.7 Anticancer Studies

The apoptosis activity profiles of NPs/NCs were studied as previously described (Maiyo
and Singh, 2019). Succinctly, the HEK293 and Hela cells were aliquoted at densities of

1.26 x 10° and 1.7 x 10° cells/well, correspondingly into 12-well plates, and incubated for
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24 hours at 37 °C. Subsequently, the cells were then treated with the NPs/NCs and
incubated at 37 °C for another 24 hours. The cells were then washed with PBS (100 ul)
and stained with AO/ETBR dye (10 pl). A fluorescent microscope (OLYMPUS) at X200
magnification was used to study the apoptosis activities of the NPs/NCs and the apoptotic

Index was calculated using the formula below:

Number of Apoptotic Cells
Total Number of Cells

Apoptotic Index (Al) =

3.2.8 Statistical Analysis

The studies on biologically evaluating the NPs and NCs were performed in triplicates, and
the results were disclosed as mean + standard deviation (SD). A one-way ANOVA and
Tukey’s multiple comparison tests were used to evaluate the statistical significance.

Statistically substantial values are represented by *p < 0.05, **p <0.01, ***p < 0.001.
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IV. Chapter Four: Results and Discussion

4.1 Synthesis and Characterization

4.1.1 Synthesis

MNPs are exceptionally known for their unique properties, especially the optical
characteristic they possess, which is because of the localized surface plasmon resonance
(LSPR) (Grzelczak et al., 2008). Therefore, the successful synthesis of the BMNPs was

validated with the change in colour, UV-vis, and FTIR spectroscopy.

The BMNPs were successfully synthesized (chemically and biosynthetically) by the co-
reduction process. This was exhibited by the reaction mixture’schange in colour from
cloudy to a glossy reddish-orange and from yellow-gold to orange-brown, indicating the
formation of SeAg NPs and F-SeAg NPs, respectively, as shown in figure 4.1 (images e and
c). Thechangein colour can be attributed to the reduction of Se-Ag metal ions from sodium
selenite and silver nitrate into BMNPs by sodium borohydride(in the case of chemical
synthesis) (Mavani and Shah, 2013; Sithole et al., 2018) and active biomolecules found in
the fenugreek seed aqueous extract (in the case of biosynthesis) (Mavani and Shah, 2013;
Sithole et al., 2018). According to a previous study, the colour ofmetal NPs is attributable
to the excitation of LSPR arising from the collective oscillation of free conduction electrons
induced by an interacting electromagnetic field (Grzelczak et al., 2008). These findings
correspond with similar studies on each of the metal NPs (Jana et al., 2016; Krishnaraj et

al., 2022).
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Figure 4.1 (a — e): Synthesis images of bimetallic NPs where; (a) Fenugreek seed extract
(F), (b) Selenious acid + silver nitrate, (c) F- SeAg NPs, (d) Sodium selenite + silver nitrate
+ PVP + NaBH; and (e) SeAg NPs.

4,1.2 UV-vis Spectroscopy

To verify the synthesis, stabilization with selected polymers, and functionalization, with
selected biomolecules (e.g., folic acid, and anticancer drug, DOX), UV-vis spectroscopic
analysis was conducted. The optical properties of metal NPs are based on the localized
surface plasmon resonance (LSPR) principle which is governed by the collective excitation
of the conduction electrons due to irradiation by light in the visible and near-IR regions of

the electromagnetic spectrum (Harris et al., 2012).

Figure 4.2.1 and figure 4.2.2 show the UV-vis absorbance peaks produced by the NPs and
DOX-loaded NCs from the chemical and biosynthesis methods respectively. The bands of
absorption at 260 nm and 320 nm in figure 4.2.1 (a), and the ones at 263 nm and 320 nm
in figure 4.2.2 (b) are presented as saddle and narrow peaks, suggesting the creation of
the bimetallic silver and selenium NPs, given that Se NPs are recognized to peak between
200 — 300 nm and Ag NPs are reported to peak between 390 — 490 nm (Alwhibi et al.,
2018; Alagesan and Venugopal, 2019). The slight shift in the F-SeAg NPs first peak
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absorbance compared to the SeAg NPs is possibly caused by the presence of fenugreek
seed extract bio-compounds acting as stabilizing agents. The red shift in the absorbance
to 350 nm (figure 4.2.1 b) and 348 nm (figure 4.2.2 c) suggested a change in surface
electrons/optical properties brought about by the attachments of Ch-PEG, indicating the
formation of SeAgChPEG NPs and F- SeAgChPEG NPs respectively. A comparable band
shifting absorption following the functionalization of these NPs is observed with the
creation of SeAgChPEGFA NPs at 445 nm (figure 4.2.1 c) and F-SeAgChPEGFA NPs at 448
nm (figure 4.2.2 d), confirming the attachment of FA as previously reported (Yang et al.,
2018). The known LSPR peak of DOX is around 480 nm and 490 nm (Liang et al., 2018).
Therefore, the LPSR peaks at 475 nm (figure 4.2.1 d) and 478 nm (figure 4.2.2 e) suggested
the formation of the SeAgChPEGFA@DOX NCs and F-SeAgChPEGFA@DOX NCs
respectively. The findings relate to literature (Nayak et al., 2016; Paszkiewicz et al., 2016;
Maney and Singh, 2017; Zohreh et al., 2022). The UV spectra of FA, Ch, PEG, and DOX are

