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ABSTRACT

PHARMACOLOGICAL POTENTIAL OF CERIUM OXIDE NANOPARTICLES
THROUGH PH DEPENDENCY FOR COLON CANCER

Nanoparticle-based cancer treatments have become attractive recently as an alternative to
conventional treatments for colon cancer such as chemotherapy, biological agents, alkylating
agents and antimetabolites. However, the major problem in traditional therapies is the side
effects that arise in distinguishing normal and cancerous cells and resulting from
complications that produce systemic toxicity. Therefore, the application of nanoparticles in
cancer treatment emerges as a method aiming for controlled drug delivery and minimizing
side effects. Unlike other nanoparticles such as silver, zinc, polymeric and gold nanoparticles
etc., used to treat colon cancer, nanoceria is one of the most promising nanoparticles due to
its excellent catalytic activities, which is derived from rapid oxidation state between Ce**
and Ce®*". The hypothesis regarding the action mechanism of nanoceria is that cancerous
cells are predicted to be acidic and nanoceria can increase the oxidative stress of these acidic
cells and apoptosis leading to the destruction of cancer cells. In this study, after detailed
characterization (UV-Vis, DLS, FTIR, Raman, XRD, XPS, TGA) of two synthesized Dex-
CeNPs (SD1, SD2), their cytotoxicity, reactive species (ROS) scavenging properties and cell
health status were evaluated in colon cancer cell lines. Cells were tested in cell culture at
concentrations of 100, 250, 500 and 1000 pg/mL. The IC50 values of all cell lines were
determined and SD2 synthesis was determined to be effective at lower doses between the
two syntheses. However, flow cytometry experiments were continued over SD2 synthesis.
With the high cytotoxicity observed in SD1 synthesis, UV-Vis and DLS characterization of
the synthesis at pH 6 and pH 7 was performed. Two cell lines with relatively high ROS
production (DLD-1 and COLO 201) compared to other three line was chosen for cytotoxicity
assay at different pH values of tumors and healthy cells (pH 6 and pH 7). In line with the
results, it was observed that both syntheses were synthesized successfully. As a result of the
high concentration requirement for SD1 synthesis, the concentration required for the IC50
value for DLD-1 at pH 6 decreased from the two tested cell lines. As a result of these sets of
experiments, the concentration required for the IC50 of the SW48 line was greater than 5
mg/mL for both syntheses, so it was not used in the rest of the experiments. SD2 synthesis

was promising for future experiments.
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OZET

KOLON KANSERI iCiN PH BAGIMLILIGI YOLUYLA SERYUM OKSIT
NANOPARTIKULLERININ FARMAKOLOJIK POTANSIYELI

Kemoterapi, biyolojik ajanlar, alkilleyici ajanlar ve antimetabolitler gibi kolon kanseri igin
geleneksel tedavilere bir alternatif olarak son zamanlarda nanopartikiil bazli kanser
tedavileri ¢ekici hale gelmistir. Ancak asil sorun, geleneksel tedavideki normal ve kanserli
hiicreleri ayirt etmede ortaya ¢ikan ve sistemik toksisite olusturan komplikasyonlardan
kaynaklanan yan etkilerdir. Bu nedenle kanser tedavisinde nanopartikiillerin uygulanmast,
kontrollii ilag dagitimini hedefleyen ve yan etkileri en aza indiren bir yontem olarak
karsimiza ¢ikmaktadir. Kolon kanserini tedavi etmek icin kullanilan giimiis, ¢inko,
polimerik ve altin nanopartikiiller vb. gibi diger nanopartikiillerin aksine, nanoceria, Ce** ve
Ce*" arasindaki hizli oksidasyon gegisiyle tiiretilen miikemmel katalitik aktivitesi nedeniyle
en umut verici nanopartikiillerden biridir. Nanoceria'nin etki mekanizmasina iligkin hipotez,
kanserli hiicrelerin asidik olmasi nedeniyle nanoceria'nin bu asidik hiicrelerin oksidatif
stresini artirabilecegi ve kanser hiicrelerinin yok edilmesine yol agan apoptozu artirabilecegi
yoniindedir. Bu c¢alismada, sentezlenen iki Dex-CeNP’nin (SD1, SD2) detayh
karakterizasyonunun (UV-Vis, DLS, FTIR, Raman, XRD, XPS, TGA) ardindan
sitotoksisitesi,reaktif tiirler (ROS) siipiiriicii 6zellikleri ve hiicre sagliklilik durumlar1 kolon
kanseri hiicrelerinin varliginda, hiicre kiiltiirinde 100, 250 500 ve 1000 pg/mL
konsantrasyonlarda denenmistir. Biitiin hiicre hatlarinin IC50 degerleri belirlenmis ve iki
sentez arasinda SD2 sentezinin daha diisiik dozlarda etkili oldugu belirlenmistir. Bununla
birlikte, akis sitometrisi deneyleri SD2 sentezi tizerinden devam ettirilmistir. SD1 sentezinde
gozlemlenen yiiksek sitotoksisiteyle birlikte sentezin pH 6 ve pH 7°de UV-Vis ve DLS
karakterizasyonu yapildiktan sonra ROS iiretimi ¢ok yiiksek olan iki hiicre hattinda ( DLD-
1 ve COLO 201) tiimérlerin ve saglikli hiicrelerin farkli pH degerlerinde (pH 6 ve pH 7)
sitotoksisitesine bakilmistir. Elde edilen sonuglar dogrultusunda her iki sentezin basariyla
sentezlendigi gozlemlenmistir. SD1 sentezinin yiiksek konsantrasyon gerektirmesi
sonucunda denenen iki hiicre hattindan DLD-1 i¢in pH 6 da IC50 degeri i¢in gereken
konsantrasyon diigmiistiir. Bu deney setlerinin sonucunda SW48 hattinin IC50 igin
gerektirdigi konsantrasyon her iki sentez i¢in de 5 mg/mL’den biiyiik oldugundan deneylerin

geri kalaninda kullanilmamistir. SD2 sentezi daha ileri ¢alismalarda kullanilabilir.
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Figure 3.11. Cytotoxic properties of two Dex-CeNPs (SD1 and SD2) against (a) DLD-1, (b)
COLO 201, (c) LoVo, (d) HT-29, (¢) SW48 cell lines at 100, 250, 500, 1000 pg/mL
concentrations after 1 and 3 days of treatment. * Represents comparison between SD1
control group and each concentration (p-value<0.001), # Represents comparison between
SD2 control group and each concentration.(p-value<0.001), ** Represents comparison
between SD1 and SD2 at the same concentration. (p-value<0.001), ## Represents

comparison between SD1, Day3 and SD2, Day3 at the same concentration (p-value<0.001).

Figure 3.12. Cytotoxic properties of two Dex-CeNPs (SD1 and SD2) against, (a) LoVo, (b)
SW48 cell lines at readjusted concentrations after 1 and 3 days of treatment. * Represents
comparison between SD1 control group and each concentration (p-value<0.001), #
Represents comparison between SD2 control group and each concentration.(p-value<0.001),
** Represents comparison between SD1 and SD2 at the same concentration. (p-
value<0.001), ## Represents comparison between SD1, Day3 and SD2, Day3 at the same
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1. INTRODUCTION

Nanotechnology is an integrative scientific field that covers multidisciplinary areas such as
biology, medicine, biotechnology, molecular engineering, and physical sciences under one
roof [1]. Over the past decades, this field, which has been developing rapidly and achieving
revolutionary achievements, brings along new solution alternatives for the problems we

encounter in different areas of life such as medicine, agriculture and industry.

Nanotechnology is the name given to the whole of science, engineering and technology
studies with materials at the nanoscale (1 to 100 nm). These materials are called

nanoparticles, nanomaterials or nanostructures.

Nanoparticles became meaningful because of their unique and adjustable properties, such as
electrical and thermal conductivity, light absorption, melting point adjustments, magnetic
properties, catalytic activity, wettability, and so on, resulting in enhanced features compared
to their counterparts [1, 2]. Due to the remarkable properties of nanomaterials, the interest
in nanotechnological developments has risen recently because of its wide range of
applications in various fields, helping to significantly develop and even revolutionize
multiple technologies and industrial sectors, such as information technology, security,

transportation, medicine, energy, food, environmental science, and biomedical science.

1.1. NANOTECHNOLOGY IN BIOMEDICAL SCIENCE

Nanotechnology is a facilitating tool for designing new materials and devices that open a
new biomedical engineering era covering technology, biology, and medicine [3]. The
potential use of nanotechnology in biomedical engineering includes the prevention, early
diagnosis, treatment of several diseases, and equipment for a better quality of life for
patients. The development of physical/chemical biology, fabrication principles, and
predictive methods to adjust them has led to significant advances in nanomedicine and

nanomaterials.



Biomedical applications in Nanotechnology are comprehensive and can divide into four
categories which are diagnostics, therapeutic applications, immunization and vaccine

production, and antiviral applications via drug-resistant bacteria. Following this, various

nano-sized structures have developed to advance biomedical nanotechnology strategies,
including nanorods, nano shells, nanospheres, nanostrips, nanowires, nanocrystals,

nanotubes, nanofibers, nano stars, nanocages, quantum dots, and nanoparticles [4].

Apart from classifying them according to shapes, the type of material is also crucial for
biomedical applications due to the concern of biocompatibility. In the literature,
nanomaterial origins can be classified as carbon-based, metal-based, ceramic-based,
polymeric, and biomolecule-derived nanomaterials with four main headings [4]. By using
nanotechnological applications and materials in the diagnosis and treatment of diseases, it
has found a very wide application area in medicine, and it’s called nanomedicine. In recent
years, it has been shown in many studies that metal-based nanomaterials have antibacterial,
antiviral, anticancer properties for use in biomedical fields such as treatments of different

pathogens and cancer therapies [5].

Recently, the best examples of successful use of nanomaterials are the Pfizer-BioNTech and
Moderna COVID-19 mRNA vaccines developed against the COVID-19. Apart from this,
gold nanoparticles as metal based nanoparticles are successfully applied in rapid pregnancy
and COVID-19 tests.

1.1.1. Metal Based Nanoparticles

Metal-based nanoparticles have a metal core that includes an inorganic metal/metal oxide,
usually covered with a shell of organic or inorganic material/metal oxide [6]. They are
characterized by small size with a large surface area. Their size, surface charge, and shape
all impact their cellular uptake. Some metal nanoparticles can enhance their cellular

interactions with the help of their functionalities present on their surface [7].

Physical and chemical methods are used to prepare nanoparticles. Metallic nanoparticles,
such as gold, silver, iron, zinc and metal oxide nanoparticles, show great promise in
biomedical applications because of their large surface area/volume ratio produced by both
methods [8].



1.1.1.1. Metal-oxide Nanoparticles

The potential technological applications of metal oxide nanoparticles play a vital role in
attracting researchers from materials chemistry, medicine, agriculture, information
technology, biomedical, optics, electronics, catalysis, environment, energy and sense. CuO,
Zn0O, SnO2, Al0s, MgO, ZrO, AgO, TiO,, CeO, are the examples of metal-oxide
nanoparticles [9]. Changes in cell parameters were observed in nanoparticles due to size-
dependent structural changes. As the size decreases in nanoparticles, increasing number of
surface and interface atoms produce strain or stress resulting in adjacent structural

distortions.

Table 1.1. Biomedical applications of metal nanoparticles [10].

Material Material Type Properties Biomedical Applications
Fe20s3, FesO4, FesSy, Magnetism Molecular Labeling
MeO- Fe O3 where  catalytic properties .
Iron ] Imaging
. M=Ni, Co, Zn
Oxides .
Drug Delivery
Biomagnetic separation
Single-Crystalline Photocatalytic Biomedical Implants
. metal-oxide, Wide activity .
TiO2 Photocatalytic damage
band gap . o
Biocompatibility . .
semiconductor Neurochemical Imaging
Used mainly in Catalytic properties Antibacterial and Anti-
Zn0O, . .
composite films . inflammatory agents
MnOz, Anti-Inflammatory
Zro; action
Present in two states  Catalytic properties Drug Delivery
of Ce®*/ Ce** o )
CeO2 Antioxidant Imaging

/radical scavenging
properties

Biocompatible

Neuroprotective

Anti-inflammatory agents




1.1.2. CeO2 Nanoparticles in Biomedical Science

Cerium oxide nanoparticles have various deformities on the nanoparticle's surface; these
defects are oxygen vacancies resulting in an unstable valance switch of Cerium (IV) and
Cerium (111) oxidation states which coexist on the surface. The results in the redox couple
are the reason for the catalytic activity of nanoceria, which has raised interest as a biological
antioxidant candidate [11].With the help of this remarkable feature, in healthy cells, it acts
as an antioxidant by scavenging ROS at physiological pH. Thus, it works as a pro-oxidant
by producing ROS in acidic cancer cell environments that result in the death of cells [12].

Nanoceria has widespread biomedical applications as a biosensor, targeted drug/gene
delivery systems, anti-diabetic properties, photo receptor protector, tissue engineering,
anticancer agent, antioxidant agent and antibacterial agent in vitro and in vivo research [12,

13], as shown in Figure 1.1.
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Figure 1.1. A scheme of biomedical applications of Nanoceria [12].

Thus, nanoceria tends to agglomerate due to the vacancies on their surface when not

functionalized. In addition, surface functionalization is not only for the prevention of



agglomeration but also to increase the circulation time in the bloodstream and enhance water
hydrophilicity [14].

Different synthesis methods are available to have stabilized nanoparticles to control the size,
shape, and Ce®*"/Ce** particles, which play a crucial role in forming their physical, chemical
and biological properties. Nanotechnological applications in cancer treatment aim to
complete the deficiencies of traditional cancer treatment and to turn the disadvantages in
cancer development and treatment into advantages.

09203"'2 [OH m—— 20902+H20

Ce3* Ce#*

C6203+02+2 H+ G 2C302+H20

Figure 1.2. Oxidation exchange between Ce3*/Ce** of Nanoceria [15] .

1.1.2.1. Synthesis Strategies of CeO.

The correlation of nanoceria between physical and chemical properties and their size and
surface morphology is essential for the controllable synthesis of nanoparticles of size and
shape [16]. The CeO2 nanoparticles can be synthesized with different synthesis strategies:
precipitation, hydrothermal, green-synthesis, microemulsion process and sol-gel techniques
are used as synthesis strategies. [17]. To have a successful synthesis, surface modification is
required to increase the stabilization, enhance its biocompatibility, increase cell uptake, and

reduce nanoceria agglomeration.

Co-Precipitation method: The precipitation technique, also known as “wet precipitation”,
“chemical precipitation” or “aqueous precipitation” is the most common [18] for its
simplicity, energy efficacy, possibility to modify nanoparticle surface features and
homogeneity [19, 20] due to the synthesis circumstances, such as modification at room

temperature or higher desired/required temperatures. The efficacy of a precipitation



technique relies on several factors, including the concentration of ionic metals present in
solution and their types, the precipitator used, reaction conditions (especially primarily of
the solution key presence) of other components that indirectly affects the synthesis [21]. In
the literature, Cerium nitrate hexahydrate is the most used common precursor for nanoceria
synthesis in the presence of bases, such as aqueous ammonia, ammonium carbonate,

hexamethylenetetramine, potassium carbonate, and NaOH [12].

Green synthesis method: In materials science, "green" synthesis has received intense
attention as a reliable, sustainable, and environmentally friendly protocol for synthesizing a
variety of materials/nanomaterials, including metal/metal oxides nanomaterials, hybrid
materials, and bio-inspired materials by using bioactive agents such as plant materials,
microorganisms, and various biowastes including vegetable, fruit peel, eggshells and
agricultural wastes [22]. Therefore, green synthesis is seen as an essential tool to reduce the
destructive effects associated with traditional synthesis methods for nanoparticles widely

used in the laboratory and industry [23].

Hydrothermal Method: Hydrothermal method consists of synthesis by chemical reactions
of substances in a closed chamber, heated solution at tremendous temperatures and high
pressure. Hydrothermal synthesis is a distinctive technique to crystallize substances from
elevated temperatures reaching above 200°C aqueous solutions under high vaporized

pressures above 2000 psi and is also known as the “hydrothermal method" [24, 25].

The hydrothermal method is one of the soft chemical synthesis methods that evolved by
mimicking the formation process of some ores in nature. This method is used to grow a
variety of crystals to obtain specific organic reactions, to process and discard some organic
waste materials that endanger the human living environment in a safe way, or to prepare
ultrafine agglomerated or less agglomerated crystalline ceramic powders to sinter some
ceramic materials at a relatively low temperature. Today, hydrothermal technology found its
place in various fields of science and technology, covering several areas such as materials

science, earth science, metallurgy, physics, chemistry and biology [26].

Micro-emulsion Method: Microemulsions are clear, thermodynamically stable liquid
mixtures of two incompatible solvents, consisting of nano-sized aqueous or dispersion of oil
droplets in a continuous phase [27]. Because of their characteristic interfacial properties,

these nanodroplets can be used as nanoreactors allowing intimate contact at the nanoscale



level of hydrophilic and hydrophobic domains. The chemical reactions performed in these
environments [28] allow for a broad-range agreement of the relatively well-understood self-
assembly dynamics of these materials, and the simplicity of generation of closed structures

of certain size and shape.

Their particle size and stability are the essential distinctions between standard emulsion and
microemulsion. Coalescence of droplets and Ostwald ripening are aging signs of ordinary
emulsions. The surfactant microemulsions used can be classified as water-in-oil (W/O), oil-
in-water (O/W) and intermediate continuous structural types that can be reversible from one
type to another depending on various ratios. Components and the hydrophilic-lyophilic
balance (HLB) value [29]. The dispersed phase consists of monodispersed droplets in size
range of 5 —100 nm. By varying parameters, e.g., the type of stabilizer, continuous phase,
the precursor content dissolved within the nanodroplets, and the water content referred to as
the molar ratio of water to surfactant (W), the nanodroplet size can be modified [29]. In
addition, the microemulsion’s stability can be influenced by the addition of salt, temperature,

pressure or concentration of reagents.

