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CHAPTER 1
INTRODUCTION

Background

Background of research In the past ten years nanotechnology has not only
developed to show a noticeable role in our economy but also enlarged the concern
over prospective argumentative sound effects initiated by nanomaterials to the
life cycle. Previously, a number of organic synthesis methods have been carried
out with heterogeneous solid acids leading to better regio- and stereo- selectivity
[1, 2]. It has been found that it is not just the strength of the acid, but also the
type of acidity (Bronsted or Lewis) that matters for improved activity and
selectivity. The inclusion of superacidity in solids has attracted great attention [3].
Amongst these, sulphated zirconia has found several applications and holds large
promise in a number of reactions of importance [4]. Generally, metal oxides have
been used widely either as such or as supports in conjunction with other active
components for many oxidations, reduction and acid-base-catalyzed reactions
[5]. The surface of zirconium oxide is known to possess all of these catalytic
activities. Zirconium oxide, or zirconia, when modified with anions, such as
sulphate ions, gives a highly acidic or super acidic catalyst that has superior
activity to catalyze many reactions [6, 7]. Thus, sulphated zirconia and modified
sulphated zirconia form an important class of nanomaterials, as is evident from
the large amount of research that has become visible over the past decade [8].
Moreover, these nanomaterials show a promising future in producing eco-
friendly routes for the chemical and pharmaceutical industries into the next

millennium.
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1.2 Problem Statement

Despite their promise, very few studies have reported on the role of sulphated
zirconia nanoparticles as anti-cancer materials. As far as it is known, herein is the
first report of the in vitro anti-cancer effect of sulphated zirconia nanoparticles
against three cancer cell lines. Specifically, the toxicity of sulphated zirconia
nanoparticles against human colon cancer HT29, human lung cancer A546, and
human liver cancer HepG2 cell lines was assessed showing promising results. But
these novel nanoparticles hold promise not just for anti-cancer applications, but

also antiinfection applications.

The steady increase in the anti-microbial resistance of microorganisms represents
a great public health concern. This requires the search for new unconventional
anti-microbial agents. Nanotechnology provides promising materials to fight
infectious diseases such as nanoparticles with anti-microbial activities. In the
present study, the anti-microbial properties of the assynthesized sulphated
zirconia nanoparticles were determined using the agar diffusion method against

different Gram positive and Gram negative bacteria of clinical significance.

Critically, a survey of the literature showed that no previous work has been done
so far on the anti-cancer and anti-microbial effects of nanoparticle sulphated
zirconia. The nanoparticles of sulphated zirconia were prepared by an
Impregnation method and were characterized using XRD, TGA, FT-IR, BET,
SEM-EDS and TEM.
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1.3 Objectives

The objectives of this research study are:

1. To synthesize sulphated zirconia nanoparticle.

2. To characterize the physico-chemical properties of the prepared sulphated
zirconia

nanoparticle.

3. To evaluate the cytotoxicity of the prepared sulphated zirconia nanoparticle.

4. To determine the anti-microbial activity of sulphated zirconia nanoparticles
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CHAPTER 2

LITERATURE REVIEW

2.1 Current Scenario of Transition Metals Nanoparticles as Cancer Therapy:

Transition metals oxides nanoparticles have established much consideration
lately owing to their consumption as chemo-therapy. Research report have
revealed that different transition metals oxides nanoparticles convey cytotoxicity
in malignant cells, but not in common cells. Nearly, such anticancer activity has
been confirmed to hold for the nanoparticle only or in arrangement with
different treatments, such as photo- catalytic therapy or some anticancer drugs.
Zn02 nanoparticles have been displayed to have this activity alone or when
loaded with an anticancer drug, such as doxorubicin. Other transition metals
oxides nanoparticles that show cytotoxic effects on cancer cells include oxides of
cobalt, iron and copper. The anticancer mechanism may possibly work via the
generation of reactive oxygen species or apoptosis and necrosis, among other
possibilities. Here, we review the most significant antitumor results obtained with

different metal oxide nanoparticles.
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2.2 The Impact of Cancer on the Worldwide Health