shown in figure A1, appendix.
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Figure 4.2.1: UV-vis spectra of the chemically synthesized (a) SeAg NPs, (b) SeAgChPEG
NPs, (c) SeAgChPEGFA NPs, and (d) SeAgChPEGFA@DOX NCs.

Absorbance (a.u.)

200 230 260 290 320 350 380 410 440 470 500 530 560 590
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Figure 4.2.2: UV-vis spectra of (a) Fenugreek extract (F), (b) F-SeAg NPs, (c) F-SeAgChPEG
NPs, (d) F-SeAgChPEGFA NPs, and (e) F-SeAgChPEGFA@DOX NCs.
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4.1.3 FTIR Spectroscopic Analysis

FTIR analysis was conducted to further verify the positive formulation and
functionalization of NPs/NCs, by identifying the functional groups that are on the surface
of the NPs/NCs (Nayak et al., 2016). Figure 4.3.1 and figure 4.3.2 show the spectra of the
chemically and biosynthesized NPs and their NCs. The SeAg NPs and F-SeAg NPs spectra
(figure 4.3.1 a and 4.3.2 a) show characteristic peaks at 2968 cm™ and 2972 cm™
corresponding to C-H stretch alkynes, the peaks at 1652 cm™ and 1644 cm™ corresponded
to N-O asymmetric stretch nitro compounds; and the peaks at 1529 cm™ and 1537 cm™’
corresponding to hydroxyl groups (O-H). These findings are similar to previous reports

(Amany et al., 2012; Ruiz-Fresneda et al., 2020).

In addition, the fenugreek seed extract spectrum in figure A2 has some bands similar to
the spectrum of F-SeAg NPs with slight band shifting and reduction in intensity. For
example, the typical bands such as a hydroxyl group (O-H) and amine (N-H) at 3324 cm™,
and a methylene (CH;) group at 1496 cm™ seen in figure A2 appear in the extract-reduced
F-SeAg NPs spectrum (figure 4.3.2 a). These biomolecules are known to be involved in the
reduction of metal ions to metal NPs (Ahmad et al., 2011; Annamalai et al.,, 2013;

Ramamurthy et al., 2013).

Moreover, the attachment of Ch-PEG onto the NPs as seen in figure 4.3.1 b and figure
4.3.2 b, resulted in alcohol bendings (O-H) at 2877 cm™ and 2875 cm™, respectively;
distinct carbonyl (C =0) groups at 1662 cm™ and 1642 cm™, respectively; aldehyde
stretchings (C-O-H) at 1558 cm™ and 1541 - 1531 cm™, respectively; and lastly, out-of-
plane bending of an amine (NH) appearing at 817 cm™ and 855 cm™, respectively. These
findings validated the successful conjugation of the polymers via the amide bonding which
resulted in the formation of SeAgChPEG NPs and F-SeAgChPEG NPs, respectively (Wang
et al., 2018; Daniels and Singh, 2019; Akinyelu and Singh, 2019).

Following the functionalization of the NPs with FA, distinct carbonyl bendings (C=0) at
1670 cm™ and 1649 cm™, as well as bands of a phenyl ring at 1341 cm™ and pterin ring at

1207 cm™'were respectively observed (figure 4.3.1 c and figure 4.3.2 c), which confirms
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FA attachment to the Ch-PEG through amide bonds (Akinyelu and Singh, 2019). The

spectrum of the SeAgChPEG@DOX NCs (figure 4.3.1 d) and that of F- SeAgChPEGFA@DOX

NCs (figure 4.3.2 d) respectively showed hydrocarbon groups (C-H) at 2943 cm™"and 2972

cm™'; amino groups (NH;) at 1674 cm™ and 1680 cm™; and ether linkages (C-O-C) at 1533

cm™ and 1534 cm™, confirming DOX conjugation. Data of the functionalized NPs/NCs

corresponds to the FTIR spectra of DOX, FA, PEG, and Ch represented in figure A2 (Liang

et al., 2018; Wang et al., 2018).
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Figure 4.3.1 (a — d): FTIR spectra of the chemically synthesized (a) SeAg NPs, (b)
SeAgChPEG NPs, (c) SeAgChPEGFA NPs, and (d) SeAgChPEGFA@DOX NCs.
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Figure 4.3.2 (a — d): FTIR spectra of the biosynthesized (a) F- SeAg NPs, (b) F-
SeAgChPEG NPs, (c) F-SeAgChPEGFA NPs, and (d) F-SeAgChPEGFA@DOX NCs.