Sol-Gel Method: A sol-gel method is a bottom-up approach in which atoms are converted
into nanoparticles. It consists of the conversion of Sol (Colloidal Suspension) to gel [30].
Various applications of Sol-gel methods are preferable in preparing ceramic materials such
as metal oxides, nitrides, and carbides. This technique offers several advantages, such as
reduced reaction temperature, proper compositional control, high purity level, and the ability
to develop large-scale/industrial application processes. The reaction is mainly produced from
hydrolysis and condensation of a precursor (inorganic or metal-organic), which results in the
formation of sol. After a series of chemical reactions and mild thermal treatments, this sol

turns into a gel and is the final calcined material [31, 32].

The precipitation method is mainly used to synthesize nanoceria because of its simplicity
among these different methods. In contrast, the green-synthesis way is advantageous. It has
been given more consideration nowadays as it limits the toxicity of the solvents and reagents
used. However, the need for a sterile environment and maintenance of microbial cultures,
also biosafety concerns are still an issue for this method to become more popular. Also, the
requirement for high-end devices to perform hydrothermal processes is an obstacle due to
financial difficulties and safety concerns due to high temperatures and pressures.

Furthermore, the micro-emulsion method has disadvantages such as its limited amount of



solubility capability for materials with high melting points, the requirement for a large
number of surfactants and an adjustment of pH are obstacles to performing easy synthesis

strategies [33].

1.1.2.2. Surface Coatings for Nanoparticles

Despite the many advantages of nanoparticles as drug carrier systems, there are still various
limitations to be solved due to their low oral bioavailability, instability in circulation, random
tissue distribution and toxicity [34]. The coating is a crucial technique to enhance the features
of nanoparticle materials. Surface coatings of nanomaterials are generally applied to alter or
affect different particle properties selectively. Surface coatings of nanomaterials are usually
used to selectively change or affect other particle properties. The surface (“core") of a
particle can be coated with a wide variety of materials for this aim, which in turn creates a
single and multi-layered (“shell™), which is complete or incomplete. The final features of the
nanomaterial with coats are ultimately determined by the shell rather than the particle's core.
The coatings are used to increase the stabilization, increase the uptake by cells, prevent
agglomeration, decrease the cytotoxic effects on healthy cells, and enhance the water
solubility and circulation time by making the nanoparticles stealth from the immune system.
The functional properties of coating substances such as organic coating materials (chitosan,
dextran, heparin, alginate, gelatin, collagen, aloumin, etc.) also inorganic coating substances
(Poly glutamic acid (PGA), Polycaprolactone (PCL), Poly(N-(2-hydroxypropyl)-
metacrylamide (PHPMA), Polylactic-co-glycolic acid (PLGA), Polylactic acid (PLA),
Polyethylene glycol (PEG)). Several coatings have been proven to maintain nanoparticle

sizes and shapes, which is crucial in minimizing cytotoxic effects [35].

1.1.2.3. Dextran Coatings of CeO, Nanoparticles

As one of various surface functional agents, dextran possesses attractive properties since it
is a biocompatible, complex polysaccharide commonly used as a surface coat for colloidal
nanoparticle synthesis due to its elevated-water solubility. Moreover, in the literature, the
surface coating of nanoceria with dextran does not affect/change its redox properties, but

only its surface charge [14].

In addition to being highly biocompatible, dextran is also used in FDA-approved
nanoparticles such as Dextran-coated iron oxides Feridex [15], which is clinically approved
as an MRI contrast agent. The area of its use is for specific/targeted imaging, cell display,

and drug and nucleic acid delivery [36]. Therefore, the dextran coating of these Cerium



Oxide nanoparticles may be the reason for the enhanced cytocompatibility compared to other
coating substances. Two common types of dextrans are dextran from Leuconostoc
mesenteroides and dextran from Leuconostoc spp. as surface coatings and their applications

in pharmaceutical industries.

Dextran from Leuconostoc mesenteroides is a linear a-1,6-linked glucose polymer with a-
1,3 branches, produced by the fermentation of sucrose by the bacteria Leuconostoc
mesenteroides. It has a molecular weight range of 5 to 2,00 kDa and is used in various
applications [37, 38]. Dextran from Leuconostoc spp., on the other hand, is a highly branched
a-1,6-linked glucose polymer with a-1,2 and a-1,3 branches. It is also produced by the
fermentation of sucrose by bacteria of the genus Leuconostoc [39]. It has a molecular weight
range of 1,000 to 15,000 kDa and is used in various applications, including as a thickener,
stabilizer and pharmaceutical industries [39]. Both types of dextrans have different

molecular structures and properties, which make them suitable for different applications.

1.2. APPLICATION OF NANOPARTICLES IN CANCER RESEARCH

Cancer cells are genetically mutant cells that are physiologically different from normal
human cells [40]. Nanotechnology has become a powerful tool worldwide for cancer
treatment because of its advantageous features compared to conventional therapy. The
complexity and heterogeneity of this disease is displayed in Figure 1.3. Nanobiotechnology
promotes the fusion of diagnostics and therapeutics, a vital component of a specialized way

overcome malignancy [41].
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Figure 1.3. Comparison between conventional therapy and nanotechnology

enhanced therapy.

Although nanotechnology has a place in almost every field of medicine, 65% of clinical
studies in the field of nanomedicine fall under the share of cancer research. The reason for
this is that nanomaterials have the potential to increase the effectiveness and reduce the
toxicity of chemotherapy and radiotherapy, which are the oldest and primary treatment
methods for cancer. Nanoparticles can improve the therapeutic index of the currently
available drug by reducing the toxicity level of the drug while increasing the drug efficacy,
overcoming drug resistance and accomplishing the steady-state therapeutic level of
medications over a long period [42]. To use them for clinical trials, The clinical success of
nanoparticles is dependent on (i) stability and time in the bloodstream, (ii) bioactivity to
overcome physiological barriers and easy access to the disease site, (iii) biocompatibility,
and (iv) toxicity profile [43]. The administration of nanoparticles into organisms can be
performed via nasal, oral, intraocular, intratracheal (pulmonary toxicity), injection and other

routes.

There are two approaches for diagnosis with the usage of nanomaterials which are
biomolecule detection and imaging techniques. Biomolecule detection is used to identify
tumor markers present in a small number of biological samples [44]. Modifying
nanoparticles by specific ligands with an evaluated affinity for tumor markers can enhance
the distinction and evaluating target substances [45, 46]. This technique is known as active
targeting of tumor cells. Active targeting of tumor tissue is based on selective targeting of

cancer tissue with nanoparticles carrying ligands that can bind to receptors that are over-
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expressed on the membranes of cancer cells. With the assistance of antibody (anti-EGFR)
[47], peptide (cIBR) [48], sugar [49], RNA, chemotherapeutic drugs etc. surface-modified
nanoparticles are able to target cancer cells. The fact that tumor cells have different surface
markers from healthy cells allows them to be selectively targeted with modified
nanoparticles. However, it has also been shown that nanoparticle-based drug delivery
systems can be effective in breaking MDR (multi-drug resistance), which is one of the most
important obstacles in cancer treatment [50]. Another targeting method of tumor cells is
passive targeting. This technique aims to turn disadvantages into advantages in cancer
development and treatment. For example, Hanahan et al. have used [51], one of the major
cancer markers, as the basis of passive nanotechnological targeting; namely, hypoxia-
induced stimulation of Vascular Endothelial Growth Factor (VEGF) to create abnormal

vascular structure [52].

These vascular structures formed by cancer cells are quite dense and permeable. Although
molecules with a size of less than 2 nm can pass through vessels with normal structures, the
size of molecules and particles passing through vessels formed in cancerous tissues can
increase up to 50 nm [53]. This situation creates an advantage for nanotechnological
applications by providing more nanoparticle release and accumulation in cancerous tissue
compared to healthy tissues. Maeda et al. reported that they succeeded in passively targeting
the tumor tissue with nanoparticles coated with PEG and confirmed that 7-10 times more
accumulation of drugs in cancer tissue compared to healthy tissue with the effect of EPR
(Enhanced Permeability and Retention) [54].

Over the past 20 years, medical imaging and diagnosis techniques developed rapidly for
identifying tiny tumors to detect cancer formation at early stages [55]. This development has
formed by combining classical imaging techniques (MRI, PET and SPECT) and
nanoparticles [56, 57] All these techniques combine with nanoparticle-mediated drug
delivery for accumulation in the target tissue [46]. Currently, many agents are available for
the treatment of cancer, depending on the stage of the disease, location, tissue type, age, and
condition of the patient [58, 59]. Classical chemotherapeutic agents, radiation treatments,
and surgery are still helpful and extensively used to treat cancerous tumors; on the other
hand, the side effects are severe concerns for patient health [60, 61]. Also, cancer recurrence
due to incomplete removal of malignant cells is a compelling cause of poor prognosis [62,

63]. The use of nanoparticles for early and precise evaluation of cancer cells can prevent late
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diagnosis, and direct delivery of tiny amounts of drug to cancer cells can effectively reduce
conventional therapy-related side effects by keeping the healthy cells safe [64-66].

One of the main reasons for failures in cancer treatment is MDR (multi drug resistance).
Nanoparticle-based drug delivery systems, with their high affinity, stability, and
biocompatibility features, offer us new opportunities to combat this reason. MDR
overexpression of drug efflux transporters have a complex mechanism such as anomalies in
the DNA repair system and apoptotic pathways, hypoxia environment etc., targeting these
mechanisms with nanoparticles can result in success. As our knowledge about cancer, its
formation and development mechanism increase with new research, new nanotechnological
applications are put forward against them. Recent developments in nanomedicine aim to
form hybrid nanoparticles using nanoparticles with different properties for drug release in
chemotherapy, immunotherapy and targeted therapy applications [50]. Also, using
nanoparticles can assist in bypassing the drug resistance of some tumors along with
circulation time in the bloodstream, i.e. melanoma, with the assistance of some coating to
make them unrecognizable from the immune system [67, 68]. In conclusion, the surface
alterations of nanoparticles represent an essential method to successfully develop specific

and biocompatible nanomaterials for accurate, sensitive cancer therapy and diagnosis.

The development of nanoparticle biomaterial properties is expected to increase efficacy and
help them become a part of conventional cancer therapy. Alterations can understand
development in particle design in the tumor microenvironment, which significantly impacts
particle deposition. Therefore, the issue of effectiveness can be pointed to accompanying
selective and interference of cancer, where nanoparticle-based drug delivery is
advantageous. Also, combining these strategies is an option in cleverly designed, meticulous

clinical trials that will lead us to the aim of improvement in nanomedicine's efficacy.

As a result of nanomedicine studies in the field of cancer, DOXIL® with liposome-PEG
formulation against Karposi’s Sarcoma, multiple myeloma, MBC (metastatic breast cancer)
and metastatic ovarian cancer [69]; Eligard® with PLGA formulation developed against
prostate cancer [70]; Abraxane® with Albumin® against MBC, NSCLC and Pancreatic
cancer and Genexol PM® [71] with mPEG-PLA against MBC [72], for Pancreatic cancer
Onivyde® [73] drugs containing liposomes against cancer have been developed and approved
by the FDA.
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1.2.1. Dex-CeNPs in Cancer Treatments

Dex-CeNPs are being investigated for their potential use in cancer treatments due to their
unique properties that make them attractive as drug delivery transporters. Dex-CeNPs can
be functionalized with a variety of therapeutic agents, such as chemotherapy drugs and
monoclonal antibodies. They can also be designed to target specific cancer cells and deliver
the therapeutic agent directly to the site of the tumour which makes them an important

candidate for cancer therapies [14, 74-77].

Asati et al. observed that, unlike iron oxide nanoparticles, the intrinsic oxidase-like activity
of Dextran-coated nanoparticles could be achieved without the need for using hydrogen
peroxide as an electron acceptor or an oxidizing agent for peroxidase-like activity in Dex-
CeNPs. They reported that this activity not only depends on the pH change but also varies
depending on the particle size and the thickness of the surface coating [78]. Accordingly, it
has been observed that the smallest particle and the thinnest surface coating give the most
effective results. In the experiment they carried out, they observed that Dex-CeNPs catalyzes
rapid oxidation at pH 4, but they did not observe significant oxidation catalysis at pH 7. In
line with these results, the pH-dependent oxidase-like activity of Dex-CeNPs has been
proven. To validate this research, they selected dopamine (DOPA), which is low in oxidation
at low pH levels and observed that DOPA oxidized at pH 4 in the presence of Dex-CeNPs.
However, in the control group, no oxidation activity was detected at pH 4, even after days

of incubation in the absence of Dex-CeNPs [78].

In the light of this information, it has been observed that Dex-CeNPs are very suitable
nanomaterials for targeted cancer therapy, since the cancer microenvironment has an acidic
pH due to the lactic acid produced because of anaerobic respiration, while the normal cell
microenvironment is known to be close to neutral pH. As important as cell
microenvironments are, once inside cells, nanoparticle toxicity may depend on whether they
are localized in a particular cellular organelle. For example, the lysosome is acidic, while the
cytosol is near neutral pH. In another study by Asati et al., it was observed that dextran-
coated nanoceria accumulated mostly in the cytoplasm of cells, did not show any toxic
activity, and provided antioxidant properties for these cells. In line with this result, dextran-
coated nanoceria may play a role in the protection of healthy cells for radiotherapy, which is

one of the recently used cancer treatment method [79].
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1.2.2. Dex-CeNPs in Colon Cancer Treatments

GLOBACON data, which shows the world cancer burden according to the morbidity and
mortality rates in different populations in the last year, is announced by the International
Agency for Research on Cancer. For 2020, the results showed that the number of new cancer
cases worldwide was 19.3 million and there were 10.0 million deaths due to cancer. These
figures do not include non-melanoma skin cancers (approximately 18.1 million new cases
and 9.9 million deaths). Colon cancer accounts for 6% of cancer cases (1,148,515) and 5.8%
(576,858) of cancer-related deaths in 2020. When we look at the distribution of colon cancer
by world regions, we see that while it has a low incidence in Africa and Asia, it has the
highest incidence in North America, New Zealand, Australia and Europe [80]. Also, it is
estimated that colon cancer will increase by 56% between 2020 and 2040, to more than 3
million new cases per year. The estimated increase in the number of deaths from the disease
Is even larger, by 69%, to about 1.6 million deaths worldwide in 2040. These case numbers
are considerable despite the availability of effective screening techniques that can reduce the
rate of death from colorectal cancer. The death rate due to malignant tumors of the colon,
given by TUIK (Turkish Statistical Institute), covers 7.6% of cancer-related deaths in 2018
and 7.4% in 2019. There have been attempts to use dextran coated Cerium Oxide
nanoparticles (Dex-CeNPs) in the diagnosis, imaging, and treatment of different diseases of
the gastrointestinal tract (GIT), such as inflammatory bowel disease (IBD). One of them is
the study of Pratap C. Naha et al. using Dex-CeNPs for non-invasive imaging of IBD time
GIT. FDA-approved iopamidol-enriched computed tomography (CT) is used as a CT
contrast agent for imaging GIT in the clinic [81]. The aim of the research group is that the
CT image of iopamidol is not clear and specific in overweight and obese patients, [82, 83]
extravasation of the drug in patients [84], to minimize such shortcomings by using Dex-
CeNPs. In a study with mouse models, it was shown that Dex-CeNPs-produces strong CT
contrast, provides an effective protection against oxidative damage by removing >97% of
the drug from the body within the first 24 hours, and it has been argued that Dex-CeNP- is a
candidate contrast agent for CT imaging [15]. Another study was conducted by Zhang et al.
In the study with colon cell lines and mouse models, a hybrid nanoparticle was formed to
provide pH-dependent release of Paclitaxel (PTX). First, the PTX-BSA (bovine serum
albumin) complex was formed, then it was coated with Dextran by cross-linking method.

The release rate of PTX from the pH-sensitive Dex-BSA-PTX NPs complex was
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significantly increased at pH 5 compared to pH 7.5. As a result of the study, it was
determined that the hybrid NP-inhibited cell proliferation, inducing apoptosis, increasing the

half-life of PTX-in in the blood, briefly having a good anti-tumor effect [85].

The study by Aparna Datta et al. is based on the anti and pro-oxidant properties of Cerium
oxide nanoparticles [86]. CeO.-in acts as a pro-oxidant at acidic pH (Exp: tumor
microenvironment). Cancer cells with higher ROS production compared to healthy tissues
[87], CeO2 NPs cause DNA damage by providing additional ROS production. As a result,
the activated TP53 gene activates apoptosis via the mitochondrial pathway. As a result of
the study, it has been shown that CeO> NP has a dose-dependent anti-proliferative effect in
the HCT-116 colon cancer cell line and induces apoptosis by increasing ROS production
[86]. In another study with HT-29 colon cancer cell line is biosynthesized 15-20 nm CeOo-
NPs using the extract method. It has been stated that even at 800 pg/mL and higher
concentration, it does not show any significant cytotoxicity in the cell line and can be used

in the clinic trials [88].

In addition, the surface charge of nanoceria can be altered by changing the pH of the solution
in which they are suspended. This can affect the stability, dispersion, and interaction of the
CeO2 NPs with other molecules / materials [89, 90]. Also, the antioxidant and ROS
scavenging properties of nanoceria are thought to be pH-dependent which determine the
cytotoxicity properties of CeO2 NPs. Studies have shown that CeO. NPs exhibits higher
antioxidant activity at more acidic pH values [77, 91]. At pH values below 7, nanoceria is
thought to readily accept and donate electrons, allowing it to effectively scavenge ROS and
neutralize them. As the pH increases above 7, the activity of CeO> NPs as an antioxidant and
ROS scavenger is thought to decrease [92]. pH-dependence of CeO, NPs antioxidant and
ROS scavenging properties may vary depending on the specific conditions and factors
present in the system being studied. In the field of cancer research, understanding the effect
of pH on the behavior of CeO2 NPs is important for developing targeted drug delivery
systems that can effectively deliver therapeutic agents to cancer cells. In this case, further
research is needed to fully understand the role of pH in modulating the activity of CeO2 NPs

as an antioxidant and ROS scavenger.