Cancer is one of the principal causes of mortality worldwide and represents a
serious health problem. The last World Cancer Report of the World Health
Organization states that the incidence of cancer increased from 12.7 million in
2008 to 14.1 million in 2012. This trend is projected to continue, with the number
of new cases per year expected to rise a further 75% over the next two decades,

which will bring the number of new cancer cases close to 25 million per year [9]

The treatment of cancer involves different therapies based on alkylating agents,
antimetabolites, biological agents, etc.; but one of the principal problems is the
side effects due to difficulties in differentiating between cancerous and normal
cells, which produces systemic toxicity [10]. When exploring new strategies for
the treatment of cancer, one possibility is the use of metal oxides nanoparticles.
For more than 30 years, metal oxides nanoparticles have been used as
pharmaceutical carriers to enhance the in vivo antitumor efficacy of drugs. The
first studies in the 1970s used nanoscale drug carriers, such as liposomes

entrapping antitumor pharmaceuticals.
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2.3 Anticancer Activities of Different Transition Metals Oxides Nanoparticles
2.3.1. Iron Oxide

The tumor cell can be directly killed by non-toxic wavelength radiation, such as
near-infrared (NIR),or oscillating magnetic fields (MF) that can be absorbed and
transformed into toxic stimuli of reactive oxygen species (ROS) production or
hyperthermia by NPs of iron oxide[11]. The advantage of this approach is derived
from the fact that NPs, due to their particulate (as opposed to molecular) nature,
can easily be directed to the tumor site by covalently linking tissue-specific
molecular determinants or, in the case of magnetic NPs, with the aid of the
external application of local magnetic fields. Therefore, such NPs can be used to
selectively Kill cancer cells, transforming radiant energy into heat or ROS. This
helps reduce the damage to healthy tissues, which is among the most dangerous
side effects of cancer therapy. The use of magneto-sensitive NP complexes
comprised of NPs of iron oxide and the anticancer drug doxorubicin increases the
antitumor effect compared to conventional doxorubicin therapy. This increased
antitumor effect is probably due to the fact that an external magnetic field can
induce electrontransitions in the nanocomplexes. The magneto complexes have
additional free radicals, and doxorubicin acquires the magnetic

properties of paramagnetic substances. The antitumor drug action is based on the

activation of the hydroxyl radicals, which break mitochondria, lipids, proteins,

11
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DNA and other structures in tumor cells, and finally leads to their apoptosis or
necrosis. The combined effect of a constant magnetic field and moderate radio

frequency-induced hyperthermia (below 40 °C) and a magneto-sensitive

nanocomplex of iron oxide and paramagnetic doxorubicin increased antitumor
and antimetastatic action, compared to conventional diamagnetic doxorubicin.
The synergy of magnetic fields and an anticancer magneto-sensitive nanocomplex
provides a new strategy for future effective treatments of cancer [12]. Spherical
iron oxide NPs were approved in the EU as a medical device for magnetic tumor
hyperthermia in brain[13, 14] and prostate cancer [15] in combination with
radiotherapy or chemotherapy[16]. Recently, it has been observed that heat-
generating PEG-coated iron oxide nanocubes interfere with the extracellular
matrix of a tumor and have the potential to destructure the matrix under
magnetic stimuli. This results in NP redistribution in the tumor during the
threecycle heating procedure, which also leads to the diminution of tumor growth
[17]. Anticancer hyperthermia therapy consists in the application of heat at a
temperature above 40 °C with the aim of killing tumor cells[18]. Different
nanostructures have been used in hyperthermia applications, including magnetic
iron oxide NPs. Once these nanomaterials are delivered to the tumor site, they
efficiently absorb energy from an extrinsic source (e.g., NIR radiation or
magnetic fields), transforming it into heat. Very promising results in
hyperthermia treatments were obtained with magnetic iron oxide NPs, both in
cell models and in vivo, as previously extensively reviewed[19]. When iron oxide
NPs are exposed to radiofrequency oscillating magnetic fields, they produce heat

due to the reorientation of the magnetization process.