4.1.4 Morphology, Size, and Zeta Potential Analysis

4.1.4.1 Morphology Analysis

The morphology, size, and surface charge of the NPs are crucial elements influencing both
the cellular uptake and the pharmacokinetics of the NPs in drug-delivery studies (Truong
et al., 2015). The size and charge of NPs, particularly, can strongly influence the cellular
interaction and internalization, and the bio-distribution/dispersity of the therapeutic

drug, and hence influence the overall therapeutic efficacy of the drug (Ridolfo et al.,
2020).

Figure 4.4.1 and figure 4.4.2 shows TEM micrographs of the chemically and the
biosynthesized NPs/NCs respectively. The NPs appeared spherical and uniformly

distributed (figure 4.4.1 a-c and figure 4.4.2 a-c), while the NCs appeared as spherical
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clusters (figure 4.4.1 d and figure 4.4.2 d). Spherical Se and Ag NPs have been studied and
their effectiveness has been reported in previous literature (Shkhair et al., 2018; Zhou et

al.,2021).

Figure 4.4.1 (a — d): TEM micrographs of the chemically synthesized (a) SeAg NPs, (b)
SeAgChPEG NPs, (c) SeAgChPEGFA NPs, and (d) SeAgChPEGFA@DOX NCs. Scale bars: 200
nm.
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Figure 4.4.2 (a — d): TEM micrographs of the biosynthesized (a) F-SeAg NPs, (b) F-
SeAgChPEG NPs, (c) F-SeAgChPEGFA NPs and (d) F-SeAgChPEGFA@DOX NCs. Scale bars:
200 nm.

4,1.4.2 Size and Zeta Potential Analysis

The NPs size and zeta potential significantly influence the efficacy of the drug-delivery
system. According to literature, the size of the NPs plays an important role in the potential
delivery of bioactive materials to the cancerous sites because of the numerous capabilities
of nanocarriers such as the chemo-physical serum stability, ability to carry a specific
amountof a drug, stabilizing polymers and targeting moieties have been considered as
size- dependent characteristics (Chalati et al., 2011; Azadpour et al., 2022). Furthermore,
studies have reported that NPs with sizes larger than 200 nm induce the activation of the
complement system, resulting in their rapid elimination from the bloodstream and
accumulation in the spleen and liver, compared to those under 200 nm which display
decreased rates of clearance and consequently reach an extended circulation time (de

Barros et al., 2012; Kulkarni and Feng, 2013).
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Table 1 shows the sizes of the chemically and biosynthesized NPs/NCs as determined by
the dynamic light scattering analysis from the T sizer. The size of the chemically
synthesized NPs ranged between 103.5 £0.3 nm — 133.1 £ 0.1 nm, while that of their NCs
was 154.9 £+ 0.4 nm. On the other hand, the biosynthesized NPs sizes ranged between
105.2 £0.2 nm —138.8 + 0.2 nm, while their NCs were 158.7 + 1.1 nm. The size differences
observed between the NPs are due to surface functionalization of the NPs by copolymers
(Ch and PEG) and a targeting ligand (FA) as previously reported (Maiyo and Singh, 2017;
Agarwal et al., 2018; Maiyo and Singh, 2020). The attachment/encapsulationof DOX onto
the surface of the NPs also brought about an increase in the sizes of the resulting NCs.
Overall, the NPs/NCs sizes obtained fall within the size required foreffective drug delivery,
suggesting that they are suitable drug-delivery modalities (de Barros et al., 2012; Kulkarni
and Feng, 2013).

Furthermore, the colloidal stability of NPs which is confirmed by their zeta potential is
fundamental in controlling their application in biomedicine, more especially in drug
delivery (Akinyelu and Singh, 2019). Zeta ({) potential is described as the net electrical
charge between the surface of NPs and the surrounding solvent, which in turn signifies
the NP colloidal dispersions' stability (Clogston and Patri, 2011). Nanoparticles exhibiting
high T potentials (positive or negative), with a charge more than 30 mV or less than -30
mV are supposedly electrically stable, whereas those with low { potentials less than 30
mV and more than -30, are supposedly electrically unstable, therefore have a tendency
to agglomerate upon administration (Clogston and Patri, 2011; De Trizio et al., 2017),

which hinders their circulation time, resulting in pre-mature bio-system clearance.