This study aims to understand the behaviour of synthesized two Dex-CeNPs on five colon
cancer cell lines (DLD-1, COLO-201, HT-29, LoVo and SW48). After detailed
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characterization (UV-Vis, DLS, FTIR, Raman, XRD, XPS, TGA) of two synthesized Dex-
CeNPs (SD1, SD2), their cytotoxicity, reactive species (ROS) scavenging properties and cell
health status were evaluated in colon cancer cell lines. Cells were tested in cell culture at
concentrations of 100, 250, 500 and 1000 pug/mL. The IC50 values of all cell lines were
determined and SD2 synthesis was determined to be effective at lower doses between the
two syntheses. However, flow cytometry experiments were continued over SD2 synthesis.
With the high cytotoxicity observed in SD1 synthesis, UV-Vis and DLS characterization of
the synthesis at pH 6 and pH 7 was performed. Two cell lines with relatively high ROS
production (DLD-1 and COLO 201) compared to other three line was chosen for cytotoxicity
assay at different pH values of tumors and healthy cells (pH 6 and pH 7).
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2. MATERIALS AND METHODS

This section covers the materials and methods used in both characterization analyses and

cell culture experiments of Dex-CeNPs.

2.1. SYNTHESIS OF DEX-CeNPS

This study was performed synthesizing two Dex-CeNPs with using two types of dextran
according to two protocols published by Alparslan et al. and Naha et al. with slight
modifications [15, 93]. Experimental labels were given to all syntheses and each dextran
type to prevent any confusion. Dextran from Leunostoc Mesentoroides (Sigma, Cat#D9260)
and Dextran Leuconostoc spp, (Sigma, Cat#31388) were given experimental labels D1 and

D2 respectively. Due to the dextran types, synthesis were named as SD1 and SD2.

1 M Cerium nitrate hexahydrate (Ce (NO3)3.6H20) was shortly dissolved in 2 mL water.
Alongside, 0.375 M D1 and D2 were dissolved in 2 mL ultrapure water (Hyclone,
Cat#SH30529.02). Dextran solution and dissolved Cerium nitrate hexahydrate were mixed
in another tube and then while stirring at 1800 rpm for 18 h at 25°C, added dropwise to 6
mL of a 30% ammonium hydroxide solution. The solution turned light yellow after the
addition of the precursor into ammonium hydroxide. The solution turned to dark brown
colour for SD1 and bright yellow for SD2 Dex- CeNPs. To discard the excess amount of
dextran and any other large compounds or agglomerates, particles were centrifuged at 4000
rpm for 30 min two times after 18 hours of stirring. In order to get rid of still remaining
excess amount of non-binding elements, all samples were filtered through a 0.45 um and
then 0.22 um syringe filter after the centrifugation step. The final Dex-CeNP solution was
stored in dark at 4°C in order to sustain its stability before all characterization experiments.

Relative to the dextran types SD1 and SD2, each synthesis was labelled as stated above.

2.2. CHARACTERIZATION OF DEX-CeNPS

The characterization of the syntheses is very important to see how suitable they are for use.
It provides information about the surface charge, size, whether the surface coating is
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successful or how long it can remain stable, and shows the compatibility of the synthesized

nanoparticles with the characterization data in the literature.

2.2.1. UV-Visible Spectrophotometry

Dex-CeNPs present us quantitative information about the change in oxidation states of
Cerium by means of its UV-Visible Spectroscopy. The synthesized dextran-coated nanoceria
was diluted at first in cell culture grade dH20 (Hyclone, Cat # SH30529) at different dilution
ratios (1:10, 1:100, 1:1000). Among all dilution ratios, 1:100 taken as a reference for both
syntheses. A blank measurement was taken with 1 mL dH20 in a 10 nm path-length quartz
cuvette at Beckman Coulter DUB8O00 Spectrophotometer before performing any
measurement. UV-Visible Spectra of all diluted samples were taken at 200-800 nm

wavelength ranges.

2.2.2. Dynamic Light Scattering (DLS) and Zeta Potential Measurements

To analyse the particle size, charge, and distribution of nanoparticles, Dynamic light
scattering (DLS) experiments were performed. To understand the suitability of surface
charge properties of nanoparticles, zeta potential measurements were conducted parallel to
the DLS. The same dilution factor (1:100) in dH2O was chosen according to the best UV-
Vis profile to conduct all the DLS and zeta potential measurements. Both Dex- CeNP were

analysed by using Zetasizer, NanoZS and Malvern Instruments.

2.2.3. Attenuated Total Reflectance Fourier-transform Infrared (ATR-FTIR)
Spectroscopy

As FTIR spectroscopy is an effective tool to determine the type of chemical bonds in
molecules, it was performed to evaluate the nanoceria synthesis properties by analysing the
binding properties of dextran on the nanoceria surface. For this experiment, each dextran
type (D1 and D2), Ce (NOz3)3.6H20, synthesis types (SD1, SD2) and each synthesis (undoped
nanoparticle) without the addition of Ce (NOz)3.6H20 were compared in liquid form. Two
types of dextran (D1, D2) and Ce (NO3)3.6H20 were dissolved in dH20 and synthesis was
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prepared without the addition of Ce (NO3)3.6H20 (undoped) according to the synthesis
protocol described above. The FTIR spectra was conducted via Perkin Elmer 100 T
spectrometer equipped with MCT detector. Then, the data obtained by the FTIR analysis of

the liquid samples were plotted using the Origin 7.5 program.

2.2.4. Raman Spectroscopy

Raman spectroscopy provides a structural fingerprint of Dex-CeNP. The measurements were
conducted in using Reflex Raman Microscopy System (Renishaw Plc., New Mills, Wotton-
under-Edge Gloucestershire, U.K.). Calibration of system wavelength was carried out
automatically at 520 cm™ which belongs to an internal silicon wafer peak. The power of
laser was 10 mW and for diode laser, exposure time was 10 seconds for 532 nm. Raman

Measurements were performed with 50x (NA:0.25) objective.

2.2.5. High Resolution Transmission Electron Microscopy (HRTEM)

HRTEM image analysis was conducted on JEOL JEM 2100 HRTEM at 200 kV to observe
and analyse Dex-CeNP core size, distribution and morphology properties at 80 keV

accelerated voltage. SD1 and SD2 were analysed on a carbon-coated copper grid.

2.2.6. X-Ray Diffraction (XRD)

XRD is the experimental tool to define the structure of the Dex-CeNPs along with TEM
analysis. XRD analysis was conducted on a D2 Phaser Bruker with a copper anode source.
The powders were flattened on a metal holder and data were recorded with a 0.02 26° step
for a total recording time of 75 minutes. The detector recording time was 1 s per point. A

total of 4500 points were recorded.

2.2.7. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to determine the valence state of Dex-

CeNPs. XPS spectra were obtained using the PHI 5000 Versa probe (Physical Electronics,
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Inc., Chanhassen, MN, USA) model XPS spectrometer equipped with Al Ka X-rays (1486.6
eV) at 100 W. Analysis of the obtained data were evaluated via XPS PEAKFIT 4.1 software.
Calibration of charge shifts were done with the C1s peak at 284.8 eV. All obtained peak
positions matched with the standard National Institute of Standards and Technology (NIST)
XPS database.

2.2.8. Thermogravimetric Analysis (TGA)

TGA is a technique that analysis the change in material properties with temperature. Thermal
analysis measurements were carried out by TGA 6300, Sl Nano Technology, Japan, system
controlled by an EXSTAR 6300 controller. Experiments were conducted using simultaneous
TG/DTA analysis by heating the sample in nitrogen atmosphere at 10 Celsius per minute

within the temperature range 20 T and 1400 C.

2.2.9. Stability Analysis of Synthesized Dex-CeNPs

To determine the stability of dextran-coated nanoparticles over a time of up to 6 months,
UV-Vis Spectroscopy and DLS measurements were performed. On Day 0, Day 7, Day 14,
Day 21, Day 28, 1 month, 2 months, 4 months, and 6 months, SD1 and SD2 were examined
in terms of aging characteristics by performing UV-Vis and DLS measurements. As
described in UV-Vis Spectroscopy and DLS measurement sections above (section 2.2.1 and

2.2.2), the same experimental protocol was followed.

2.3. MAMMALIAN ADHERENT CELL CULTURE

In this section, general cell culture procedures are described with subsections that include
description of colon lines and media, thawing frozen cells, passage of cell lines, cell

counting, and mycoplasma detection.
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2.3.1. Colon Cell Lines and Media

As a frozen cell line was used, colon cancer cell lines were purchased from the American
Cell Culture Collection (ATCC, Manassas, VA, USA). As shown in Table 2.1, each cell line
was cultured in a complete medium of its proper media containing 10% Fetal Bovine Serum
(FBS, HyClone, Cat#SV30160.03HI), 1% Penicillin/ Streptomycin (Gibco, Cat#15140-
122).

Table 2.1. Cell lines and cell culture media.

Cell Types Media
. DLD-1 (ATCC, CCL-221) RPMI-1640 (ATCC, Cat#30-2001)
% é HT29 (ATCC, HTB-38) McCoy's 5A (Sigma, Cat#M9309)
% % Lovo (ATCC, CCL-229) F-12K Medium (HyClone, Cat#SH30526.01)
2O
O

Colo 201 (ATCC, CCL-224) RPMI-1640 (ATCC, Cat#30-2001)

2.3.2. General Cell Culture Procedure

For cultivation of any cell lines, cryovials preserved in a liquid nitrogen tank for each cell
lines till the time of use, they are placed in 37°C water bath until the cell mixture were
thawed. Cells were suspended in 5 mL of complete medium and centrifuged at 1300 rpm for
5 min once thawed. Supernatants were discarded and cell pellets were resuspended in 6 mL
of fresh medium and transferred to 75cm? flasks after centrifugation. The cells were
incubated at 37°C in air supplemented with 5% CO- until a total confluence of 75% was
reached, the old medium was removed from the bottles. The bottles were washed with 1-
1.5mL of 1xPhosphate Buffered Saline (PBS) (Sigma, Cat#806544). 1-1.5 mL of Trypsin-
EDTA (0.25%; Gibco, Cat#25200-056) was added to the flasks and incubated for 3-5
minutes at 37°C, 5% CO.. A complete medium was added to the flasks and transferred to
centrifuge tubes to be centrifuged at 1300 rpm for 5 minutes at the end of the incubation
time. The supernatant was removed after and the cell pellet was gently homogenized in a
fresh medium to seed into 75cm? flasks. According to given ATCC protocol, the seeding
density of each cell line into 75cm? flasks was chosen. A live cell count was performed using
LUNA-II™ Automated Cell Counter before seeding the cell into proper flasks. Cells were
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incubated for 1 minute by mixing with 0.5% trypan blue (Sigma, Cat#T8154) at a ratio of 1:
1 (v / v) for this procedure, 10uL prepared mixture was inserted to the area A and B on
LUNAT™ Cell Counting Slides (Logos Biosystems). When the cell suspension was diluted
with trypan blue, living cells are expected to appear white, small and round as they are not
permeable to the dye. On the other hand, dead cells are expected to become large and dark
blue, as their membranes are permeable to dye. The Luna Cell Counter device gives the

number of cells/mL.

2.3.3. Mycoplasma Detection

The most important danger in the cell culture laboratory is contamination. Common and
important contaminants of cell cultures are mycoplasmas. Mycoplasmas are bacteria in the
0.2-0.8 micrometre range, lacking a cell wall. The absence of a cell wall renders these
bacteria insensitive to antibiotics. Mycoplasma contamination, which is not usually observed
under the microscope, is detected with special staining techniques, biochemical and genetic

detection Kits.

Two methods were used for the mycoplasma test, which was routinely performed during the
cell experiments. The first method was the biochemical MycoAlert™ PLUS Mycoplasma
Detection Kit. The operation of this Kit is based on the activity of mycoplasma enzymes,
which are not found in eukaryotic cells. The mentioned enzymes catalyse the conversion of
ADP to ATP. The ATP level before (A) and after (B) adding MycoAlert ® Substrate to each
other is below 1-in, indicating the absence of contamination and vice versa. According to
the MycoAlert™ PLUS Mycoplasma Detection Kit manual, approximately 200 uL of cell
growth media were sampled on day 3 of the cells incubation and centrifuged at 1300 rpm for
5 minutes. 100 puL of the centrifuged sample's supernatant was added to the luminometer
tube and 100 puL of MycoAlert™ PLUS reagent was added and incubated at room
temperature for 5 minutes. In this process, MycoAlert™ PLUS reagent converts the ATP-i
luciferase enzyme to light signal. Before adding 100 uL of MycoAlert™ PLUS substrate to
the tube, this signal reads as Read A, and after adding and incubating for 10 minutes, the

reading we get is Read B.

Another method is based on detecting mycoplasma DNA in cell culture. The experiment was

performed using the N-GARDE Mycoplasma PCR Reagent kit. For the detection of



23

mycoplasma using the PCR kit, approximately 1 ml of the cell culture supernatant was
transferred to a 2 ml Eppendorf tube and centrifuged briefly at 250 x g in accordance with
the protocol of the kit. The supernatant was transferred to a new sterile Eppendorf tube and
centrifuged at 15,000-20,000 x g for 10 minutes to precipitate mycoplasma. After
centrifugation, the supernatant was carefully discarded, Buffer Solution was added to the
pellet, mixed well with a micropipette, and then incubated at 95°C for 3 minutes. The

resulting test sample can be stored at -20°C or used directly for use for the PCR reaction.

Reaction mix containing primers required for kit DNA polymerization and capable of
hybridizing to the genome sequence of interest, includes positive control. The volume of
each PCR reaction is equal to a total of 20 ul (10 ul reaction mix, 5 pl test sample and 5 ul
dH20). The amplification samples obtained as a result of the PCR reaction performed under
the conditions shown in Table 2.2 were visualized by running on a 2% agarose gel. The
positive control will produce a 270 bp fragment. Performing the Mycoplasma test is a

necessary quality control for the correct conduct of experimental research.

Table 2.2. PCR reaction conditions for mycoplasma analysis.

PCR Condition Temperature (°C) Time

Initial Denaturation 94 1 min
Denaturation 94 30 sec

35 cycles Annealing 60 20 sec
Extension 72 1 min

Final Extension 72 5 min

2.4. CELL CULTURE PROCEDURES

Cell Culture experiments were conducted in order to understand the effect of Dex-CeNPs on
colon cancer cell lines via cytotoxicity assays, ROS scavenger analysis and flow cytometry

analysis were performed.
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2.4.1. Cytotoxicity (WST-1) Assay Procedure for Colon Cancer Cell Lines

WST-1 assay was performed to test the cytotoxicity properties of Dex-CeNPs and to
determine IC50 values for each cell line. WST-1 (2 - (4 - iodophenyl)-3 - (4 - nitrophenyl)-
5- (2,4 - disulphophenyl)-2H - tetrazolium) test is the cleavage of the tetrazolium salt (WST-
1) by cellular mitochondrial dehydrogenases to formazan. In this assay, the yellow
tetrazolium salt is directly proportional to the number of viable cells turning dark red due to
mitochondrial dehydrogenase activity. To determine viable cell amount, this colour change
can be measured spectrophotometrically. Four sets of WST-1 experiments were carried out
at different concentration ranges, to determine the cytotoxic behaviour of Dex-CeNPs and
also the determination of 1C50 values of each cell lines. Four initial concentrations between
100 and 1000 pg/mL range (100, 250, 500, 1000 pg/mL) were tested in the first set for all
colon cancer cell lines. The second experimental set was performed with new concentration
series depending on the obtained data from the first set. The purpose for performing the
second test is to calculate the 1C50 value accurately. Possible concentration ranges, which

may include IC50 values were chosen in the second set.

The WST-1 experiment basically consisted of four main experimental steps. First, the
seeding and incubation of cells for 24 hours, then treatment with Dex-CeNPs at determined
concentrations and another 24 hours of incubation. Then the WST-1 protocol was conducted
and measurements were taken at 450-650 nm on Day 1 and Day 3 following the treatment
Day 0. Each set of experiments was performed in triple wells, each set was repeated three

times. All data are presented as mean + standard deviation.

The cells in the complete medium were seeded with a final concentration of 5000 cells/ 100
uL into 96-well plates at the beginning of the experiment. The 96 well plates then were
incubated at 37°C, in a 5% COz incubator for 24 hours. The Dex-CeNPs were diluted in a
complete medium to a final concentration of 200, 500, 1000, and 2000 pg/mL at the end of
the 24 hours of incubation. 100 pL of concentrated Dex-CeNPs were added directly to the
24 hours incubated 96-well plate. Final Dex-CeNPs doses in the wells therefore were 100,
250, 500, 1000 png / mL with a 1:1 ratio. Cells without any treatment were used as a negative
control group in addition to Dex-CeNPs treated samples. After the incubation of 24 hours
and 72 hours with Dex-CeNPs treatment, 200 uL of media+ Dex-CeNPs were removed and

100 pL of a WST-1 reagent (1:10 ratio with cell culture media) was added to each well and
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incubated for 2 hours. At the end of incubation, absorbance values of the cells were measured

at 450 /650 nm range via using Cytation™ 5 Cell Imaging Multi-Mode Reader.

An additional WST-1 assay was conducted with narrowed down concentration ranges in
addition to the first concentration series, to calculate accurate 1C50 values for colon cancer
cell lines. The concentration range was varied according to synthesis and cell line type, even
though the same dilution principle was used. Table 2.3 lists the concentration ranges of SD1

and SD2 for colon cancer cell lines.

Table 2.3. Concentration range of Dex-CeNPs (SD1 and SD2) for colon cancer.

Cell Lines  SD1 (ug/mL) SD2 (ng/mL)

DLD-1 700, 750, 800, 850, 900, 950, 1000 100, 125, 150, 175, 200, 225, 250
COLO201 250, 275, 300, 350, 400, 450, 500 100, 125, 150, 175, 200, 225, 250
LoVo 1000, 1100, 1250, 1400, 1500, 1750, 2000 500, 550, 600, 750, 800, 900, 1000
HT-29 500, 550, 600, 750, 800, 900, 1000 500, 550, 600, 750, 800, 900, 1000
SW48 2000, 3000, 5000 2000, 3000, 5000

2.4.1.1. pH-dependent Cytotoxicity Assay of Colon Cancer Cell Lines

After obtaining the first WST-1 Assay set with high concentration requirement, the idea of
change in pH in the environment may affect the concentration increase. All the
concentrations for each cell line (DLD-1 and COLO 201) were determined regarding the
first set of WST-1 Assay experiment results. To perform pH adjustment, first, 5000 cells

were seeded in 96 well plates per well in a 100 pL medium and incubated for 24 hours.