12
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The magnetization of super-paramagnetic iron oxide NPs (SPIONSs) disappears as
soon as the magnetic field is removed [20]. This is very important, because
magnetization induces NP aggregation: a phenomenon that is acceptable during
the treatment, but very dangerous to the patient after the treatment, when large
aggregates may hinder the clearance of NPs and create serious health hazards.
For this reason, for in vivo hyperthermia applications, the iron oxide NPs must be
below the 30—40 nm size limit,

to avoid the formation of ferromagnetic NPs. An increase in particle size will lead
to higher saturation magnetization values and better performance for magnetic
hyperthermia applications. However, this is only true when the particle is smaller
than a critical size above which magnetic NPs become ferromagnetic (the so-
called super-paramagnetic limit), which, in principle, is undesired magnetic
behavior for biomedical applications, due to potential particle aggregation.
Meanwhile, particle size is an issue of crucial interest in many biomedical
applications in which the use of very small particles is highly desired, so that they
can act as heat nano-sources in tumor regions of limited size access [21].

Recently, iron oxide NPs were studied as radio-sensitizing agents when using X-
ray sources. In vitro studies showed that citrate- and malate-coated SPIONs
sensitized tumor cells to X-rays by catalyzing ROS formation[22]. The results are
promising and deserve further analysis of the biological mechanisms occurring

downstream of the ROS production.

13
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2.3.2. Titanium Dioxide

The principle behind photodynamic therapy (PDT) is that a photo-sensitizer (PS)
consisting of a hydrophobic organic molecule is excited with electromagnetic
radiation in the range of visible or UV light to generate cytotoxic ROS that
induce apoptosis. The earliest photodynamic therapy protocols made use of
polymeric and inorganic NPs as passive carriers to improve the solubility of the
hydrophobic PS molecules and as platforms for their delivery to the tumor site
[23]. An alternative approach consists of the use of inorganic NPs, such as
titanium oxide (TiO2) [24-26], as direct photo-sensitizing agents that can
therefore be used in place of PS molecules.

Photocatalyzed titanium dioxide (TiO2) NPs have been shown to eradicate cancer
cells. However, the required in situ introduction of UV light limits the use of such
therapy in humans. One strategy to overcome the limitations is the surface-
functionalization of TiO2. Cell viability was observed to depend on particle
concentrations, cell types and surface chemistry. Specifically, -NH2 and -OH
groups showed significantly higher toxicity than —-COOH. The results suggest that
functionalized TiO2, and presumably other NPs, can be surface-engineered for
targeted cancer therapy. In cancerous cell lines of T-24, HeLa and U937 cells,
TiO2 particles were found to become incorporated into the cell membrane and

the cytoplasm [25].
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TiO2 NPs can be maintained for a long time in the body, and they are nontoxic
and stable without light irradiation. A major challenge in photodynamic therapy
Is the direct illumination of the tissue by UV or visible light to trigger the TiO2
NPs. However, UV and visible light has a limited penetration distance in tissue,
and this is a disadvantage when cancer cells are located far from the surface[27].
The maximum penetration into tissue can be obtained in the near-infrared (NIR)
range (700-1000

nm), and this can be used for TiO2 NPs. Recently, the efficacy of NIR on
crystallized shells composed of TiO2 NPs coated on the surface of
NaYF4:Yb3p, Tm3p@NaGdF4:Yb3p cores to form (NaYF4:Yb3p,
Tm3p@NaGdF4:Yb3p)@TiO2  core/shell  nanocomposites  (denoted  as
UCNPs@TiO2 NCs) has been demonstrated. Considering the deeper tissue
penetration of NIR light than UV light, UCNPs@TiO2-based NIR light-mediated
PDT possesses more effective tumor inhibition in comparison with UV light-
irradiated UCNPs@TiO2. These effects have been demonstrated on HelLa cells in
vitro and in vivo in a tumor model using female Balb/c nude mice [28]. Other
authors have reported the synthesis of core-shell upconversion nanoparticles
(UCNS) with a thin and continuous layer of TiO2, as nanotransducers with the
ability to convert low-energy NIR light to high energy, which can penetrate
deeper into the tissue[29]. The same authors have