The { potential measurements of NPs and NCs as determined by a Zeta sizer are presented
in table 1 and figures (A3 and A4, appendix). The T potential measurements of chemically
synthesized NPs ranged from -26.2 + 0.4 mV to 58.3 + 0.8 mV, and that of theirNCs
counterparts was 53.1 + 2.3 mV. While those of biosynthesized NPs ranged from -

344+09mVto61.1+1.1mV,and that of their NCs was 57.4 + 1.9 mV. It was observed

that the inclusion of copolymers on the NPs caused an alteration in { potential charges
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from negative to positive, validating the attachment of a positively charged Ch onto the
negatively charged surface of the NPs. This corresponds with previous studies (Chen et
al., 2015; Akinyelu and Singh, 2019). The addition of FA resulted in a slight decrease in the
{ potentials of the Ch-PEG tagged NPs. This can be attributed to the reduced positive
charges on the copolymer-capped NPs given that some Ch charges are involved in the

attachment of FA (Angelopoulou et al., 2019).

Table 1. Size distribution, and zeta potential of NPs and their NCs. Data presented as
mean diameter or zeta potential + standard deviation (SD) (n=3).

NPs/DOX-loaded NCs Size (nm) { Potential (mV) NP: DOX (W/m)
ratio

SeAg 103.5+0.3 -26.2+0.4 -

SeAgChPEG 130.5+0.1 59.8+1.4 -

SeAgChPEGFA 133.1+0.1 58.3+0.8 -

SeAgChPEGFA@DOX 1549+0.4 53.1+2.3 1:0.8

F- SeAg 105.2+0.2 -34.4+0.9 -

F- SeAgChPEG 136.4+0.4 62.4+1.0 -

F- SeAgChPEGFA 138.8+0.2 61.1+1.1 -

F-SeAgChPEGFA@DOX 158.7+1.1 57419 1:0.9

Overall, both the chemically synthesized and biosynthesized BMNPs displayed good
stabilities (58.3 £ 0.8 mV and 61.1 + 1.1 mV respectively), with the biosynthesized, F-
SeAgChPEGFA NPs (61.1 £ 1.2 mV) presenting higher stability. This could be due to the
stabilization of these NPs by biomolecules such as the O-H groups (flavonoids,
polysaccharides, polyphenols) present in the aqueous fenugreek seeds extract in addition
to the coating with Ch and PEG (Huang and Yang, 2004; Gillich et al., 2013; Deshmukh et
al.,2019; Oladipo et al., 2020). Although the attachment of DOX onto the chemically and
biosynthesized NPs slightly reduced the T potentials (53.1+ 2.3 mV and 57.4 + 1.9 mV), a
relatively good stability was still maintained. This could be due to the reduction in the
number of the amine groups of Ch because of their additional participation in the
encapsulation of DOX (Maney and Singh, 2019). In general, the findings suggested that
both methods of synthesis vyielded effective bimetallic NCs with the F-

SeAgChPEGFA@DOX NCs demonstrating slightly greater physiological characteristics vital
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for improved cellular uptake, and increased biocompatibility for enhanced drug

therapeutic efficiency.

4.1.5 Encapsulation Efficiency (EE%) and Drug loading (DL%) Percentage Analysis

Determining the amount of drug loaded onto NPs and the efficiency of its encapsulation
are two important properties that must be evaluated because they influence the
effectiveness of the delivery systems (Judefeind and de Villiers, 2009). In addition, the
amount of drug encapsulated also determines the functioning of the drug-delivery
systems because it influences the rate and degree of drugrelease from the system.
Therefore, to ascertain the mass ratio of drug-to-drug-loaded NPs to the encapsulated
drug (DL%) and the percentage of the drug that is successfully entrapped into the DOX-

loaded NCs (EE%) binding evaluations were done.

The sedimentation of NPs through centrifugation is an elementary, dependable, and
precise method to remove the unbound drug particles. NPs that are drug-bound sediment
at different speeds based on size, mass, and viscosity (Maney and Singh, 2017). The DOX-
loaded NCs were generally of higher size and mass, and subsequently formed pellets,
whereas the unbound DOX remained in the supernatant. Upon UV-vis spectroscopy and
calculations, the EE% and DL% of the SeAgChPEGFA@DOX NCs were found to be 84% and
26%, respectively; while those of the F-SeAgChPEGFA@DOX NCs were found to be 87%
and 22%, respectively (table Al). The higher EE% detected with F-SeAgChPEGFA@DOX
NCs can be credited to their greater  potential (57.4 = 1.9 mV), indicating the relation
between the { potential and the resultant EE%. The low DL% in contrast can be credited
to the density of the drug-loaded NCs (Maney and Singh, 2019). These findings

corroborated previously reported studies (Xia et al., 2018; Maney and Singh, 2019).