After the pH meter was calibrated, preparation of 2.5 mL of nanoparticle concentrations of
2000 pg/mL, 1000 pg/mL, 500 pg/mL, and a blank medium was prepared in a non-sterile
environment. 2 mL of the medium was added to the concentrations, 500 pL space was
allowed for and acetic acid and medium to adjust pH. The pH solution was adjusted to pH 6
and pH 7.
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2.4.1.2. Half Maximal Inhibitory Concentration (1C50) Calculation

The most widely used value to measure drug efficacy is half-maximal inhibitory
concentration (IC50). The IC50 values for each cell line exposed to Dex-CeNPs in this study
were calculated depending on cytotoxicity results, which were obtained through the WST-1
assay with using Graph-Pad Prism 5.0.

2.4.2. Reactive Oxygen Species (ROS) Measurements

During regular physiological processes, ROS act as signalling molecules in cells, the
formation of ROS however may also result in damage to a variety of cellular organelles and
activities, thus impairing normal physiology. It is an assay for determination of ROS
production in the cells effected by both Dex-CeNPs. Firstly, cells were seeded in 96-well
plates in a total 100 pg/mL total medium per well. After 24 hours of attachment and
incubation, the cells were treated with 100, 250, 500, and 1000 pg/mL of Dex-CeNPs.

2", 7'- Dichlorofluorescein Diacetate (DCFDA) was used to measure cellular H20.. The old
medium was vacuumed after 24 hours of treatment with Dex-CeNPs, and each well washed
once with 1xPBS. 100 puL DCFDA+medium mixture was added to the wells at 10 uM
DCFDA per millilitre. The plates were incubated at 37°C and 5% CO- for 45 minutes away
from light. The absorbance of each well was measured in 485/535 nm range by Cytation™

5 Cell Imaging Multi-Mode Reader at the end of the 45 minutes.

2.4.3. Flow Cytometry Analysis

To perform flow cytometry, colon cell lines were seeded in 6-well plates with 500.000
cells/well seeding density and incubated 24 hours. At the end of incubation, each cell line
was treated with three different concentrations including IC50 values, lower concentrations
and higher concentrations of SD2. The reason why the experiments we conducted with SD2,
is the high concentrations required for the 1C50 values of SD1 for each cell line in other sets
of experiments. therefore, Flow cytometry experiments were conducted on SD2 synthesis

only.



27

After 24 hours incubation with the media, the old media was transferred to the FACs tubes
from 6-well plates. The attached cells were washed with 1xPBS. 250 puL/well of Trypsin-
EDTA 1X (0.25%) solution was added to the plates and incubated for 5 minutes at 37 °C in
5% CO: incubator. De-attached cells were collected with 750 puL of media, approximately
500 pL of media+cell mixture transferred to 1mL Eppendorf tubes and counted with Trypan
Blue while the rest of the cells were transferred into the Falcon tubes. Falcon tubes were
centrifuged at 1300 rpm for 5 minutes. The supernatant was vacuumed. Pellet was dissolved
in a required amount of media and transferred to FACs tubes, centrifuged for 5 min at 1300
rpm. The supernatant was discarded and then 1 mL of PBS-FBS buffer (1xPBS and 2% FBS)
was added to the tubes and centrifuged again for 5 min at 1300 rpm. After the centrifugation,
the supernatant was vacuumed. 100 puL of Binding/Annexin Buffer was added to the tubes.
According to the number of counted cells, Pacific Blue Annexin V and Pl dyes were added
to the tubes at a ratio of 1:2 respectively. It was incubated in the dark for 15 minutes. 100
uL of Binding/Annexin Buffer and analysis was performed on the FacsCanto Il Flow

Cytometer. All obtained results were evaluated with FlowJo V10 program.

2.4.4. Statistical Analysis

All of the data was evaluated via two-way Anova Statistical programs. The Graph-Pad Prism
5.0 (GraphPad Software, San Diego, CA, USA) statistical program was used to evaluate the
data obtained because of this study with the appropriate analysis method. One-way analysis
of variance (one-way ANOVA) was used to compare group data. A value of p<0.001 was

accepted as statistically significant.



28

3. RESULTS

This chapter contains the results of both the characterization and cell culture experiments for

Dex-CeNPs in the following sections.

3.1. SYNTHESIS AND CHARACTERIZATION OF DEX-CeNPS

By using two types of Dextran (Dextran from Leuconostoc mesenteroides with molecular
weight in between 9-11kDa (Sigma, Cat#D9260) (D1), Dextran Leuconostoc spp with 6 kDa
molecular weight, (Sigma, Cat#31388) (D2), two Dex-CeNPs syntheses (SD1, SD2) were
synthesized and their UV-Vis Spectroscopy, DLS, FTIR, XRD, TEM, XPS and TGA as
material characterization methods were performed to define properties of synthesized Dex-
CeNPs.

3.1.1. Synthesis Strategy of Dex-CeNPs

The first indicator to determine successful Dex-CeNPs synthesis is the change in color
during the synthesis process. To visualize color change during synthesis, each synthesis was
followed up for 18 hours, in which two crucial time points at the beginning (1 hour) and at
the end (18 hours) were recorded. Various Dex-CeNPs with color change turning from
yellow to brown have been reported in the literature until now. In case of SD1 and SD2,
similar color change was also observed. With SD1, a bright yellow color was observed at
the end of 1 hour, following the color turning to dark brown at the end of synthesis (Figure
3.1a, left). Expecting the dark yellow color at 1 hour and bright yellow at 18 hr., SD2 had
different color change than SD1 (Figure 3.1b, left). Similar color results were reported by
Yazici et al., and Perez et al. [79, 94].

3.1.2. Characterization of Dex-CeNPs

Nanoceria was successfully coated with two different dextran molecules (SD1 and SD2).
The characterization of the synthesized Dex-CeNPs was performed via UV-Vis
spectroscopy, DLS, FTIR, TEM, Raman, XRD, XPS and TGA analyses.
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3.1.2.1. Ultraviolet-Visible (UV-Vis) Spectroscopy

UV-Visible Spectra was conducted at the wavelength range of 200-800 nm with different
dilution ratios for each synthesis. The UV-Vis Spectra results gives an overall information
about oxidation states (Ce** and/or Ce*®) in the Dex-CeNPs according to its peak shape and
peak maxima as visualized in Figure 3.1. However, XPS data gives us more quantitative
information about the Ce**/ Ce*® ratio. Characteristic UV-Vis Spectra peaks were observed
broad peak in between 260 nm to 360 nm for each synthesis. However, peak maxima of 275

nm UV- Vis profile showed minimal differences among SD1 (275 nm) and SD2 (287 nm).
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Figure 3.1. The colour change during synthesis of (a) SD1 from 1 hour to 18 hours
(left) and UV-Vis spectrum of SD1 (right) (b) colour change during synthesis of
SD2 1 hour to 18 hours (left) and UV-Vis spectrum of SD2 (right).
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3.1.2.2. Dynamic Light Scattering (DLS) Measurement

Following UV-Vis Characterization, DLS measurement was conducted to evaluate particle
size and surface charge properties via zeta potential measurements of Dex-CeNPs (SD1,
SD2) in Figures 3.2a and 3.2b. The size distribution of syntheses was varied. Whereas the
hydrodynamic diameter of SD1 was around 10+0.34 nm with 30% intensity ratio while SD2
was around 18+0.4 nm with 25% intensity ratio as shown in Figure 3.2a. The polydispersity
index (PDI) values of SD1 and SD2 were 0.318 and 0.430 respectively, which was an
indicator of their quality with respect to their size distributions. As it was visualized in Figure
3.2b, zeta potential of SD1 and SD2 were measured as -0.029 and 0.0756 respectively. While
SD1 had slightly negative surface charge, SD2 had slightly positive surface charge.
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Figure 3.2. DLS and zeta potential measurements of Dex-CeNPs. (a) size distribution by

number and (b) zeta potential values of SD1 and SD2.

3.1.2.3. Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR)
Spectroscopy

After UV-Vis and DLS Characterization, all compounds were characterized by ATR-FTIR
spectroscopy. For the ATR measurements a multi reflection horizontal ATR unit was used.
Dextran (D1, D2), Cerium doped dextran (SD1, SD2) and the doping agent Ce (NO3)3.6H>0
were characterized via ATR-FTIR spectroscopy. Additionally, the doping reaction process
was conducted without doping agent yielding undoped USD1 and USD2 (denoted in the
graphs as SD1 w/o Ce (NOz)3.6H20) samples for comparison.
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Figure 3.3. ATR-FTIR spectra of Dex-CeNPs. (a) SD1 and (b) SD2.

ATR spectra of the dextran D1 and D2 were shown in top of both graphs (red and red dashed)
of the Figures 3.3(a-b). The FTIR profiles of both dextran showed similar spectra and the
expected bands of the IR sensitive vibration modes in the molecules were observed. A broad
band from 3500 to 2500 cm™ which is not shown in the graph corresponds to H-bonded OH
vibration modes and water vibration modes. Hence, it is not possible to detect the hidden C-
H vibration modes of dextran hidden under this intense vibration. The expected C-O-C
vibration modes of the glycosidic bridge between saccharide unit were detected at 1158 cm’
! ATR-FTIR spectra of the doping agent Ce(NOs)3.6H,O were represented in top graphs
(black lines) of the Figure 3.3(a-b). The characteristic nitrate ion (NO3) vibration mode
appeared as a broad band from 1470 to 1250 cm range. The orange line at the bottom of
3.3arepresents doped SD1 whereas the orange dashed line belongs to spectra of the products
of same process without Ce(NO3)3.6H20 addition (USD1). The blue line at the bottom of
3.3b represents doped SD2 whereas the blue dashed line belongs to spectra of the products
of same process without Ce(NO3)3.6H.0 addition (USD2). The presence of vibration modes
which belong to NO3 ions and disappearance of absorption bands between 1000 and 1250

cm! of the C-O-C vibrations indicates successful dextran coating of both syntheses.

3.1.2.4. Raman Spectroscopy

The graphic of SD1 and D1 in the spectral region of 100 to 3100 cm™ was given in Figure
3.4A. Raman spectra of both D1 and D2 had characteristic bands were parallel to literature
[95]. Band at 714 cm™ of SD2 was observed unlike SD1. The band of SD1 at 1036 cm™
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shifted to 1050 cm™ on the SD2 spectrum and got more intense which can be described as
second-order longitudinal optical (2LO) Mode which corresponds to oxygen vacancy site
presence [96]. Except for these differences, both syntheses had similar Raman patterns as
seen in Figure 3.4(a-b). The fingerprint band of Nanoceria at approximately 460 cm™ [97]
which indicates the symmetrical stretching mode of Ce-O vibration, didn’t appear because
of the surface coating with Dextran. This shows that Cerium Oxide was coated with dextran

successfully.
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Figure 3.4. Raman spectra of SD1 and SD2. (a) Raman spectra of SD1 and D1, (b) Raman
spectra of SD2 and D2.

3.1.2.5. High Resolution Transmission Electron Microscopy (TEM)

HRTEM characterization gave the information about the core diameter of Dex-CeNPs. The
core diameter of both syntheses did not exceed 5 nm as shown in Figure 3.5. Although the
core diameters of SD1 and SD2 were similar with minimal difference, the differences in
hydrophilic diameter of SD1 (8-10 nm) and SD2 (30-60 nm) which obtained from the DLS
data are due to the dextran coating on their surfaces. No considerable agglomerates and

aggregates were observed during the analysis.
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Figure 3.5. TEM characterization of Dex-CeNPs. (a) SD1 and (b) SD2.

3.1.2.6. X-Ray Diffraction (XRD)
In addition to obtained data from TEM characterization, the powder X-ray diffraction (XRD)

pattern analysis demonstrated characteristic diffraction peaks of cubic core Cerium Oxide

nanoparticles inside the Dextran coating. XRD pattern of both syntheses had (111), (220),

(311) and (331) planes which indicates face centered cubic (FCC) structure also confirmed
by HRTEM analysis.
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Figure 3.6. XRD results of SD1 and SD2. (a) XRD patterns (b) angle,

intensity and d value table of both Dex-CeNPs.
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3.1.2.7. X-Ray Photoelectron Spectroscopy (XPS)

The separated XPS spectra for the Ce®* and Ce** states of SD1 and SD2 were given in
Figures 3.7a and 3.7b, respectively. The peaks obtained at 881.9, 898.0, 900.5 and 906.4 eV
were compatible with presence of Ce** state, while the peaks at 885.8 and 903.6 eV indicated
to presence of Ce3* state. While both synthesis contained Ce* and Ce*" the ( Ce4+/ Ce3+)
% ratio for SD1 was calculated as (66.7 /33.3) % respectively. For SD2, the ( Ce4+/ Ce3+)
% ratio was determined as (40.8/ 59.2).
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Figure 3.7. XPS spectra of SD1 and SD2. (a) XPS spectra of SD1, (b) XPS
spectra of SD2.

3.1.2.8. Thermogravimetric Analysis (TGA)

Thermal stability of both syntheses (SD1 and SD2) was determined via thermogravimetric
analysis (TGA) between 25 and 825 °C range with gradually heating 10 °C per minute. The
whole procedure took 80 minutes to perform. In Figure 3.8 the TGA plots of SD1 and SD2
respectively demonstrating the five-stage decomposition pattern on the TGA plot of SD1.
First stage of SD1 was initiated by a weight loss of ~14% between 25 to 197 °C which is
attributed to the water evaporation, the second stage contributes a weight loss of 54% at 204
°C also attributed to the degradation of dextran, the third stage shows weight loss of 72% at
313 °C, and final stage showed 89% weight loss up to 825 °C. SD2 decomposition profile
consisted of three-stages, with the initial stage starting with a 11% weight loss between 25
and 182 °C, the second stage contributes a maximum weight loss of 90% from 182 to 235

°C, and at the third stage 96.7% of weight loss at 420—825 °C was observed.
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In conclusion, first stage of both Dex-CeNPs can be attributed due to the excess amount of
water and/or moisture dehydration. As seen in Figure 3.8, the results indicated first two-step
weight loss process occurred for both Dex-CeNPs up to maximum 235 °C with minimal
differences. The initial ~11% weight loss started in between 25 and ~182 °C for both Dex-
CeNPs, which indicated to the removal of adsorbed water in the crystalline structure of
Cerium Oxide. SD1 lost ~89% of its weight while SD2 lost ~97% of its weight at 825 °C.
This indicated that SD2 had more immobilized Dextran around than SD1 [98]. Which can
be imply that SD2 was more stable than SD1.

It can be decided from all these characterization results of SD1 and SD2 that, although their
structures are similar, physicochemical properties have differences. Their biological activity

in vitro affected by these differences, which will be discussed in the following sections.
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Figure 3.8. TGA plots of SD1 and SD2.

3.1.2.9. Stability of Dextran-Coated Nanoceria

Stability of nanoparticles is important as its physiochemical properties which can be
influenced by various factors such as light, radiation, moisture, pH, temperature, ionic
strength, density and other factors that come from a microenvironment. Without any proper
characterization, handling and storage circumstances of nanoparticles, it can cause various
random and uncertain properties which is not possible to detect easily between each

synthesis, resulting in different responses in vitro studies as the synthesis changes.



36

Change in the microenvironment and environment in which the synthesis process is carried
out and stored can cause sensitive changes through Van der Waals, Columbic forces, and
electrostatic interactions can be regulated and stabilized by surface functionalization. Also,
the addition of chemicals that can stabilize the ionic strength along with pH environment
instabilities. To overcome these obstacles CeO> nanoparticles were coated with dextran and
to determine the stability of SD1 and SD2, UV-Vis, DLS and zeta potential measurements
were conducted up to 6 months. UV-Visible spectrophotometry of nanoceria provides us
quantitative information about the change in oxidation states of Ce. The decrease in the
absorbance values of the peak corresponding to Ce** indicates the decrease in concentration
of Ce** on the surface of nanoceria. The decrease in concentration of Ce** directly indicates
an Spectrophotometry experiments, DLS and Zeta potential were performed to determine
the increase in concentration of Ce®" as the surface of nanoceria. Following to UV-Vis
change in size and charge properties of two syntheses (SD1 and SD2).

Initially, the UV-Vis Spectrum of SD1 was observed over a 6-month period at different time
intervals, during this period, the change in absorbance unit and wavelength maxima were
evaluated according to UV-Vis Spectrophotometry data. These two crucial parameters
inform us about the Ce**/Ce?* ratio on the Dex-CeNPs surface. In case of SD1 synthesis, the
absorbance units for all time points increased compared to Day 0, containing some minor
fluctuations on Day 14 and month 2. Unit of absorbance at 260 nm Day 0 (1.6 a.u.), Day 7
(3.35a.u.), Day 14 (2.5 a.u.), Day 21 (3.2 a.u.), Day 28 (3.35 a.u.), 2 months (2.1 a.u.), 4
months (4.5 a.u), 6 months (4.5 a.u) was observed. After the month 4, it was detected that
the absorbance of Dex-CeNPs was saturated. This increase in absorbance units indicates an
increase in Ce* on the Dex-CeNPs surface. Peak maximums for each time point were
recorded as 287 nm for Day 0, 288 nm for Day 7 and 14, 289 nm for Day 21, 286 nm for
Day 28, 287 nm for Day 60, 120 and 180. The variation between the peak maximums only
changed by 2nm over the 6-month period. No shift was observed for days 60, 120, 180

compared to day O.
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Figure 3.9. 6- month period stability analysis of
spectroscopy and DLS. (a) UV-Vis spectrum of

Dex-CeNPs (SD1 and SD2) via UV-Vis
SD1, (b) DLS analysis of SD1, (c) zeta

potential analysis of SD1, (d) UV-Vis Spectrum of SD2.
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Following the UV-Vis Spectrophotometry of SD1, the size distribution and zeta potential
measurements were conducted. Following the UV-Vis Spectrophotometry of SD1, the size
distribution and zeta potential measurements were conducted. One broad peak between 10-
100 nm was observed with similar 20%- 25% intensity on Day 0, Day 7, and Day 14 of
synthesis. On Day 21, two peaks were observed with different intensities. The intense peak
is around 10-100 nm range with 15%, another minor peak was around 100 nm with 7%
intensity. A single intense peak was observed in between the 10 and 100 nm range on Day
28. All observations indicate that Day 21 was a critical time point in terms of the equal size
distribution for SD1 synthesis. Fundamentally, the size distribution of SD1 at different time
points was in the same range with similar intensity and peak shape until the size diversity
and fluctuations started to appear with two peak characteristics on day 21. (Figure 3.9a and
3.9b).