reported recently the capacity of these synthesized UCNs to reduce the
production of tumors in vivo developed by injection of oral squamous cell
carcinoma (OSCC) [30].
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2.3.3. Cerium Oxide Nanoparticles

Cerium oxide NPs (CNPs) are a novel and very interesting material for radiation
therapy, possessing the “smart” capacity to selectively induce the death of
irradiated cancer cells[31], while protecting the surrounding tissue from
radiation-induced damage and oxidative stress. Therefore, CNPs have the unique
feature of acting as radio-protecting, as well as radio-sensitizing agents
simultaneously. These NPs selectively increased oxidative stress and apoptosis in
irradiated cancer cells, while protecting normal tissues[32, 33]. It has been
hypothesized that the selective toxicity of CNPs against cancer cells is due to the
inhibition of the catalase-like activity of CNPs that occurs in acidic (pH 4.3)
environments: in the presence of superoxide produced by the ionizing radiation,
the SOD-like activity, which is maintained even at low pH, would lead to H202
accumulation, incrementing radiation toxicity[31]. The hypothesis is based on the
assumption that cancer cells are acidic. In fact, the cytosol of cancer cells is
slightly more alkaline (pH > 7.4) than normal cells; whereas the extracellular
tumor microenvironment is slightly acidic due to the Warburg effect, and the pH
decreases from 7.1 (normal tissues) down to 6.7 [34].

Another possible mechanism for the differential toxicity of CNPs on cancer cells
would involve their SOD-like activity. It is known from many studies that the
SOD enzyme acts as a radio sensitizing agent, potentiating the DNA damage
response and delaying the G2/M transition, thus favoring cell accumulation in G2
and allowing more thorough DNA repair. Therefore, CNPs may act as radio-
sensitizing agents through an additional, biological mechanism that controls the

response to DNA damage|[35].
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Recent results show that CNPs are almost as toxic as radiotherapy to the
pancreatic cancer cells L3.6pl, but showed little or no toxic effect on the normal
cells N TERT-HPNE. This finding points to the use of these NPs as a stand-alone

therapy for pancreatic cancer treatment [31].

A recent study compared the effect of CNPs on cancer and normal human cells
and concluded that the toxicity of these NPs is specific to the cancer cells. The low
inhibitory potential of cerium oxide in normal human cell lines indicates that
they may be safer for human usage in industry and medicine[36]. Other studies
have shown that redox-active CNPs exhibit cytotoxic and antiinvasive effects on
several cancer cells and are capable of sensitizing tumor cells to radiation, while
protecting the normal cells in the stroma surrounding a tumor[37]. In squamous
cell carcinoma of the skin and melanoma, CNPs exhibit pro-apoptotic and anti-
invasive effects in a ROS-dependent manner. In contrast to conventional
chemotherapeutics, CNPs are nontoxic to healthy, stromal cells of the skin. It has
been reported that CNPs exert either pro-oxidant or antioxidant redox activity.
Although CNP treatment increases

the ROS level in tumor cells, resulting in apoptosis, CNPs showed antioxidant
and protective properties in normal cells[38]. A medical application of CNPs may
provide a promising possibility for skin cancer therapy and may be a valuable
tool to supplement classical chemotherapeutics, such as doxorubicin, and protect
against doxorubicin-induced cytotoxicity. Another advantage of CNPs is that they

do not present genotoxic effects [39].
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These results with CNPs of 5 nm are in contrast to another recent study with
CNPs with a size of 16-22 nm, where DNA damaging effects were found in other
tumor cell lines[37], indicating that the mode of action of the nanoparticles is
strongly dependent on the size and cell type. The supplementation of conventional
chemotherapies with CNPs may offer a novel strategy in the treatment of cancer,
with greater benefit for patients, by enhancing antitumor activity and lowering

the damaging side effects[39].