4.1.6 In Vitro Release Analysis

The in vitro kinetics of NPs provide important information on their ability to facilitate and
modify drug release in cancer cells (Yu et al., 2020). The microenvironment of cancer cells
is known to be acidic with a pH range between pH 4 and 6, owing to the metabolic

abnormalities, which result in the influx of acidic metabolites into the
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lysosomes/endosomes (Xia et al., 2018; Angelopoulou et al., 2019). The in vitro drug
release profiles of the chemically synthesized SeAgChPEGFA@DOX NCs (figure 4.5 a) and
biosynthesized F- SeAgChPEGFA@DOX NCs (figure 4.5 b) were investigated in PBS
solutions of pH 4.4, 5.4, and 7.4 at 37 °C for 72 hours using a dialysis procedure. These
buffer pHs created a normal physiological environment and induced tumor cell
microenvironments (Xia et al., 2018). The DOX release profiles from both NCs (figure 4.5
a-b) were acid-dependent and displayed a two-phase release behavior, primarily starting
with a burst in the initial 24 hours, followed by a slow constant release of DOX in a plateau
phase for the remaining hours. The findings corroborate with previous studies (Du et al.,
2014; Yu et al., 2014; Xiaet al., 2018; Maney and Singh, 2019; Xia et al., 2020). The
preliminary drug burst releasecan be attributed to the release of the drug on the surface
of the NPs, while the plateau phase can be credited to the slow release of the drug

encapsulated within the NPs (Rafiei and Haddadi, 2017).

At pH 4.4, both the SeAgChPEGFA@DOX NCs and F- SeAgChPEGFA@DOX NCs exhibited
substantially quicker DOX release levels of up to 83% and 88%, respectively, at 72 hours,
whereas at the physiological pH 7.4, the release levels were consistently slower and up to
31% and 26%, respectively. The efficient DOX release in an acidic environment can be
accredited to the diminished surface charges on both NPs owing to PEG shielding, which
reduces the interaction between DOX and the NPs (Xia et al., 2020; Mbatha and Singh,
2019). The higher release rate prompted by both DOX-loaded NCs suggested that upon
transfection into the cells, these would release the DOX faster from the lysosome, thus
avoiding degradation and enhancing the drug's therapeutic efficiency (Mbatha and Singh,
2019; Xia et al., 2020). Also, the acid-dependent DOX release characteristic is essential for
anticancer drug-delivery vectors given that most cancer cells are more acidic compared
to healthy cells (Xia et al., 2018). Overall, these results impose the perception that the
biosynthesized F- SeAgChPEGFA@DOX NCs retained exceptional drug-carrying and
releasing capabilities over the chemically synthesized SeAgChPEGFA@DOX NCs

counterparts, hence making them better delivery modalities.
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Figure 4.5 (a — b): In vitro release analysis of (a) SeAgChPEGFA@DOX NCs and (b) F-
SeAgChPEGFA@DOX NCs at pH 4.4, 5.4, and 7.4 in 72 hours.

4.1.7 MTT Analysis

The effective use of NPs in cancer therapy applications, particularly, in drug delivery,
primarily relies on their toxicity, therefore, determining the NPs cytotoxic profile is
important (Maney and Singh, 2017). For this investigation, the MTT assay was undertaken
to assess the cytotoxicity profiles of the SeAgChPEGFA NPs, F-SeAgChPEGFA NPs, the
DOX-loaded NCs, and free DOX, against HEK293 non-cancer and Hela cancer cells. This
assay is established by the principle that only viable cells with functional mitochondrial
dehydrogenase enzymes can reduce the yellow soluble tetrazolium salt topurple insoluble
formazan which can be measured spectroscopically, where the absorbance values are
directly proportional to the number of live cells (figure 4.6) (Patraet al., 2018). The results
are presented in figure 4.6.1, figure 4.6.2, and figure A5 and A6 in the form of half maximal
inhibitory concentration (ICso) values. In general, an ICso valueexpresses the concentration
of the drug/NPs required to eradicate 50% of the tested cells.Therefore, lower ICso values

suggest the potency and efficiency of the NPs (Berrouet et al., 2020).
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Figure 4.6: An illustration of the conversion of water-soluble tetrazolium salt (yellow) into
a water-insoluble formazan product (purple colour) (adapted from Ligasova and Koberna,
2021).