SD1 was also evaluated in terms of surface charge at the parallel time intervals for UV-Vis
and DLS measurements. SD1 was mainly negatively charged with a similar surface charge
(-0.029/-0.018 mV) as Day 0, Day 7, Day 14, and Day 21. An initial drastic decrease in the
surface charge of Dex-CeNPs started on Day 28 approximately a hundred times lower (-
10.13 mV) than the charge value observed from Day 0 to Day 21. Zeta potential values were
continuously decreased for up to 4 months. Although there was a sharp increase at month 6,
the surface charge of SD1 was generally negative. All primal characterization data indicate

us Day 21 is the most crucial time point for the stability of SD1.

The same stability procedure was applied to SD2 as well. Firstly, UV-Vis spectra were
conducted for 6 months period. The absorbance units showed decreasing profile during 6
months period compared to Day 0. The obtained 0. 97 absorbance unit at 260 nm was on
Day 0. The total fluctuation in absorbance units from Day 7 to Month 4 was approximately
0.5 a.u. The drastic absorbance drop was observed at 6 months as the 4-fold difference (0.25
a.u.) compared to Day 0. The decrease in absorbance units indicates an accumulation of Ce3*
on the surface of Dex-CeNPs. The peak maxima for each time point changed by 2 nm from
day 0 to month 6. Overall, no considerable peak maxima shift was observed during the 6
months of the period.

By evaluating the size and charge properties of nanoceria for 6 months periods as SD1, SD2
stability has also been analyzed. For mostly all-time points except Day 21 and 6 months with

20-30% intensity interval, SD2 has narrow peak profiling in 10-100 nm range. Except Day
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21 and 6 months, the peaks mostly were overlapped at 30-60 nm size range with one narrow
major peak. The size of dextran-coated nanoceria was 30 nm and 38 nm range with the same
25% intensity respectively on Day 0 and Day 7. The peak was shifted to 50 nm size with
25% intensity on Day 14. The major pick was around 50 nm range with 20% intensity,
whereas minor peak was around 106 nm with 10% intensity on Day 21. Day 28 and Day 0
had similar size properties including size (33 nm) and peak intensity (28%). On the Months
2 and 4 respectively, nanoceria was around 44 nm and 33 nm in size with 23% and 20%
intensity. 6 months two peaks were observed. The minor peak was observed around 92 nm

with 8% intensity and the major peak was around 44 nm with 15% intensity.

The Dex-CeNPs charge properties were followed for 6 months through Zeta potential
measurement as SD1. On Day 0, SD2 was positively charged (0.0756 mV). It showed
negatively charged profiling starting at Day 7 however, and its negatively charged properties
were very similar in between the time period of Day 7 and Day 21. For the charge properties
a sharp decrease (20-fold, -20.98 mV) on Day 28 has been observed. The obtained decrease
from day O continued gradually until month 4. With lower value than 4 months the charge

properties of SD2 were negative on 6 months (-17.01 mV).

Although there was not any remarkable change over the 6 months period in terms of size
properties of SD2, after 21 Days significant change in size properties of nanoceria was
observed. 21 Days was therefore the critical time point for SD2 stability. To conclude that,
UV-Vis spectra gave us the increase of Ce** on the surface of SD1, while the SD2 showed
an increase of Ce3* on its surface. Cancer drug candidates can show different properties
between them and these differences are caused by the various mechanisms of action derived
from both syntheses. The size features of SD1 and SD2 on the other hand are slightly
different. SD1 has a smaller size range (8-33 nm) and vary over 6 months compared to SD2
with its larger size range (30-60 nm). However, the variation in size properties of SD2 did
not vary over the period of 6 months. Over 6 months period the charge profiling of SD1 and
SD2, which was mostly negative charge had similar profiles. The critical time point for each

synthesis was the 21" Day.



40

3.2. DEX-CeNP AS A DRUG CANDIDATE FOR COLON CANCER

Cellular-based assays such as cytotoxicity, reactive oxygen species (ROS), and flow
cytometry analysis were performed on Dex-CeNPs treated colon cell lines. Following, pH-
dependent cytotoxicity experiments were conducted depending on the data that was observed

via initial cytotoxicity experiments. This will be discussed in the following sections.

3.2.1. Cellular Impact of Dex-CeNPs (SD1 and SD2) Against Colon Cancer

The colon cancer cell lines for this study were selected according to three main criteria;
EGFR expression level, mutation type, and MSI Status. In most common cancer types
including colon cancer, EGFR expression level is inversely linked with prognosis due to
mutation or overexpression. In addition to EGFR expression levels, KRAS, TP53, SMAD4,
PIK3CA, APC, BRAF, and CTNNB1 mutations are potential prognostic and predictive
markers, as well as targets for pharmacological intervention. Besides, Microsatellite instable
(MSI) tumors have always been associated with an improved prognosis and Microsatellite
stable (MSS) tumours generally do not respond to immunotherapies.



Table 3.1. Mutation types and MSI status in colon cancer cell lines.

EGFR

Cell Type Expression Mutation Type Sll/;tsuls
Level
PIK3CA:p.Glu545Lys
(c.1633G>A);p.Asp549Asn
DLD-1 : (c.1645G>A)
(ATcccCL-221)  WHldPe  pAs: pGly13Asp (c38G>A)  MS!
TP53: p.Ser241Phe (c.722C>T)
APC: p.Arg2166Ter (c.6496C>T)
APC:p.Thr1556Asnfs*3
COLO 201 (c.4666dupA) (c.4666_4667insA)
(ATCC,CCL-224) Wild type  BRAF: p.Val600Glu (c.1799T>A) MSS
’ CTNNB1:p.Asn287Ser
(c.860A>G)
LoVo . KRAS: p.Gly13Asp (c.38G>A)
(ATcC.CCL-221)  WHldPe  “apc. Argli14Ter (c.3340C>T)  MS!
TP53: p.Arg273His (c.818G>A)
BRAF: p.Val600Glu (c.1799T>A)
HT-29 . APC: p.Glu853Ter (c.2557G>T);
(ATCCHTB-38)  WildOPe 1 1556AsnTs*3 (c.46660upA): Vo0
(c.4666_4667insA)
SMAD4: p.GIn311Ter (c.931C>T)
SW48 EGFR: p.Ser492Arg (c.1476C>A)
Mutant  APC: p.Arg2714Cys (c.8140C>T)  MSI

(ATCC,CCL-231)

CTNNBI1: p.Ser33Tyr (c.98C>A)
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Among selected colon cancer cell lines in this study, HT-29 cell line was determined as a
reference cell line due to its wild-type EGFR, BRAF, APC and SMAD4 mutations. The
DLD-1 cell line has a KRAS, TP53 and APC with one point mutation while PIK3CA with
two-point mutations. EGFR is wild type in the COLO 201 cell line, it has a point mutation

in the CTNNBL1 and BRAF gene as well as duplication and insertion mutation in the APC

gene. There is one point mutation in the KRAS and APC gene in the LoVo cell line. In the
SW48 cell line, there are one-point mutations in the EGFR, APC and CTNNB1 genes. As

for the colon cancer cell line signature features, MSI status ( microsatellite instability status)

were important to understand its effect on the response of these cell lines when treated with

Dex-CeNPs. All the cell lines that were used in this study are shown in Table 3.1.
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Before freezing and during cell culture experiments, mycoplasma analysis was performed
and confirmed with two different methods. E-Myco™ Mycoplasma PCR detection kit was
used to determine mycoplasma contamination before the cells were frozen to avoid risk of
tank contamination and cross contamination risk for the other cell lines which remain in the
tank. MycoAlert™ PLUS Mycoplasma Detection Kit was used for every 3"-4"" passage of
the cells in order to prevent any lab contamination. PCR products on Agarose Gel image

(Figure 3.10a) and quantitative mycoplasma results (Figure 3.10b) are shown in Figure 3.10.

In Figure 3.10a, the appearance of the 160 bp internal control and positive bands indicates
that the PCR is working properly. Five different cell lines were tested and despite no band
for any cells and negative control were observed, at 270 bp band was appeared in the positive
control as expected which shows no mycoplasma contamination was detected on analyzed
cell lines. In Figure 3.10b, B/A ( substrate / background ATP) ratio of each colon cancer
cell lines were less than 0.8 which indicated no mycoplasma contamination was detected for

each cell line.

HT29_
COLO 201:
LoVo.
DLD-l.

(a)

Cell lines A B B/A Contamination State
HT-29 124 32 0.2 CLEAN
COLO 201 170 60 0.3 CLEAN
LoVo 95 63 0.8 CLEAN
DLD-1 377 108 0.3 CLEAN
SW48 154 110 0.7 CLEAN
(b)

Figure 3.10. Mycoplasma detection results of colon cancer cell lines.
(a) agarose gel image of PCR products, (b) MycoAlert™ PLUS

mycoplasma detection kit contamination results.
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3.2.1.1. Determination of Dex-CeNPs Concentration Ranges
In order to understand the cytotoxic effects of SD1 and SD2 five initial concentrations were
determined according to the previous studies and WST-1 assay was performed for five colon

cancer cell lines to precise evaluation of Half-Maximal Inhibitory concentration (IC50)

value.
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Figure 3.11. Cytotoxic properties of two Dex-CeNPs (SD1 and SD2) against (a) DLD-1,
(b) COLO 201, (c) LoVo, (d) HT-29, (e) SW48 cell lines at 100, 250, 500, 1000 pg/mL
concentrations after 1 and 3 days of treatment. * Represents comparison between SD1 control group and
each concentration (p-value<0.001), # Represents comparison between SD2 control group and each concentration.(p-

value<0.001), ** Represents comparison between SD1 and SD2 at the same concentration. (p-value<0.001), ##

Represents comparison between SD1, Day3 and SD2, Day3 at the same concentration (p-value<0.001).
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Figure 3.11a indicates the cytotoxic properties of SD1 and SD2 against DLD-1 cell line. Day
1 at 100 pg /mL did not show any toxicity in either synthesis. While no change was observed
in SD1 synthesis in Day 3 compared to Day 1, 30% increase in viability was observed in
SD2 synthesis compared to Day 1 in Day 3. For 250 pug /mL concentration, SD1 did not
show any toxicity on Day 1, while SD2 synthesis reduced cell viability by 70% on the same
day compared to control group. On the Day 3 of the same concentration, SD1 showed
approximately 40% toxicity, it was observed that the viability for SD2 increased by 20%
compared to Day 1 and the toxicity decreased to 50%. While a negligible decrease in
viability was observed for SD1 synthesis at 500 ug /mL concentration, severe (80%) viability
decrease was observed in SD2 synthesis on Day 1. In contrast to the large viability difference
at Day 1, the Day 3 toxicities of the two syntheses were parallel to each other. The toxicity
profile at 1000 pg/mL, which was determined as the highest concentration, was
approximately 80% with a sharp decrease for SD1 compared to 500 pug /mL. Toxicity for
SD2 did not show any change compared to 500 pg /mL. However, the toxicity of both
syntheses at this concentration was the same for Day 1. On Day 3 of 1000 ug /mL, SD1
showed 70% toxicity, while this rate was 50% for SD2. As Figure 3.11a shows, each Day 3
of SD2 synthesis increased compared to Day 1 for each concentration. In addition,
approximately 50% toxicity was observed on Day 3 at concentrations of 250 ug /mL, 500
ug /mL and 1000 pug /mL.

Figure 3.11b indicates the cytotoxic properties of SD1 and SD2 against COLO 201 cell line.
line, SD1 synthesis at a concentration of 100 pg/mL did not show any toxicity for Day1 and
Day 3, while SD2 synthesis showed a toxicity of approximately 40% for both time points
compared to control group. SD1 toxicity at 250 pg /ml concentration increased on Day 1
compared to 100 pg/mL and cell viability decreased to 54%. SD2 toxicity is around 60% on
the same day and concentration. On the 3" day of the treatment, both synthesis profiles were
similar to the Day 1 toxicities. The toxicity of both syntheses was observed below 50% at a
concentration of 500 ug/mL. No significant difference was observed between their toxicity
at the two time points in either synthesis. An increase in cell viability was observed on Day
3 in SD2 synthesis with the same concentration, which was also observed in the DLD-1 cell
line (Figure 3.11a), but this increase was not as significant for the COLO 201 line as in the
DLD-1 line. Toxicity for SD1 at a concentration of 1000 ug/mL was approximately 70% at
both time points. While 70% toxicity was observed for SD2 on Day 1, this rate decreased to
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50% on Day 3. The increased viability profile for SD2 on Day 3 was seen in the COLO 201

line as well as in DLD-1.

In Figure 3.11c represents cytotoxic properties of SD1 and SD2 against LoVo cell line. No
toxic effects were observed at a concentration of 100 pg/mL. On the contrary, on Day 1, an
increase in cell viability by 50% for SD1 and 15% for SD2 was observed compared to the
control group. These increases may be due to the presence of free dextran in solution and its
uptake by cells is thought to increase their viability. At a concentration of 250 ug/mL, 10%
and 20% toxicity were observed in the SD1 and SD2 syntheses for Day 1, respectively,
compared to the control group. For day 3, SD1 viability increased by 10% compared to the
control group, while SD2 viability decreased by approximately 30%. Up to 80% viability in
SD1 synthesis was observed for Day 1 at a concentration of 500 pg/mL, while at the same
concentration the viability was 60% for SD2. Day 3 toxicities for both syntheses showed no
significant differences from Day 1 toxicities. Even at the highest concentration of 1000
ug/mL, no significant toxic effect was observed for SD1, and cell viability was observed at
approximately 70% at both time points. However, cell viability was observed approximately
60% on Day 1 for SD2, compared to 50% for Day 3 compared to control group. In contrast
to the DLD-1 and COLO 201 line, no increase in viability was observed at any concentration
at Day 3 of SD2 synthesis in the LoVo line.

Figure 3.11d represents the cytotoxic properties of SD1 and SD2 against the HT-29 cell line.
As the concentration increased on Day 1, the toxicity level of SD1 increased significantly.
No toxicity was observed on Day 1 and Day 3 for SD1 at 100 ug/mL also slight increase
compared to control group was observed. These increases in viability may be due to the
presence of free dextran in solution and its uptake by cells causing a boost to their viability.
250 pg/mL had a similar trend of viability on Day 3, while a slight decrease (10%) in
viability was obtained on Day 1. Initial significant cytotoxicity (49%) was achieved on Day
1 at 500 pg/mL. The 1000 pg/mL viability profile is about 63% for both time points. In the
case of SD2, no change in viability was observed at Days 1 and 3 for 100 ng/mL compared
to the control group. In contrast, initial significant cytotoxicity (42%) was achieved at 250
png/mL on Day 1 and 34% on Day 3. At a concentration of 500 pg/mL, SD2 achieved exactly
50% toxicity on Day 1, while on Day 3 the toxicity was slightly reduced to 40%. This
concentration trend observed at 500 pug/mL is the same for 1000 pg/mL. As a result, SD2 is
more effective on HT-29 than SD1.
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Figure 3.11e shows the cytotoxic properties of SD1 and SD2 against the SW48 cell line. In
the SD1 state, mild toxicity (25%) was observed at a concentration of 100 ug/mL on Day 1
and 60% toxicity on Day 3. At concentrations of 250, 500 and 1000 ug/mL, SD1 slightly
affects cytotoxicity (10% - 20%). In line with the cytotoxic behavior of SD1, SD2 also has
10-20% toxicity on Days 1 and 3 at all concentrations. In conclusion, the selected
concentrations had no significant effect on SW48 except 100 ug/mL on Day 3 for both time

points and were determined to require higher concentrations of treatment.

3.2.1.2. Determination of Higher Concentrations

Due to low cytotoxic effects of SD1 and SD2 on LoVo and SW48 as shown in previous
WST-1 assay results (see Figure 3.11(c-e)) , the selected concentrations were readjusted as
500,1000, 1250,. 1500, 2000 pg/mL for LoVo and 500, 1000, 1250, 1500, 2000 pg/mL were

exposed for SW48 cell lines and WST-1 assay was performed.
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Figure 3.12. Cytotoxic properties of two Dex-CeNPs (SD1 and SD2) against, (a) LoVo,

(b) SW48 cell lines at readjusted concentrations after 1 and 3 days of treatment. *
Represents comparison between SD1 control group and each concentration (p-value<0.001), # Represents comparison
between SD2 control group and each concentration.(p-value<0.001), ** Represents comparison between SD1 and

SD2 at the same concentration. (p-value<0.001), ## Represents comparison between SD1, Day3 and SD2, Day3 at the

same concentration (p-value<0.001).

In Figure 3.12a, the cytotoxic effects of SD1 and SD2 on LoVo cell line is represented. By
regarding SD1, approximately 20% toxicity was obtained at 500 pg/mL on Day 1 and Day
3. At 1000 pg/mL, significant decrease on viability (48%) was observed on Day 1 whereas
on Day 3, viability decreased by 25%. At 1250 pg/mL, 50% and 30% decrease on viability
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was observed on Day 1 and Day 3 respectively. 1500 pg/mL indicated the same profile as
1250 pg/mL. At 2000 pg/mL, toxicity increased by 60% and the ratio between Day 1 and
Day 3 remained same as it was observed for lower concentrations. In case of SD2, viability
profile of all concentrations for each time points were similar and interestingly, the viability
increased as the concentration increased. This profile can be explained as the saturation of

the concentration on LoVo cells.

In Figure 3.12Db the cytotoxic effects of SD1 and SD2 on SW48 cell line is represented. In
case of SD1, only 20% increase on toxicity between the lowest (at 1500 pug/mL) and the
highest (at 2000 pg/mL) concentraiton was observed on Dayl. For SD2, 500 pg/mL and
1500 pg/mL has the same viability value ( 76%) on Day 1 and similar viability profile was
observed for Day 3. As it was observed for SD2 on LoVo in Figure 3.12a, viability fluctuates

between the concentrations and increased as the concentration increases for SW48 as well.