Previous studies were done in vitro, and it is necessary to demonstrate in vivo the
efficacy of nanoparticles in the treatment of tumors. In this sense, in vivo
xenograft studies with immunedeficient nude mice showed a decrease of tumor
weight and volume after treatment with CNPs. This effect could be attributed to
redox-active CNPs, which present selective pro-oxidative and antioxidant
properties. This study was the first to show that CNPs prevent tumor growth in
vivo [40].
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2.3.4. Zinc Oxide Nanoparticles

Application of ZnO NPs, has shown that they are most efficacious on T98G
cancer cells, moderately effective on KB cells and least toxic on normal human
HEK cells. These results demonstrated that treatment with ZnO NPs sensitizes
T98G cells by increasing both mitotic (linked to cytogenetic damage) and
interphase (apoptosis) death. The ZnO NPs behave as genotoxic drugs, since they
induce micronucleus formation in cells. These results could be helpful in
designing more potent anticancer agents for therapeutic uses[41].

The apoptosis-correlated, intracellular production of ROS was also measured
with melanoma cancer cells with varying ZnO NP doses [42]. Zinc oxide NPs
were used at a very low concentration and were found to exhibit activity against
HepG2 (liver cancer) and MCF-7 (breast cancer) cancer cells in a dose-dependent
manner: viability, measured by the MTT assay, showed a dose-dependent
decrease. At a very low concentration, such as 25 pg/mL, the cell viability was less
than 10% in the case of HepG2 cells. The results of these anti-proliferative
studies clearly demonstrate that treatments with NPs sensitize cancer cells. The
degree of apoptosis was found to be enhanced with an increase in the
concentration of NPs, and a significant concentration of NPs resulted in cell death

in both cancer cell lines[43]. In that study,
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guantitative real-time PCR was utilized to analyze the mRNA levels of apoptotic
markers (p53, Bax, bcl-2 and caspase-3) in

HepG2 cells exposed to ZnO NPs at a concentration of 50 pg/mL for 24 h. The
results showed that the mRNA levels of these apoptotic markers were
significantly altered in HepG2 cells due to ZnO NP exposure. The mRNA level of
the tumor suppression gene p53 was 1.9-fold higher and the m RNA expression
levels of the pro-apoptotic gene Bax and the anti-apoptotic gene bcl-2 were
decreased (2.7- and 2.5-fold, respectively) in the exposed cells, compared to
untreated cells. Moreover, the effect of ZnO NPs on the mRNA expression level of
caspase-3 was studied and was found to be 1.8-fold higher in the treated cells
than the untreated control cells. The mRNA expression levels of p53, Bax, bcl-2
and caspase in HepG2 cells in response to ZnO NP exposure was studied, because
apoptosis is controlled through these pathways. The quantitative real-time PCR
results show that ZnO NPs upregulate the mRNA levels of the cell cycle
checkpoint protein p53 and the pro-apoptotic protein Bax. The expression of the
anti-apoptotic protein bcl-2 was downregulated in cells exposed to ZnO NPs.
Furthermore, the upregulation of p53 and the downregulation of bcl-2 family
members, such as Bax, induce the permeabilization of the outer mitochondrial
membrane, which releases soluble proteins from the intermembrane space into
the cytosol, where they promote caspase activation [43].