The Hela cancer cells and HEK293 non-cancer cells were treated with several
concentrations from 5 — 25 pg/ml of the drug-free SeAgChPEGFA NPs, F-SeAgChPEGFA
NPs, SeAgChPEGFA@DOX-loaded NCs, F-SeAgChPEGFA@DOX-loaded NCs and free DOX
(figure 4.6.1 and figure 4.6.2). The findings show that the viability of the cells was cell-
specific and dependent on the concentration. Figure 4.6.1 a-b shows that upon treatment
of the cells (HeLa and HEK293) with both the drug-free SeAgChPEGFA NPs and F-
SeAgChPEGFA NPs, no significant cell inhibition was observed as demonstrated by the cell
viabilities > 85% across tested concentrations. This suggested the biocompatibility and
safety of both NPs, particularly the biosynthesized F-SeAgChPEGFA NPs. This couldbe
attributed to the biodegradable, biocompatible, and non-toxic/benign biomolecules used

to formulate these NPs (Collado-Gonzalez et al., 2017; Wang et al., 2018).

Moreover, figure 4.6.2 a-b, showed that there was a systematic decrease in cell viability
with increasing DOX concentrations/dose upon treatment of the tested cells with
SeAgChPEGFA@DOX-loaded NCs and F-SeAgChPEGFA@DOX-loaded NCs. Wherein,

significant (p < 0.001) cell growth inhibitions were observed at the DOX concentration of
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25 pg/ml with cell viabilities of 35% and 33% respectively. Herein, free DOX also had
notable cell growth inhibition on the cancer Hela cells with cell viability of 40% at 25
ug/ml. This could be attributable to its capability to instantly induce its effects upon
entering the cells. Nonetheless, this instant effect is inadequate for systemic use because
repetitive use induces drug resistance and undesirable side effects. The higher growth
inhibition effect demonstrated by the DOX- loaded NCs compared to the drug-free NPs
and free DOX can be attributed to a combination of factors including (a) the synergistic
effect of Ch-PEG coated Se-Ag core- shell and the loaded DOX (Siwowska et al., 2017), (b)
the increased cellular uptake due tothe FA ligand which has an affinity for the folate
receptors overexpressed by these cells (Scaranti et al.,, 2020), (c) the higher stability
(smaller size, and higher T potential) which favours faster cellular uptake, and longer
intracellular circulation, (d) the higher drug encapsulation efficiency (84% and 87%), and
(e) the faster, and controlled drug release efficiency. Furthermore, the lower ICso values
of both DOX-loaded NCs (figure A6), particularly that of F-SeAgChPEGFA@DOX NCs (16.70
ug/ml), show that these NCs are effective at low concentrations, and thus may show
subordinate systemic toxicity when administered in vivo, in comparison to free DOX

(19.67 pg/ml) (Maney and Singh, 2019; Fernandez-Villa et al., 2018).

The treatment of non-cancer HEK293 cells with the DOX-loaded NCs showed neglectable
cell growth inhibitory effects as demonstrated by cell viabilities > 85%. On the other hand,
free DOX showed some degree of inhibition, though the effect was not profound with cell
viabilities > 69%. Overall, the results suggested that both the drug-free NPs and DOX-
loaded NCs did not induce harmful effects on the normal cells, signifying their
biocompatibility and safety, hence the slightly detected cytotoxicity induced by the DOX-
loaded NCs compared to the drug-free NPs can be attributed to the conjugated anticancer

drug, DOX (Xu et al., 2015; Liu et al., 2019; Maney and Singh, 2019).
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Figure 4.6.1 (a — b): MTT cell viability after treatment with SeAgChPEGFA NPs, and F-
SeAgChPEGFA NPs in (a) Hela, (b) HEK293 cells. The data is presented as means + SD
(n=3). Control: untreated cells. *p<0.05, **p<0.01, ***p<0.001 vs control.
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Figure 4.6.2 (a — b): MTT cell viability after treatment with SeAgChPEGFA@DOX NCs, F-
SeAgChPEGFA@DOX NCs, and free DOX in (a) Hela, (b) HEK293 cells. The data is
presented as means t SD (n=3). Control: untreated cells. *p<0.05, **p<0.01, ***p<0.001
vs control.

4.1.8 Anticancer Analysis

Apoptosis, better known as programmed cell death, is an important mechanism the cells
use to regulate homeostasis between cell growth and death (Mbatha and Singh, 2019;
Maiyo and Singh, 2020). Improper regulation of this mechanism leads to the development
of cancer; hence, its utilization is of significance in anticancer drug discovery (Maney and
Singh, 2019). During apoptosis, the cell undergoes a sequence of structural changes such
as shrinkage of the cell, fragmentation into membrane-bound apoptotic bodies, and rapid
phagocytosis by neighbouring cells; classified into early apoptosis (EA), and late apoptosis

(LA) (Saraste and Pulkki, 2000).