3.2.1.3. Determination of Narrowed Concentrations

After the first concentrations of SD1 and SD2 syntheses were given, the 1C50 calculations
made with GraphPad Prism were narrowed down in line with the intervals given by the
program so that it was possible to determine the most accurate 1C50 value.
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Figure 3.13. Cytotoxic properties of two Dex-CeNPs (SD1 and SD2) with narrowed
concentrations. (a) DLD-1 with SD1, (b) DLD-1 with SD2, (c) COLO 201 with SD1,
(d) COLO 201 with SD2, (e) LoVo w SD1, (f) LoVo with SD2 (g) HT-29 with SD1 and

SD2, (h) SW48 with SD1. * Represents comparison between control group and each concentration (p-

value<0.001).
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Figure 3.13a indicates SD1 cytotoxicity on DLD-1 cell line. As it was shown in Figure 3.11a,
the IC50 value was in between 500 pg/mL and 1000 pg/mL. Therefore, narrowed
concentrations were determined in order to find the best IC50 value. At a concentration of
700 pg/mL, cell viability was reduced by 22%. When increased to 750 pg/mL, toxicity
increased to 40% compared with control and cell viability was observed 60%. Toxicity of

approximately 70% was observed at all concentrations from 800 pg/mL to 1000 png/mL.

Figure 3.13b indicates SD2 cytotoxicity on DLD-1 cell line. Narrowed concentrations for
SD2 was less than SD1 as it was shown in Figure 3.11a. Hence, initial concentration for SD2
synthesis was 100 pg/mL. At 100 ug/mL to 150 pg/mL, almost no toxic effects were seen
compared to the control group. 15% toxicity was detected at 175 pg/mL and 30% toxicity at
200 pg/mL. When the concentration of 225 pg/mL was reached, the toxicity profile
increased drastically, reducing the viability rate up to 30% compared to the control. 250

ng/mL had the same toxicity profile as the 225 pg/mL concentration.

Figure 3.13c indicates the cytotoxic properties of SD1 against COLO 201 cell line. In case
of SD1, 40% toxicity at 1250 pg/mL was observed while 50% toxicity was observed at 275
pg/mL. The least viability profile was observed at 500 pg/mL with 79% toxicity rate. The

increase in concentration resulted with higher toxicity on COLO 201 cell line gradually.

Figure 3.13d indicates the cytotoxic properties of SD2 against COLO 201 cell line. In case
of SD2, 40% toxicity at 100 ng/mL was observed while 55% toxicity was observed at 125
pg/mL. The increase in concentration resulted with more toxicity on COLO 201 cell line

gradually which also obtained for SD1 (Figure 3.13c).

Figure 3.13e represents cytotoxic properties of SD1 against LoVo. The cytotoxic effect of
SD1 on LoVo slightly from 1000 pg/mL to 2000 pg/mL in between 45% and 40%

respectively. The toxicity profile showed fluctuations among concentrations.

Figure 3.13f represents cytotoxic properties of SD2 against LoVo. The cytotoxic effect of
SD2 on LoVo varies minimally from 500 pg/mL to 1000 ug/mL in between 45% and 40%
respectively. The toxicity profile decreased as the concentrations increased. As the
concentration increased, as observed in the previous set of WST-1 Assay (Figure 3.12a), a

slight difference in viability rate was obtained.
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Figure 3.13g represents cytotoxic properties of SD1 and SD2 against HT-29 cell line. ~50%
toxicity was obtained for SD1 at 500 pg/mL was obtained, as it was parallel to its previous
cytotoxicity assay shown in Figure 3.11. At 600 pg/mL, approximately 60% toxicity was
observed while significant toxicity (80%) observed from 750 pg/mL to 1000 pg/mL
concentration. In case of SD2, similar profile was obtained for all concentrations with
slightly more toxicity at 500 pg/mL. 550 pg/mL and 600 ng/mL concentrations. For higher
concentrations, the toxicity profile reversed as SD1 became more toxic than SD2.

Figure 3.13h indicates the cytotoxic properties of SD1 and SD2 against SW48 cell line.
Slight toxicity (10%) was observed at 2000 pg/mL and 3000 pg/mL concentration while no
toxicity was observed at 50000 pg/mL depending on SD1 and no toxicity was observed for
SD2 by regarding each concentration. In conclusion, selected concentrations exhibit no
cytotoxic effect on SW48 including both syntheses.

After the first concentrations of SD1 and SD2 syntheses were given, the 1C50 calculations
made with GraphPad Prism were narrowed down in line with the intervals given by the

program so that it is possible to determine the most accurate 1C50 value.

3.2.1.4. 1C50 Determination of Colon Cancer Cell Lines

The calculation of half-maximum inhibitory concentration (IC50) value is a major and
informative measure of a drug's efficacy. It is an indication of the amount of required to
inhibit the Colon Cancer’s biological process by half.

The IC50 value calculations were performed by following the same procedure as described
in Section 2.4.1.2. half maximal inhibitory concentration (IC50) calculation was shown at
Table 3.2.

Table 3.2. IC50 values of colon cancer cell lines with respect to SD1 and SD2.

IC50 (ug/mL) SD1 SD2
DLD-1 745 215
COLO 201 232 124
LoVo 1242 623
HT-29 494 482

SW48 >5000 >5000
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3.2.2. Cell Number Determination of Colon Cancer Cell Lines

Various cell densities (0,1000, 2000, 3000, 4000, 5000, 7500 and 10.000 cell per 96-well
plate) were seeded first and then incubated for 24 hours to proceed with the WST-1 assay.
At the end of incubation, absorbance value to versus to cell number were graphed. The
straight-line formula was calculated for each cell line as shown in Figure 3.14. Depending
on straight-line formula, all kinds of absorbance data can be converted to number of cell
data.
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Figure 3.14. Cell viability of colon cancer cell lines.

3.2.3. Reactive Oxygen Species Generation of Dextran-coated Nanoceria on Colon
Cancer Cell Lines

The data was calculated depending on fold increase in comparison with control group.
One-fold was given to control group and the data for the other concentrations were

calculated relative to the control group. While making fold-based calculation, two
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methodologies were followed. One is direct comparison with WST-1 absorbance data and
ROS absorbance, the second way is conversion of WST-1 data to number of cell data and
compare to ROS absorbance data. In the following section, ROS formation based on fold

difference of dextran-coated nanoceria for each colon cell lines were shown.
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Figure 3.15. ROS formation based on two Dex-CeNPs (SD1 and SD2). (a) DLD-1, (b)
COLO 201, (c) LoVo, (d) HT-29, () SW48. * Represents comparison between SD1 control group and

each concentration. (p-value<0.001) # Represents comparison between SD2 control group and each concentration. (p-

value<0.001)** Represents comparison between SD1 and SD2 at the same concentration. (p-value<0.001)
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In Figure 3.15a represents ROS formation based on fold difference after one-day treatment
of SD1 and SD2 against DLD-1. In case of SD1, ROS generation is same with the control
group for 100 pg/mL concentration. At 250 pug/mL concentration, approximately same
ROS formation was observed with respect to control group. Also, similar ROS generation
profile was detected at 500 pg/mL concentration compared to control group. On the
contrary, prominent increase (4X) on ROS formation was obtained by 1000 pg/mL. In
case of SD2, ROS generation showed an increasing trend from the initial concentration to
500 ug/mL. Hence, 1-fold drop was obtained at 1000 ug/mL compared to SD1. At 100
ug/mL, SD2 has approximately 1.5-fold ROS formation value compared to control group.
However, roughly 2-fold difference in between two syntheses is shown. At 250 pg/mL,
SD2 has 3X higher ROS generation compared to control group and approximately 1-fold
difference in between SD1 and SD2 detected. At 500 pg/mL, SD2 had 3.2-fold higher
ROS formation with respect to the control group. Besides, SD2 has 2X-fold more ROS
formation compared to SD1 at the same concentration. At 1000 pg/mL, SD2 had
approximately 3X more ROS generation with respect to control group. Therefore, 1X less
ROS formation compared to SD1 was observed. In conclusion, among all concentrations,
only significant difference in ROS generation was observed at 250 pg/mL and 500 pg/mL
in between SD1 and SD2.

In Figure 3.15b represents ROS generation based on fold difference after one-day
treatment of SD1 and SD2 against COLO 201. At a concentration of 100 ug/mL the ROS
formation is similar with the control group by regarding SD1. At 250 pg/mL SD1 had 3-
fold more ROS generation with respect to control group. At 500 pg/mL, SD1 showed 4-
fold ROS formation compared to control and 1-fold difference regarding 250 pug/mL. The
highest ROS formation among all concentrations were at 1000 pg/mL with a 4-fold
difference compared to control group regarding SD1. No drastic ROS formation for all
concentrations was obtained for SD2. The effect of SD2 on COLO 201 cell line was 1.5-
fold more than control group at 100 pg/mL while 3-fold ROS formation differences
compared to control group at 250, 500 and 1000 pg/mL concentration was observed. In

conclusion, ROS generation profile of SD1 was more than SD2 on COLO 201 cell line.

In Figure 3.15c, represents ROS generation based on fold difference after one-day

treatment of SD1 and SD2 against LoVo, among all concentrations, only 1000 ug/mL had
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approximately 1.5-fold ROS formation concerning the control group while the other
concentrations had lower formation compared to the control group related to SD1. SD2
did not trigger the ROS formation on any of concentrations. All concentrations had lower
ROS generation than the control group. In conclusion, both SD1 and SD2 has no effect on
LoVo cell line.

In Figure 3.15d, represents ROS formation based on fold difference after one day
treatment of SD1 and SD2 against HT-29. The effect of SD1, Initial considerable ROS
formation of SD1 against HT-29 was observed at 500 pg/mL with approximately 2-fold
increase compared to control group. This ratio increased to 2.5-fold as the concentration
increased to 1000 pg/mL. Below these concentrations (100 and 250 pg/mL), no ROS
formation for SD1 was observed. In case of SD2, ROS formation profile was similar to
SD1. On contrary, 1000 pg/mL had 1.5-fold lower ROS generation compared to SD1.
Also, 250 pg/mL had 1.5-fold higher ROS generation regarding control group.

In Figure 3.15e, represents ROS formation based on fold difference after one-day
treatment of SD1 and SD2 against SW48. By regarding the effect of SD1, initial ROS
formation was observed at 1000 ug/mL with 1.5-fold ROS generation increase compared
to control group and below this concentration, ROS formations remained similar as the
control group. In case of SD2, all concentrations showed similar ROS formation profile

with respect to control group.

3.2.4. Flow Cytometry Analysis

In this section, death effect of Dex-CeNPs against colon cancer cell lines were analyzed.
Flow cytometry experiments were continued with SD2 synthesis, which was effective at
lower concentrations, since SD1 synthesis required high concentrations as observed for
previous experiments. Concentrations of SD2; IC50 value along with a lower and a higher
concentration value of IC50 concentration were chosen among the five initial

concentrations.
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Table 3.3. Diagrammatic representation of the expected flow cytometry results.

PB Annexin V*/ PI’ PB Annexin V*/ PI*
> | Early Apoptosis Stage Late Apoptosis Stage
c
X
(<5}
=
< | PB Annexin V'/PI’ PB Annexin V-/ PI*
&

Healthy Stage Necrosis Stage

Pl

Flow cytometry analysis was used to determine PB Annexin V binding and PI uptake in
each colon cancer cells. Annexin is a protein that is found on the surface of cells and is
involved in several biological processes, including cell death, inflammation, and blood
clotting. Annexin can be detected using a specific annexin-binding dye, such as PB
Annexin V. When the annexin-binding dye is added to a sample containing cells, it binds
to the annexin protein on the surface of the cells. It is preferable to work with annexin
because it is a marker of early apoptosis, or programmed cell death, and can be used to
identify cells that are undergoing or are at a risk of undergoing apoptosis [99]. Pl uptake
is important in flow cytometry analysis because when a cell's membrane is damaged or
compromised, it becomes permeable to PI, which can enter the cell and bind to the DNA
within the nucleus. This binding results in fluorescence that can be detected by the flow
cytometer, allowing researchers to identify cells with damaged membranes [100]. It can
help understanding the health and viability of the cells being analysed, and can provide
insights into various biological processes such as cell proliferation, differentiation, and
apoptosis (programmed cell death) [101]. In each figure, lower left which is PB Annexin
V- and Plrepresented healthy cells, upper left quadrant which is PB Annexin V* and PI’
referred to early apoptosis stage, upper right which is PB Annexin V* and PI*
demonstrated late apoptosis stage, and lower right quadrant PB Annexin V- and PI*

represented cells in necrosis stage.



56

For DLD-1 cell lines, while non treated cells show % 96 viability (Figure 3.16a) 100 ug

/mL showed approximately 3% Late and early apoptosis with slightly decrease in cell
health (6%) (Figure 3.16b). When treated with 215 pg /mL (IC50 Value) the rate of healthy
cells decreased by 85% and 77% rate late apoptosis was observed (Figure 3.16¢). As 250

ug /mL concentration is close to IC50 value, drastic decrease in healty cells by 70% and

65% late apoptosis was observed (Figure 3.16d). As it was shown in the Figure 3.16, after

100 ng /mL treatment, according to FSC-A (forward scattering area) / SSC-A (side

scattering area) graph, granularity of the cells increase due to the apoptosis stage. At all

concentrations, no significant changes in early apoptosis and necrosis was observed. To

evaluate the quantity analysis, ANOVA test was applied for significancy and standard

deviation of all concentrations were given at Table 3.4.
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Figure 3.16. Effect of Dex-CeNPs (SD2) on apoptosis profile of DLD-1 cells. (a) no
treatment, (b) 100 pg /mL, (c) 215 pg /mL and (d) 250 pg /mL Dex-CeNPs treatment.
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Table 3.4. The percentage of DLD-1 cells corresponding to each apoptotic level

(mean = sd).
Healthy Early Apoptosis Late Apoptosis Necrosis
No treatment 95,88% + 1,7% 1,29% £ 0,69%  2,36% + 1,95% 0,46% + 0,26%
100 ug/ml - 90,54% + 8,36% 1,32% £ 0,87%  6,56% + 6,32% 1,61% + 1,78%
SD2 Zf:f)/ml 29,38%+30,28% ***  §,66% £ 6,52%  54,58% +29,9% *** 5,33% + 8,45%

250 pug/ml - 9,83% + 8,48% ***  8,04% £3,63%  78,74% £7,58% **  3,39% +2,34%

Two-way ANOVA test with Tukey correction across each row is used to indicate statistical significance in
relation to the control group (* P<0.05, ** P<0.01, *** P<0.001).
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Figure 3.17. Effect of Dex-CeNPs (SD2) on apoptosis profile of COLO 201 cells. (a) no
treatment, (b) 100 pg /mL, (c) 124 pg /mL and (d) 250 pg /mL Dex-CeNPs treatment.

For COLO 201, cell health profile was approximately 96% (Figure 3.17a), similar to DLD-
1 (see Figure 3.16) and HT-29 (See Figure 3.19) cell lines. It had a similar profile as DLD-
1 at a concentration of 100 pg /ml, with 85% health. This shows that the cells are slightly
affected by the given concentration (Figure 3.17b). However, no considerable health
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change was observed at the 124 pg /mL (IC50 Value) ratio, which is very close to 100
pg/ml with 90% rate (Figure 3.17c). Different from these two lower doses, 250 ug /mL
showed approximately 50% health and 40% showed late apoptosis (Figure 3.17d). There
were no necrotic cells observed for all concentrations. Unlike DLD-1 and HT-29, the
granularity started at the highest concentration for COLO 201 cell line. To evaluate the
quantity analysis, ANOVA test was applied for significance and standard deviation of all

concentrations (Table3.5.)

Table 3.5. The percentage of COLO 201 cells corresponding to each apoptotic level

(mean + sd).
Healthy Early Apoptosis Late Apoptosis Necrosis
No treatment 94% + 1,44% 3,47% + 0,45%  2,43% + 1,08% 0,1% £ 0,03%
100 ug/ml  90,68% + 2,67% 5,29% +1,71%  3,64% £ 1,6% 0,39% + 0,45%
SD2 (1|2c§15;§/ml 87,6% = 4,1% 7,69% + 2,8% 4,44% £+ 1,6% 0,25% + 0,29%

250 ug/ml - 63,7% + 19,79% *** 8,51% £ 1,18%  26,71% £ 18,47% *** 1,09% + 0,6%

Two-way ANOVA test with Tukey correction across each row is used to indicate statistical significance in
relation to the control group (* P<0.05, ** P<0.01, *** P<0.001).
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SD2 treated LoVo cells

(a) No treatment (©) $D2 IC50 623 pg/ml
< <
[ o< o o<
o | o L
> @ = b
£ b H] ®
3 3
£ 5
< <
g FSC-A g 2] -| 8 FSC-A
s s 10 g4 Q3
11946 .7 30,3
r T T 10 T T T T T
12 3 45 P T T
10 100 100 10 10 10 100 100 10 10
Comp-Pl-A Comp-PI-A
(b) SD2 500 pg/ml (d) SD2 1000 pg/ml
5
g 103N . < 10°
o j23,5 309 | o i <
; 4] i |0 ; 4] o
> 107 " w .| @ > 10 @
3 3] d it 3 4
E 1077 .. L% £ 1073
< ] ' e T
g 2] S EE FSC-A g 2] FSC-A
S 10 jas .- a3 g
RELLE 30,2 20!
12 3 4 5 12 3 4 5
10 10" 100 10 10 10 10° 100 10 10
Comp-PI-A Comp-PI-A

Figure 3.18. Effect of Dex-CeNPs (SD2) on apoptosis profile of LoVo cells. (a) no
treatment, (b) 500 ug /mL, (c) 623 png /mL and (d) 1000 ug /mL Dex-CeNPs treatment.

For LoVo, the cell health profile of untreated cells was considerably lower than other cell
lines with 90% rate (Figure 3.18a). Cells treated with 500 pg/ml which was the lowest
concentration for LoVo, showed approximately 15% health. As a result of this low health,
late apoptosis and early apoptosis were 30% and 25% respectively. Unlike other lines, a
necrosis rate of up to 30% was also observed (Figure 3.18b) which can be explained with
the amount of clusters that this cell line is tend to be because of its nature and got damaged
due to harsh pipetting and ultrasound bath. As the concentration increased, the cell health
rate decreased at 623 ug /mL (IC50 value) by around 10%. Early Apoptosis at the rate of
25% and 40% of late apoptosis was observed. There was a considerable increase in late
apoptosis stage with respect to 500 pg /mL was determined. The rate of Necrosis stage
was parallel to 500 pg /mL (Figure 3.18c). At 1000 pg /mL, the healthy state of the cell
was 3%. Late Apoptosis rate was around 50%, Early Apoptosis rate was 15% and necrotic
cells were observed around 35%. The rate of necrotic cells was higher than the other
concentrations (Figure 3.18d). The most granularity which can be estimated with the FSC-

A (forward scattering area) / SSC-A (side scattering area) graph, seen at 1000 pg /mL
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furthermore, granularity at 500 pg /mL was higher than 623 pg /mL. To evaluate the
quantity analysis of LoVo cells, ANOVA Test was applied for significancy and standard
deviation of all concentrations were given at Table 3.6.