Therapeutic cancer vaccines are emerging as part of an anticancer regimen that
utilizes specific antigens to initiate and modulate the antitumor immune
response[44]. Dendritic cells (DCs) have been used for therapeutic cancer
vaccines [45]. DC-based cancer immunotherapy that destroys tumors requires a

clinically-suitable delivery system for the target antigens in the DCs. In one study,
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the authors developed iron oxide (Fe304)-zinc oxide (ZnO) core-shell NPs
(CSNPs) to have ZnO-binding peptides to carry tumor antigens in DCs. This NP-

antigen complex was efficiently

taken up by the DCs and was demonstrated to function as a cancer
Immunotherapy via injection of the DCs containing the CSNP-antigen complex
into the hind footpads of mice. Mice immunized

with DCs containing the NP-antigen complex showed enhanced tumor antigen-
specific T-cell responses, delayed tumor growth and better survival than
controls[46]. However, a study of the potential toxicity of these new nanocarriers
Is required. Recently, a repeated toxicity study was performed in vivo by
subcutaneous injection in mice and showed a dose-dependent increase in
granulomatous inflammation at the injection site of the CSNP-treated animals,
but no alterations in the body (Figure 3) and other histopathological lesions in
other organs could be attributed to the CSNPs [47].

The electrostatic properties of zinc oxide determine that it can have different
charges on its surface under acid and base conditions. This can be used in the
conjugation of therapeutic agents and also to internalize NPs within cancer cells,
as they are high in phospholipids with negative charges on their surface. Zinc
oxide NPs also have a photodynamic property: illumination leads to the
production of large amounts of ROS and can result in cell apoptosis [48]. These
gualities make zinc oxide NPs a suitable candidate for a drug carrier.
Conjugation of therapeutic agents with zinc oxide NPs may yield better results
than with other NPs, in the targeted cancerous cells instead of normal cells. The
decrease in cell viability of MCF-7 cell lines after treatment with a metalloprotein

confirms that synthesized metalloproteins can have an anticancer property.
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NPs carrying asparaginase were found to be more specific, highly effective and to

provide reliable results[49]. ZnO NP pre-incubation followed by UVA-1

irradiation induced a significant reduction in viable head and neck squamous cell

carcinoma cell lines (HNSCC) in vitro [50].

One strategy to reduce the toxicity of typical cancer therapies is their
combination with NPs. The combination of ZnO NPs with paclitaxel and cisplatin
[51] or daunorubicin [52] increases the effect of these chemotherapeutics in cell
lines in vitro. It is evident that differently-sized ZnO NPs

could greatly facilitate drug targeting and accumulation of daunorubicin in
leukemia cancer cells and could thus act as an efficient agent to enhance drug
delivery [52].

The combination of NPs with typical cancer drugs allows the reduction of the

drug dose with the corresponding reduction in side effects.
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2.3.5. Copper Oxide Nanoparticles

Studies report the biosynthesis of copper oxide NPs (CONPs) from different plant
extracts, such as that of Ficus religiosa [53] or Acalypha indica [54]. These NPs
showed cytotoxic effects on A 549 human lung cancer cells and MCF-7 breast
cancer cells, respectively. The mechanism of cytotoxicity was demonstrated to be
through the induction of apoptosis with enhanced ROS generation. The green
synthesis of these NPs has been proposed as a reliable, simple, nontoxic and eco-
friendly method [55]. CONPs have many industrial applications[56], but recent
studies have reported the antifungal and bacteriostatic properties of copper
NPs/polymer composites[57]. In vitro studies demonstrated that cuprous oxide
nanoparticles (CONPs) selectively induce the apoptosis of tumor cells in vitro
[58]. Thereafter, the same authors studied the antitumor properties of CONPs in
vivo, using the particles to treat mouse subcutaneous melanoma and metastatic
lung tumors, based on B16-F10 mouse melanoma cells, by intratumoral and

systemic injections, respectively.
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The results showed that CONPs significantly reduced the growth of melanoma,
inhibited the metastasis of B16-F10 cells and increased the survival rate of tumor-
bearing mice. The subcutaneous tumors of the CONP group were clearly smaller
than those observed in the glucose control group. To explore the clearance of
CONPs, mice were injected with particles via the vena caudalis at a dose of

2mg/kg, and after seven days, the major organs were harvested and

observed. Importantly, the results also indicated that CONPs were rapidly

cleared from the organs and that the particles exhibited little systemic toxicity.