The apoptosis assay used to evaluate the apoptotic profiles of the NPs, DOX-loaded NCs,
and DOX uses AO/ETBR dual staining dyes, which allows the microscopic assessment of

these variations in the cell membrane and the nucleus of cells in cell structure, by
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differentiating the normal cells, and those in different stages of apoptosis. The AO stain
is usually up taken by both viable and early apoptotic cells, whereas the ETBR dye is
selectively taken up by the non-viable cells with compromised membrane integrity and as
a result causes their nucleus to fluoresce bright orange (Liu et al., 2015, Maiyo and Singh,
2019). Therefore, EA cells appear bright green to yellow with a granular or crescent-

shaped nucleus and LA cells display an asymmetrical nucleus with an orange colour.

The microscopic fluorescent images of the cancer cells (HeLa) and non-cancer cells
(HEK293) untreated and those treated with NPs, their DOX-loaded NCs and free DOX at
25ug/ml are presented in figure 4.7 a-b; and their apoptotic indices (Al) are shown in table
2. Untreated cells appeared green, indicative of viable cells (L) and all the remedied cells
exhibited different levels of programmed cell death with EA depicted as mustard/yellow
and LA as a dark shade of orange symbolic of non-viable cells (Xie et al., 2017). Treatment
of Hela cancer cells with the SeAgChPEGFA@DOX and F-SeAgChPEGFA@DOX NCs
significantly suppressed the cancer cells’ growth (Al = 0.742 + 0.051 and 0.750 + 0.034,
respectively) compared to free DOX (Al = 0.570 % 0.030). This can be attributed to the
controlled drug release capability presented by the respective NPs as previously
determined in section 4.1.6 (figure 4.5). Furthermore, when compared to the drug-free
NPs (Al =0.056 + 0.001 and 0.062 £ 0.002 respectively), both DOX-loaded NCs were more
effective in suppressing tumor growth, confirming their improved antitumor activity. The
treatment of HEK293 non-cancer cells with the drug-free NPs and DOX-Loaded NCs
showed negatable apoptosis activity (Al = 0.001 £ 0.0002 — 0.003 + 0.0002), signifying the
biocompatibility and safety of these nano-delivery systems. Overall, these results are

consistent with those established in the MTT study.
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(a) Control SeAgChPEGFA NPs SeAgChPEGFA@DOX

(b)

HEK293

Figure 4.7 (a — b): Fluorescence images of Hela, and HEK293 cells after treatment with
SeAgChPEGFA NPs, F-SeAgChPEGFA NPs, SeAgChPEGFA@DOX NCs, F-
SeAgChPEGFA@DOX NCs, and free DOX showing apoptosis induction. Green = live (L)
cells, yellow = early apoptotic (EA) cells, and orange = late apoptotic (LA) cells. Scale bars

=100 pm.
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Table 2. Apoptosis indices of free DOX, NPs, and DOX-loaded NCs. Data presented as mean +

standard deviation (SD) (n=3).

Apoptotic Index

NPs/NCs/DOX Hela Cells HEK293 Cells
DOX 0.570+£0.030 0.021 + 0.0040
SeAgChPEGFA NPs 0.056 £ 0.001 0.001 + 0.0002
SeAgChPEGFA@DOX NCs 0.742 £ 0.051 0.002 + 0.0001
F- SeAgChPEGFA NPs 0.062 + 0.002 0.001 + 0.0001
F- SeAgChPEGFA@DOX NCs 0.750+0.034 0.003 + 0.0002
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V. Chapter Five: General Discussion, Conclusion, and Recommendations

Determining a safer and more efficient treatment for cancer has been an ongoing struggle
since most of the existing treatments lack the competence to provide complete and
specific eradication of this disease. Amongst the available treatments, chemotherapy
remains one of the best ways to treat cancer because it attacks a vast array of cancer cells
that cannot be removed through surgery or radiation. Despite its occasional successes,
the treatment still requires improvement. The drugs used (administrated orally or
intravenously) lack specificity making the treatment ineffective to provide long-lasting
protection against cancer in addition to causing damage to healthy cells, organs, and
tissues. This leads to severe side effects and the recurrence of the tumor after the
discontinuation of the drug administration. Given the vitality of this treatment, resolving
its limiting aspects by developing a system that shields the drugs from being used up by
healthy cells, improving their specificity, and the way they are delivered will increase the

chances of it working safer and more efficiently.