Table 3.6. The percentage of LoVo cells corresponding to each apoptotic level

(mean + sd)
Healthy Early Apoptosis Late Apoptosis Necrosis
No treatment 90,65% =+ 2,83% 4,58% £ 2,55% 4,16% £ 1,42%  0,63% = 0,4%

500 ug/ml  18,32% £ 9,24% *** 31,93%=+17,54% *** 31,85% + 4,87% *** 17,94%=* 14,29% *

623 ng/ml
SD2 (IC50) 14,93% + 7,46% ***  32% + 5,34% ***  36,03% =+ 5,39% *** 17,05% + 8,98% *

1000 pug/ml  9,55% + 4,99% ***  28,75% +£12,3% ** 33,15%=+12,88% *** 28,55% + 5,3% ***

Two-way ANOVA test with Tukey correction across each row is used to indicate statistical significance
in relation to control group (* P<0.05, ** P<0.01, *** P<0.001).
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Figure 3.19. Effect of Dex-CeNPs (SD2) on apoptosis profile of HT-29 cells. (a) no
treatment, (b) 250 pg /mL, (c) 482 pg /mL and (d) 500 pg /mL Dex-CeNPs treatment.
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For HT-29 cell line, health of non- treated cells were 96% (Figure 3.19a). At 250 pg /mL,
approximately 30% healthy cells were observed while 53% Late apoptosis was present
(Figure 3.19b). At a concentration of 482 pg /mL (IC50 value), cell health was sharply
reduced by up to 3%. However, while the rate of cells found in late apoptosis was 51%,
this rate was observed as 44% for early apoptosis (Figure 3.19c). The health ratio for the
500 ug/mL concentration was 2%, in parallel to the 482 pg /mL concentration which was
close to it. In addition, Late and Early Apoptosis rates are similar to 1C50 values (Figure
3.19d). No visible change was detected in necrosis rates. Despite 500 ug /mL being the

highest concentration, the most granularity was observed at 1C50 value.

Table 3.7. The percentage of HT-29 cells corresponding to each apoptotic level

(mean + sd).
Healthy Early Apoptosis Late Apoptosis Necrosis
No treatment 95,38% +2,5% 4,19% +2,43%  2,08% +1,39% 0,16% + 0,08%

250 pug/ml  67,6% £ 29,11% *** 58% + 1,75% 20,68% = 21,87% 5,94% =+ 8,86%

482 ug/ml
SD2 (1C50) 13,93% £7,93% ***23% + 13,91%  54,66% =+ 7,41% *** 8,41% +7,18%

500 ug/ml 10,06% £ 6,47% ***22,6% + 15,54%  62,96% + 12,21% *** 4,38% + 5,21%

Two-way ANOVA test with Turkey correction across each row is used to indicate statistical significance *
p<0.05, ** p<0.01, *** p<0.001 in relation to the control group.

3.3. PH DEPENDENT ANTI-CANCER PROPERTIES OF DEXTRAN-COATED
NANOCERIA

Cytotoxicity properties of two Dex-CeNPs against colon cancer cell lines have very
different profiles in terms of high IC50 values. After obtaining the first WST-1 Assay set
with high concentration requirement, the idea of change in pH in the environment may
affect the concentration increase. The efficacy of Dex-CeNPs (SD1) is low for colon
cancer. In the literature, there are many studies on pH-dependent increased efficacy of
nanoceria as a drug candidate. Therefore, to increase the efficacy of nanoceria for
aggressive colon cancer cell lines, pH dependent effect of nanoceria were evaluated for
SD1 treated COLO 201 and DLD-1 cell line at pH 6 and pH 7 as a case study. Before
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performing cytotoxicity determination via WST-1 Assay, UV-Vis Spectra and DLS
measurements were performed to understand any change in UV- Vis profile and size

distribution.

3.3.1. Characterization of SD1 with pH6 and pH7

In order to observe the effects of change in nanoceria concentrations by changing its pH,

UV-Vis Spectra and DLS measurements were compared with non-pH adjusted SD1.
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Figure 3.20. The size and size distribution of Dex-CeNPs studied using UV-Vis
spectroscopy and DLS. (a) UV-Vis Spectrum of SD1 at pH 6, (b) DLS measurement of
SD1 at pH 6, (¢) UV-Vis spectrum of SD1 at Ph 7, (d) DLS measurement of SD1 at pH 7.

In Figure 3.20a, the UV-Vis Spectrum of SD1 at pH 6 is shown. The expected nanoceria
peak was in between 260 nm-320 nanometer and it was obtained at 294 nm with 1:100
dilution ratio. The peak is at the right nm range and has no difference compared to SD1
without any pH adjustment by regarding absorbance.
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In Figure 3.20b, DLS measurement data of SD1 at pH 6 is shown. In this measurement,
average nanoparticle size is less than 10 nm and ~30% of the nanoparticles have a size in
between 5-10 nm with a ~5% decrease from 5 nm to 10 nm which also shows similar

intensity profile as SD1 without any pH adjustments.

In Figure 3.20c, the UV-Vis Spectrum of SD1 at pH 7 is shown. The expected nanoceria
peak was in between 260 nm - 320 nanometer range and it was obtained at 292 nm with
1:100 dilution ratio. The peak is at the right nm range and has slight difference compared
to SD1 without any pH adjustment and SD1 at pH 6 by regarding absorbance.

In Figure 3.20d, DLS measurement data of SD1 at pH 7 is displayed that the average
nanoparticle size is greater than 10 nm and 25% of the nanoparticles have a size in range
of forming 15-30 nm, 20 nm and 22 nm for 25% of the sizes for each. It’s been observed
that pH 7 had larger particle size than SD1 without any pH adjustment. Unfortunately due
to the high acidity of SD1, it was not possible to accurately measure the surface charge
(zeta potential measurements) at pH 6, and due to the lack of comparison according to pH

7 zeta potential measurements, data is not shown.

3.3.2. WST-1 Assay with pH Adjusted Dex-CeNPs

Cytotoxic behaviors of SD1 with acidic (pH 6), neutral (pH 7), and basic pH values were
analyzed against two different colon cancer cell lines; DLD-1 (ATTC CCL-221) and
COLO 201 (ATTC CCL-224). The experiments were conducted at three different
concentrations dextran-coated pH adjusted nanoceria. WST-1 assay was performed and

measurements were taken on Day 1 and Day 3.
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Figure 3.21. Cytotoxic properties of Dex-CeNPs (SD1) at pH 6 and pH 7 on DLD-1. (a)
SD1 at pH 6 on DLD-1, (b) SD1 at pH 6 and not adjusted pH on DLD-1, (c) SD1 at pH 7
on DLD-1, (d) SD1 at pH 6 and not adjusted pH on DLD-1. * Represents comparison between SD1

control group and each concentration (p-value<0.001), # Represents comparison between SD2 control group and each
concentration. (p-value<0.001), ** Represents comparison between SD1 and SD2 at the same concentration. (p-

value<0.001).

In Figure 3.21a, cytotoxic effect of pH 6 adjusted SD1 against DLD-1 at 250, 500, 1000
pg/mL concentrations at two time points (Day 1 and Day 3) were depicted compared to
the control group (untreated cells) in terms of viability (%). At 250 pg/mL, slightly toxic
effect was obtained on Dayl furthermore 50% toxicity was observed on Day 3. Initial
toxic effect of SD1 against DLD-1 was observed at 500 pg/mL on Day 1 by 20% and
approximately 2X more toxicity on Day 3. The most toxic concentration of SD1 against
DLD-1 was 1000 pg/mL for each time-points with 50% toxicity on Day 1 and 75% toxicity
on Day 3.
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In Figure 3.21b, cytotoxic effect of pH 6 adjusted SD1 against DLD-1 at 250, 500, 1000
pg/mL concentrations at two time points (Day 1 and Day 3) were depicted compared to
the control group (cell treatment without any pH adjustment) in terms of viability (%). At
250 pg/mL, both pH 6 and control group on Day1 showed no toxicity on DLD-1 cell line.
On the contrary, pH 6 has ~50% toxicity and control group have 10% less toxicity than
pH 6 adjusted SD1 on Day 3. In case of 500 png/mL, slight toxicity (20%) for pH 6 and
25% toxicity for control group on Day 1 was observed. Toxicity trend was similar on Day
3 for pH 6 and control group with 40% toxicity. The most toxic concentration of SD1
against DLD-1 was 1000 pg/mL and for Ph 6, the toxicity was detected as 50% while the
toxicity on control group was 80%. Day 3 of each group had slight toxicity differences. In
Figure 3.21c, cytotoxic effect of pH 7 adjusted SD1 against DLD-1 at 250, 500, 1000
pg/mL concentrations at two time points (Day 1 and Day 3) were depicted compared to
the control group (untreated cells) in terms of viability (%). At 250 pg/mL, no toxic effects
were obtained on Dayl and 50% toxicity was observed on Day 3 similar with pH 6. At
Day 1, there was 20% toxicity at pH 6 500 pg/mL, while no toxicity was observed at pH7
500 pg/mL. Toxicity for Day 3 at the same concentration was 59% at pH 6 and around
70% at pH 7. The most toxic concentration of SD1 against DLD-1 was 1000 pug/mL for
each time-points with 70% toxicity on Day 1 and 75% toxicity on Day 3.

In Figure 3.21d, cytotoxic effect of pH 7 adjusted SD1 against DLD-1 at 250, 500, 1000
pg/mL concentrations at two time points (Day 1 and Day 3) were depicted compared to
the control group (cell treatment without any pH adjustment) in terms of viability (%). At
250 pg/mL, while no toxic effects were obtained for pH 7 similar with pH 6 and control
group on Dayl. Besides, pH 7 has similar ~50% toxicity profile and control group have
10% less toxicity than pH 7 adjusted SD1 on Day 3. In case of 500 pg/mL, no toxicity
observed for pH 7 and 15% toxicity for control group on Day 1. Viability profile was
similar on Day 3. For pH7, approximately 50% toxicity detected and control group showed
10% less toxicity than pH 7 adjusted SD1 on Day 3. The most toxic concentration of SD1
against DLD-1 was 1000 pug/mL for each time-points and each group with slight

differences.
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Figure 3.22. Cytotoxic properties of Dex-CeNP (SD1) against COLO 201 cell line at pH
6 and pH 7. (a) SD1 at pH 6 on COLO 201, (b) SD1 at pH 6 and not adjusted pH on
COLO 201, (c) SD1 at pH 7 on COLO 201, (d) SD1 at pH 6 and not adjusted pH on

COLO 201. * Represents comparison between SD1 control group and each concentration (p-value<0.001), #

Represents comparison between SD2 control group and each concentration.(p-value<0.001).

In Figure 3.22a indicates the cytotoxic effect of pH 6 adjusted SD1 against COLO 201
cell line. No viability decrease was observed at 250 pg/ mL and 500 pg/mL on Day 1.
Also, slight decrease on viability on Day 3 was obtained for both concentrations was
detected. At 1000 pg/mL on Day 1, viability decreased by 30% and 40% Day 3 compared
to control group.

In Figure 3.22b, cytotoxic effect of pH 6 adjusted SD1 against COLO 201 at 250, 500,
1000 pg/mL concentrations at two time points (Day 1 and Day 3) were depicted compared
to the control group (cell treatment without any pH adjustment) in terms of viability (%).
At 250 pg/mL, while no toxic effects were obtained for pH 6 on Day1, approximately 50%
toxicity was observed for control group. Besides, pH 6 has 75% viability and control group
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had a similar viability on Day 3 compared to Day 1. At 500 pg/mL, similar viability profile
was observed for pH 6 on COLO 201 cell line Day 1. Similar profile for control group at
the same concentration was also observed compared to 250 pg/mL on Day 1. On contrary,
control group has ~20% slight toxicity difference with respect to 250 pg/mL for Day 3. In
case of 1000 pg/mL, viability on Day 1 decreased by 30% for pH 6 and 70% toxicity was
observed for control group. 10% increase in toxicity obtained on Day 3 compared to 500
ug/mL for pH 6 and no toxicity with respect to 500 pg/mL was detected for control group.
Figure 3.22c indicates the cytotoxic effect of pH 7 adjusted SD1 against COLO 201 cell
line. No viability decrease was observed at 250 ug/mL for each time points. However,
slight decrease (10%) on viability on Day 1 was obtained at 500 ug/mL and 20% toxicity
was observed on Day 3 compared to control group. At 1000 pg/mL on Day 1, viability

decreased by 45% and approximately 40% on Day 3 compared to control group.

In Figure 3.22d, cytotoxic effect of pH 7 adjusted SD1 against COLO 201 at 250, 500,
1000 pg/mL concentrations at two time points (Day 1 and Day 3) were depicted compared
to the control group (cell treatment without any pH adjustment) in terms of viability (%).
At 250 pg/mL, no toxicity profile was observed at pH 7 for each time points. At 500
ug/mL, control group has ~45% more toxicity than pH 7 on Dayl. On contrary, toxicity
difference was more than 2 fold between control group and pH 7 on Day 3. At
concentration 1000 pg/mL, viability on Day 1 decreased by 45% for pH 7 and 67% toxicity
was observed for control group. Besides, pH 7 viability profile was ~20% more on Day 3

than control group.

3.3.2.1. 1C50 Values pH Adjusted Dex-CeNPs on Colon Cancer Lines
To understand the effect of pH change on SD1 deeply, the quantitative analysis was

performed by calculating the IC50 value. This value comparison to non- pH adjusted SD1
(Table 3.8) showed that both pH 6 and pH 7 increased the required concentrations.

Table 3.8. IC50 values of DLD-1, COLO 201 cell lines with respect to pH 6 and pH 7.

IC50 (ng/mL) pH 6 pH 7 Not adjusted pH

DLD-1 390 495 745

COLO 201 535 318 232
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4. DISCUSSION

In this study, nanoceria was successfully coated with two different dextran molecules.
Dextran, prevented the aggregation of nanoceria, increased the solubility of the suspension
in the medium and maintained the stability of the nanoparticle. The characterization of the
synthesized Dex-CeNPs was performed using different methods such as (Uv-Vis, DLS,
FTIR, TEM, Raman, XPS, TGA and XRD).

The UV-Vis spectrophotometry results of two synthesized Dex-CeNPs (SD1 and SD2)
indicate the dominance of Ce™ state in both syntheses. The size differences between SD1
and SD2, as measured by dynamic light scattering, may be due to the difference in
molecular weight of the dextran used to coat the nanoceria. SD1 has slightly positive, SD2
has slightly negative zeta potential values within the expected biological range. The FTIR
spectra of both syntheses show the successful dextran surface coating of nanoceria along
with confirmation using Raman spectra. High-resolution transmission electron
microscopy (HR-TEM) images indicate small core sizes for both syntheses, as well as the
(111) and (220) face-centered cubic planes characteristic of CeO2. X-ray photoelectron
spectroscopy (XPS) results show the presence of cerium and oxygen on the surface of both
syntheses, with a higher concentration of Ce™ on SD2 than SD1. The TGA results
indicated that higher stability of SD2 than SD1 at high temperatures. Six-month stability
results showed three-week stability and safety of both syntheses. Successful
characterization of the processes led to testing of both syntheses in cell culture. The
cytotoxic effect of the syntheses was evaluated using WST-1 assay on various colon
cancer cell lines. The results showed that SD2 was more effective in colon cancer cell
lines, but the toxicity rate for HT-29 was approximately the same for both syntheses. No
toxicity was observed for either synthesis on the SW48 line. In the other three cell lines,
approximately 2-fold cytotoxic differences were observed between the IC50 values of
SD1 and SD2. The results showed that SD2 was more effective in colon cancer cell lines
and had the ability to scavenge ROS at all concentrations below the 1C50 value for each
cell line. The synthesis of SD1 resulted in increased production of ROS in the COLO 201
and DLD-1 lines and had a lower response in colon cancer cell lines at high concentrations.
Due to the difference in toxicity and ROS production profiling in between two syntheses,
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the flow cytometry analysis was conducted on SD2. In order to decrease the required
concentration for IC50 values, SD1 was adjusted to pH 6 and pH 7 in order to understand
the effects of pH on the synthesis toxicity and the change of characteristics of the
nanoparticle. The UV-Vis data of both adjusted pH syntheses correlated with the
unadjusted pH data. However, the size of the pH 6 synthesis was similar to that of the
unadjusted synthesis (10 nm), while the size of the pH 7 synthesis was as large as that of
SD2 (100 nm). It was suggested that the size of the pH 7 synthesis may be larger due to
increased agglomeration at this pH. The pH-dependent cytotoxic effect of SD1 was also
evaluated on the DLD-1 and COLO 201 cell lines. The results showed that a higher
concentration was needed at pH 6 than at pH 7 and pH 9. It was concluded that the
response of nanoceria to different pH levels may vary depending on the cell line. Overall,
the results showed that both Dex-CeNPs were successfully synthesized with potential use

in biological applications.

The synthesis color of SD1 [74, 93] correlated with the results given as in the literature.
The color difference of SD2 [102] was found in the literature in accordance with the
obtained data. Naha et al. [15] synthesized dextran coated nanoceria using the precipitation
method with small differences to the results of our study. According to the UV-Vis
spectrophotometry results they obtained, maxima peak of Dex-CeNPs was at 290 nm [15].
Also, Davoodbasha et al. synthesized the biocompatible cellulose-coated nanoceria with
the UV-Vis peak maxima profile at 300-310 nanometers [103]. Both results correlate with
the UV-Vis results obtained for both syntheses in this study. Size differences between the
two Dex-CeNPs synthesis was significant. As in the literature, there are also differences
in hydrodynamic sizes of the Dex-CeNPs. According to Perez et al., dextran coated cerium
oxide nanoparticles were synthesized by alkaline-based precipitation method with the size
of the particle being approximately 10 nm [74] which is similar to SD1.

The FTIR profiles of both dextran types used to coat syntheses were very similar, and all
the expected bands of IR-sensitive vibrational modes were observed in the molecules, as
seen in the literature [15]. Since the intense OH vibration has a wide band gap, it hides the
C-H vibration. The C-O-C vibration observed at 1158 cm™ belongs to the glycosidic bonds
formed between the saccharides. A wide band of characteristic nitrate ion (NO3z)

vibrational modes is observed between 1470 and 1250 cm™. in the ATR-FTIR spectra of
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the doping agent Ce(NOz)36H20. The appearance of the vibrational band attributed to
NOs" ions in the FTIR plots of dextran-coated SD1 and SD2 and the disappearance of the
C-O-C resonance band observed in the dextran plot confirm the successful coating of both
syntheses with dextran. The peak observed at 630 cm™ in the fingerprint region and
attributed to the O-Ce-O band indicates the presence of nanoceria [104]. The vibration
band at 1738 cm™ in the graph is associated with C=0 bonds. The peaks of H.O (H-O—
H) molecular bonds were observed at almost the same point: 1640 cm™ for SD1 and 1639
cm™ for SD2 [105]. In addition, weak C-H bending peak at 1467 cm™ point in the graph
[106] and N-O characteristic vibration bands [104] in 1340 and 1361 cm™ region were
detected. In conclusion, the results from FTIR show that both syntheses are successfully

coated with dextran.

Raman Spectroscopic data confirmed the FTIR data and indicated the purity of the
syntheses, as well as the success of dextran coating. As it is shown in the literature, the
fingerprint band for CeO> at 464 cm™ [107] was not observed for SD1 and SD2 due to the

dextran coating on their surface.

Despite their hydrodynamic size differences, TEM data showed each synthesis is below
5 nm had an FCC structure, and was homogenously distributed in solution, which is in
correlation with literature [15, 108]. Yazici et al. synthesized 0.1 M dextran coated
nanoceria by the same precipitation method with the core size 3-4 nm with FCC structure
[94]. Also, according to study on ethylene glycol coated nanoceria formulated using
alkaline precipitation method by Hanafy et al. confirms that the core size of the nanoceria

does not exceed 5 nanometers (4 nm averagely) and is distributed homogenously [109].

XRD data is in correlation with TEM data as well as the literature. Both syntheses showed
cerium oxide characteristic (111) planes with diffraction peaks at approximately 17°, (220)
plane at 43.5°, and (311) plane at 63.8°. The study conducted by Li et al. on water-soluble
ultrafine monodisperse dextran (T-10) coated cerium oxide nanoparticles which were
synthesized by precipitation method displayed similar peaks. Also, the significant
broadness of (111) plane implies the small size and low-crystallinity of cerium oxide
nanoparticles [110]. In addition, the excess amount of water remaining in the dextran as a

polymer, was the cause of the broad diffraction patterns as visualized in the pristine



71

hydrogel by Cha et al. resulting in an XRD pattern with broad peak on (111) plane [111].
Their antimicrobial studies indicates that the high intensity and wider peak at the (111)

plane may be due to water retention as dextran is a polymer.

As it is known that the CeO; has a valence switch from Ce3* to Ce** so, the ratios of
Ce**/Ce** was distinguished in detail using UV-Vis spectroscopy data, which showed that
SD1 had more Ce** compared to Ce®*. On the other hand, opposite electrical state profile
was detected for SD2 where the Ce®* ratio was more than Ce*" ratio. In comparison with
the literature, Li et al. reported presence of both Ce*® and Ce** with a Ce* /Ce™ of 0.80
on cerium oxide nanoparticles [112]. Another study published by Costantino et al. with
cellulose acetate nanoceria synthesis also showed mixture of Ce*3 and Ce*™ at a % ratio
of 30:70 for Ce**:Ce** [113].

TGA results published by Kaygusuz et al., showed that the decomposition profile of their
alginate based functionalized nanoceria was similar to what we obtained from both
syntheses. Also, to show the importance of functionalization they compared the non-
functionalized and functionalized nanoceria, which indicated that the functionalized
nanoceria lost its 88% of initial mass with slow and steady decomposition, while the non-
functionalized nanoceria retained 92% of its initial mass [114]. Mohammadi et al. reported
that the first stage of weight loss of double dextran/PEG coated iron oxide nanoparticles
was due to the evaporation of water molecules. But for second stage, it was reported 220-
440° attributed to dextran and PEG degradation [98]. Similar TGA profiles were obtained
for both syntheses with a weight loss of 89% for SD1 and 97% for SD1.

Based on these results, six-month stability experiments were carried out to determine the
shelf life of the syntheses. In this process, absorbance, charge and size values of the
syntheses were evaluated with UV-Vis, Zeta Potential and DLS techniques at different
time periods (Day 0, Day 7, Day 14, Day 21, Day 28, Month 2, Month 4, Month 6). In
accordance with the obtained UV-Vis results, while the Ce*" status on the SD1 surface
increased as time passed, the Ce®* status on the SD2 surface increased. The stability
deterioration of SD1 synthesis started with very high absorbance values, with shifts in the
peaks and even absorbance saturations after 21 day. However, the changes in absorbance

values and peak shifts did not show drastic differences for SD2. On the other hand, the
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size characteristics of SD1 and SD2 exhibited different profiles. SD1 has a smaller size
(8-33 nm range) compared to SD2 and shows more variability over 6 months compared to
SD2 according to DLS data. According to the results, SD2 has a larger size (60-100 nm
range) compared to SD1. However, changes in the particle size properties of SD2 showed
very minimal changes over the 6-month period compared to SD1. The charge profile of
SD1 and SD2 were very similar for 6 months, and both syntheses started to become out of
the charge range required to penetrate cells after the 21 day. The surface charge data also
proves that these syntheses are not suitable for use after the 21t day due to loss in stability
as displayed by UV-Vis and DLS. As a result of the stability experiments, the syntheses

were not considered suitable for use in experiments after three weeks.

In line with the difficulties encountered in cell culture studies, the characterizations of the
syntheses with pH adjusted to 6 and 7 for SD1 were examined. When we compare the
characterization data with our unadjusted pH data, it was seen that the UV-Vis data of
both syntheses were complementary. However, in DLS measurements, the size of pH 6
synthesis was about the same (10 nm) as the size of pH unadjusted synthesis, which is
correlated with the data published by Alparslan et al. [93], while the size of pH 7 was as
large as the size (100 nm), probably due to higher potential of agglomeration at pH 7.

The knowledge about the cytotoxicity of Dex-CeNPs on colon cancer cell lines are limited
in the literature due to the novelty of this work. The data obtained on colon cancer cell
lines, indicated that each cancer cell line the responses to each synthesis was different.
Miri et al. reported cytotoxicity of biosynthesized cerium oxide nanoparticles on HT-29
cell line of 0-800 pg/mL concentration of 24 hours had maximum 20% toxicity at 800
pg/mL concentration according to the MTT assay [88]. In our study, both Dex- CeNPs
had 50% toxicity at approximately 500 pg/mL concentration, which can be contributed to
the importance of coating. According to Akhtar et al., the cytotoxic activity of cerium
oxide nanoparticle on different cell lines displayed no significant cell death in MCF-7 and
HT-1080 cell lines at concentrations below 200 pg/mL of cerium oxide nanoparticles
[115]. Meanwhile, Dex-CeNP (SD2) is toxic under 200 pg/mL for COLO 201 cell line.
They also reported that in contrast to the previous studies, MCF-7 and HT-1080 cell lines
showed a tendency towards a slight increase in cell numbers when treated with Cerium
oxide nanoparticles at concentrations up to 100 pg/ml. Same profile was observed for

LoVo and HT-29 cell lines treated with Dex-CeNPs at low concentrations after 24 hours
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of treatment. Another study reported by Yazici et al. shows the importance of Dextran
coating of nanoceria. Which is based on the comparison of two different molarity of T-10
dextran (0.1 M vs 0.01 M) coated nanoceria toxicity on MG-63 cell line. Results indicate
that while 0.01 M dextran coaated nanoceria does not show any toxicity to the MG-63 cell
line, 0.1 M dextran coated nanoceria has 1C50 value at approximately 1000 pg/mL
concentration [94]. Despite the molarity difference of the dextran (0.375 M for both SD1
and SD2) and type of dextrans, LoVo and DLD-1 cell lines showed similar cytotoxicity
profile according to WST-1 assay as MG-63 cell line for SD1 after 24 hours of treatment.
Comparison of poly(acrylic acid) PNC, aminated poly(acrylic acid) ANC, and dextran
coated cerium oxide nanoparticles, Asati et al. reported that while ANC shows cytotoxicity
for H9c2 cardiac myocytes, HEK293 human embryonic kidney cells and A549 lung
carcinoma cells, no toxicity is observed for MCF-7 breast cancer cell lines. PNC only
cytotoxic to A549 lung carcinoma cells and dextran shows no toxicity to any of cancer
cells [79]. In our study, SW48 cell line did not show any response to SD1 and SD2

syntheses.

From the pH dependency aspect, Alparslan et al. reported that at pH 9 on day 1 compared
to control group for all concentrations (from 10 to 1000 ug/mL) given to the osteosarcoma
cell lines, after 3 days of treatment 500 pg/mL shows cytotoxicity. Also, slight increase at
low concentrations (10 to 250 pug/mL) is demonstrated in the graph. pH 7 shows the same
cytotoxicity profile compared to pH 9 after 24 and 72 hours of treatment. However, pH 6
cytotoxicity on osteosarcoma cells was significantly effective after 500 ug/mL
concentrations [14]. In our study, DLD-1 cell line showed approximately 2- fold greater
cytotoxicity on pH 6 compared to pH 9 on IC50 values after 24 hours of treatment with
SD1.Another study published by Perez et al., focused on two healthy cell lines and two
carcinomas with Dextran coated nanoceria at pH 4. Their data showed that Dextran coated
nanoceria protected the healthy cell lines, while their viability severely decreased for
carcinomas [74].

Along with the cytotoxicity assays, ROS assays were also performed. The reason for this
was to look at the ROS production of the cell at the given concentrations and to observe
whether the Dex-CeNPs were ROS scavenger. Lord et al. compared ROS production of
nanoceria and heparin functionalized nanoceria. Their results show that after 24 hours of

treatment on BaF32 cells, ROS production decreased compared to control group (medium)
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for nanoceria. Also, heparin nanoceria shows slightly decreased ROS formation profile
compared to control group. On contrary, after 72 hours of treatment with nanoceria, ROS
formation was similar as treatment of 24 hours while heparin functionalized nanoceria
shows greater ROS production compared to 24 hours of treatment [116]. According to
the experimental results, SD2 showed the ability to scavenge ROS at all concentrations
below the 1C50 value for each cell line, while the synthesis of SD1 showed 4 times the
production of ROS in the COLO 201 and DLD-1 line compared to the control group, and
this rate was higher than in all other cell lines. Based on this result, it deemed appropriate
to test these two cell lines (DLD-1 and COLO 201) with pH adjustments. Almost the same
ROS generation profiles were observed for the LoVo and SW48 lines compared to the
control. Compared to literature, it is understandable that ROS production responses varies

for every cell line.

Li et al. reported 200 pg/mL of treatment for BGC-803 cells is affected by the type of
surface functional group present on the particles. The ultrafine monodisperse water-
insoluble (CeO, —P) nanoparticles had higher intensities of SS and were more easily
uptaken by the BGC-803 cells compared to the CeO,-dextran, poly-acrylic acid (CeO»-
PAA), and ethylenediamine (CeO.-EDA) nanoparticles. The cell uptake of nanoceria
followed the order CeO2-P > CeO,.EDA > CeOz-dextran > CeO2-PAA, indicating that the
surface functional groups on the nanoceria particles greatly influence their uptake by cells.
The size of the cells did not change, as indicated by the constant FS value. Overall, the
results suggest that the type of surface functional group on nanoceria particles plays a
significant role in their uptake by BGC-803 cells [110]. The same profile was observed
for COLO 201 cell line in our study at 100, 124 (IC50) and 250 pg/mL concentrations.
Datta et al. reported that flow cytometry analysis of HCT 116 cell lines treated with 30,
50 and 70 pg/mL nanoceria showed that the percentage of cells undergoing early apoptosis
(as indicated by Annexin V-FITC labeling) and late apoptosis (as indicated by Annexin
V-FITC and DAPI labeling) increased significantly when the cells were treated with
increasing concentrations of cerium dioxide. This suggests that the treatment may have a
toxic effect on the cells, leading to cell death [86], which also correlates with the data
obtained for DLD-1, HT-29 and LoVo cell lines treated with SD2.

According to obtained data from characterization analyses and cell culture experiments
performed with SD1 and SD2 on colon cancer cell lines, Dex-CeNP is a subject with
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remarkable features which can be modified via various methods and worth for future

analysis.

5. CONCLUSION
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Dex-CeNPs are promising nanoparticles due to their remarkable valence electron switch
in between Ce*® to Ce™ states depending on the pH differences which makes nanoparticles
to be selective to the cancer cells and stromal cells. According to obtained experimental
data, although the successful characterization profiles of these two syntheses were
compatible with each other, differences in size and weight was discerned, supporting the
critical role of the different dextrans used in production of SD1 and SD2; and thus, their
resultant cytotoxicity on colon cancer cell lines. Based on the low-dose efficiency of SD2,
the stage at which cells undergo death was examined and promising results, which could
be used in further research, were obtained. Aiming to reduce the high dose requirement in
SD1, the response of colon cell lines was tested at various pH values. The results pointed
to the higher protectivity of nanoceria at acidic than neutral pH values. The novelty of this
study was not only the synthesis and testing of two different types of Dextran—coated
nanoceria on multiple colon cancer cell lines for the first time in the literature, but also the
comparison of two types of nanoceria at altered pH values. The results of this research
contribute to the understanding of the effects of nanoceria on colon cancer cell lines with
different mutations and MSI status, which provides a broader perspective to the field of

nano science.

6. FUTURE DIRECTIONS
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In future studies, pathway analyzes can be performed to better understand the gene-based
effect mechanisms of the syntheses. Also, investigations of the apoptotic or proliferation
protein expression levels of western blotting syntheses can be performed. A healthy colon
cell line can be added to the cell sets and studies can be carried out comparatively. Detailed
characterizations (FTIR, TEM, Raman, XRD, XPS, TGA etc.) of pH modified syntheses
can also be done for better understanding the structure of synthesis. 3D cell culture models
can be used for microenvironmental investigation of pH change. In order to observe the
cellular responses due to pH change more sharply, the pH of the acidic environment can

be further reduced and in vivo experiments of nanoparticles can be conducted.
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APPENDIX A: EQUIPMENTS AND CATALOG NUMBERS

Name of Equipment

Cat No, Brand, Country

Inverted light microscope
Automated cell counter

Centrifuge

Class Il Biological Safety Cabinets

Water bath

Pipette

Vacuum glass

Incubator

Pipette (10, 100, 200, 1000 pL)
Refrigerator (+4)

Freezer (-20)

Freezer (-80)

Imaging reader Cytation 5
Cryogenic vial

Liquid Nitrogen Tank
Mr.Frosty Freezing Container

UV-Vis Spectroscopy
Dynamic Light Scattering
Vortex

Power Supply

Ice Machine

PH Meter

CKX41, Olympus, USA

Lunall, ThermoFisher, USA

5702R, Eppendorf, Germany
AC2-4L1, ESCO, Southeast Asia
Benchmark Scientific, USA

Easypet 2, Eppendorf, Germany
BORO 3.3, Isolab, Germany

Sanyo, Japan

Research Plus, Eppendorf, Germany
Arcelik, Turkey

Bosch, Germany

U570, New Brunswick Scientific, USA
BioTek, USA

430488, Corning, USA

LS750, Worthington, USA

5100-0001, Thermo Fisher Scientific, USA

DU 800, Beckman Coulter, USA
Malvern Instruments, UK
Scientific Industries, USA
Bio-Rad, USA

AF100, Scotsman, USA

30046241, Mettler Toledo, Switzerland
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APPENDIX B: LIST OF SOLUTION AND KITS

Name of Buffer, Solution and Kits

Cat No, Brand, Country

2',7'-Dichlorofluorescin diacetate

WST-1
Dimethyl Sulfoxide (DMSO)

UltraPure™ Cell Culture Grade Water
Trypan Blue

MycoAlert PLUS™

Phosphate Buffered Saline
Penicillin-Streptomycin

L-Glutamine 200mM (100X)
Trypsin-EDTA 0.25%

F12 Kaighn's Modification

McCoy’s SA Medium

Dulbecco’s Modified Eagle’s Medium- High

Glucose (DMEM)
RPMI-1640 Medium

Heat-inactivated fetal bovine serum

Dextran from Leuconostoc Mesenteroides

Dextran from Leuconostoc spp.
Cerium (I11) Nitrate Hexahydrate

Ammonium Hydroxide Solution

MycoAlert™ Plus Mycoplasma Detection Kit

D6883, Sigma Aldrich, USA
11 644 807 001, Roche, USA

BP231, Thermo Fisher Scientific,
USA

S30529, Hyclone, USA

T8154, Sigma Aldrich, USA
Lonza, Switzerland

806544, Sigma Aldrich, USA
15140-122, Gibco, USA
25030-081, Gibco, USA
25200-056, Gibco, USA
SH30526.01, Hyclone, USA

M9309, Sigma, USA

D5796, Sigma, USA

SH30255.01, Hyclone, USA
SV30160.03HI, Hyclone, USA
D9260-10G, Sigma Aldrich, USA
31388-25G, Sigma Aldrich, USA

392219, Sigma Aldrich, USA

221228, Sigma Aldrich, USA

LTO7-703, Lonza, CH
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Cell Line

Cat No, Brand, Country

COLO 201, Human Adenocarcinoma; Colorectal;

Dukes' type D

DLD-1, Human Adenocarcinoma; Colorectal; Dukes'

type C

LoVo, Human Adenocarcinoma; Colorectal; Dukes'

type C, grade 1V
HT-29, Human Adenocarcinoma; Colorectal

SW48 Human Adenocarcinoma; Colorectal; Dukes'

type C, grade IV

CCL-224, ATCC, USA

CCL-221, ATCC, USA

CCL-229, ATCC, USA

HTB-38, ATCC, USA

CCL-231, ATCC, USA