Currently, the merging of chemotherapy and nanotechnology to produce a platform
called combination therapy seems to be a promising solution. Herein, metal nanoparticles
derived from nanotechnology are used as therapeutics or anticancer drug-delivery
systems due to their sophisticated properties. In this study selenium-silver bimetallic
nanoparticles were chosen because of their enhanced catalytic properties and
investigated as nanocarriers of doxorubicin. The carriers were formulated using two
different synthesis methods, namely chemical and biological methods to evaluate the
influence of each method on the effectiveness of the nano-systems as delivery vectors.
The findings indicated that drug-loaded nanocomplexes produced using either of the two
synthesis methods were able to effectively deliver doxorubicin to the cancer cells. In
addition, the normal cells were insignificantly affected by these nanocomplexes, which
indicates the specificity of the complexes. Therefore, this study indicates the potential of
chitosan- polyethylene glycol stabilized folate targeted nanoparticles as effective delivery

modalities for the anticancer drug, doxorubicin, in cancer cells in vitro.
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Overall, it can be concluded that the use of stabilized nanoparticles to carry out receptor-
mediated targeting of cancer cells is a promising approach to enhance chemotherapy. The
synthesized novel selenium-silver nanoparticles have proven to be exceptional
multifunctional (carrier and delivery) vectors owing to their attractive synergic properties
and their ability to reduce the uptake of the drug by non-targeted cells and possible
systemic toxicity. Moreover, the additional stabilization properties demonstrated by the
biological method on the delivery system, emphasize the potential of the method to
enhance characteristics needed for delivery systems which could facilitate applications in

and out of the medical field.
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Recommendations

The use of biosynthesized selenium and silver nanoparticles (individually) in cancer
therapy (in vitro and in vivo) has been previously studied and reported to provide
promising solutions to the challenges currently faced by traditional chemotherapy in
efficient and safe drug delivery. However, the effects of these nanoparticles as a
combined system had not yet been fully explored, thus, emphasizing the need to replicate
this in vitro work in an in vivo system. This will help broadly evaluate the bimetallic
system’s safety and exact immune response and effect on major organs before using
these NPs clinically. Following the in vivo evaluation of the bimetallic nanoparticles in
cervical cancer, other cells with folate receptors should be subjected to treatment with
these nanoparticles to ascertain the degree of their effectiveness in these cells as
compared to their effectiveness in Hela cells. The drug transported can also be changed
to determine the system’s flexibility andability to deliver alternative drugs other than
doxorubicin. Lastly, future studies on thesenovel delivery systems should also focus on
the delivery of various therapeutic genes to target cells, tissues, and organs, to further
validate the multifunctionality of these bimetallic nanoparticles and eradicate any

underlying chances of drug toxicity and resistance.
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VII. Appendix

1. Synthesis and Characterization

1.1. UV- Spectroscopy

Absorbance (a.u.)

200 250 300 350 400 450 500 550 600
Wavelength (nm)
Figure Al: UV-vis spectra of (a)chitosan (Ch), (b) doxorubicin (DOX), (c) folic acid (FA),
and (d) polyethylene glycol (PEG).
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1.2. FTIR Spectroscopy
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Figure A2 (a—e): FTIR spectra of (a) F-extract, (b) Ch, (c) PEG, (d) FA, and (e) DOX.
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1.3. TEM, Size, and Zeta Potential

1.3.1. Zeta Potential
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Figure A3 (a — d): Zeta potential of the chemically synthesized (a) SeAg NPs, (b)
SeAgChPEG NPs, (c) SeAgChPEGFA NPs, and (d) SeAgChPEGFA@DOX NCs.
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Figure A4 (a — d): Zeta potential of the biosynthesized (a) F-SeAg NPs, (b) F-SeAgChPEG
NPs, (c) F-SeAgChPEGFA NPs, and (d) F-SeAgChPEGFA@DOX NCs.
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2. Binding Studies

2.1. Drug Loading and Encapsulation Efficiency

Table Al: Drug loading and encapsulation efficiency percentages

Nanocomplexes (NCs) Encapsulation efficiency Drug loading (DL%)
(EE%)

SeAgChPEGFA@DOX 84+0.2 26+2.1

F-SeAgChPEGFA@DOX 87+t04 22+1.7

3. Cell Viability Studies
3.1. MTT Assay
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Figure A5: The half-maximal inhibitory concentration graphs of DOX-free NPs, their
DOX-loaded NCs, and DOX on HEK293 cells.
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ICs0 - Hela
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Figure A6: The half-maximal inhibitory concentration graphs of DOX-free NPs, their

DOX-loaded NCs, and DOX on Hela cells.
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