Furthermore, the authors observed that CONPs targeted the mitochondria of
HelLa cells in vitro, which resulted in the release of cytochrome C from the
mitochondria and the activation of caspase- 3 and caspase-9 after the CONPs

entered the cells. In

conclusion, CONPs can induce the apoptosis of cancer cells through a
mitochondrion-mediated apoptosis pathway, which raises the possibility that
CONPs could be used to cure melanoma and other cancers. CONPs inhibit the
growth and metastasis of melanoma in a tumor-bearing mice model and are
rapidly cleared by mice with low toxicity [59]. CONPs were found to induce
cytotoxicity in a human liver carcinoma cell line (HepG2) in a dose-dependent
manner, which was probably mediated through ROS generation and oxidative
stress[60].
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2.3.6. Silicon Dioxide or Silica

In contrast to other metal oxide NPs with antitumor effects per se, silica has been
shown to be a good carrier for different anticancer drugs, such as gemcitabine
and paclitaxel, in the treatment of pancreas cancer in mice [61].

The size- and shape-controllable pores of mesoporous silica NPs (SNPs) can store
pharmaceutical drugs and prevent their premature release and degradation
before reaching their designated target.

Chemotherapeutic drugs can be loaded into mesoporous silica NPs, replacing the
need to use solvents that are often toxic for healthy tissues.

The first concern is the potential toxicity of this kind of NP; so it is necessary to
study subacute toxicity with mesoporous SNPs. This study showed no toxicity

after in vivo
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administration to mice [62]. Thereafter, the authors reported the design, synthesis
and biological evaluation of surface modified SNPs for the delivery of
camptothecin (CPT). The tumors in the mice treated with NPs loaded with CPT
were virtually eliminated at the end of the experiments. These results proved that
the high drug-loading capacity, low toxicity and tumor-accumulating effect of
these NPs provide a promising drug delivery vehicle for anticancer drugs. The
tumor-curing results were also encouraging, constructing a base for further
research into the capacity of MSNs for other types of tumors and the possibility
of using lower dosages to further reduce toxicity. SNPs have a natural tendency to
aggregate, due to hydrogen-bond interactions between external silanol groups.
The use of this type of nanomaterial in biological applications requires the
reduction of this natural trend, in order to improve bio-distribution and cellular
uptake. Coating the NP surface with trihydroxysilylpropyl carboxylate (THSC)
groups has a considerable effect on the surface charge of SNPs (-1.8 and -13.9 mV
for non-coated SNP and SNP-COOH, respectively) with the electrostatic
repulsion being enough to reduce aggregation and to increase the stability of the
particles in aqueous solution [63].

A drug has been covalently linked to the NP through an ester bond with the 20-
hydroxy moiety, in order to stabilize its lactone ring and to avoid unspecific
release of the drug. The material obtained is highly stable in plasma, with slow
release of the cargo at physiological pH values. Cell internalization and in vitro
efficacy assays demonstrated that SNPs carrying CPT entered cells via
endocytosis, and the intracellular release of the cargo induced cell death with half
maximal inhibitory concentration (1C50) values and cell cycle distribution
profiles similar to those observed for the naked drug. Furthermore, the in vivo

bio-distribution, therapeutic
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efficacy and biocompatibility of the SNP-CPT were evaluated in human
colorectal cancer xenografts using in vivo fluorescence or bioluminescence optical
imaging.

In vivo tumor-accumulation and whole-body tissue distribution were studied
based on the acquisition of fluorescence emission of a fluorophore (Cy5.5)
conjugated to the SNP-CPT, as well as by HPLC quantification of tissue CPT
levels. The results showed that although the SNP-CPT tended to accumulate in
organs of the reticuloendothelial system, the SNPs boost CPT concentration in
tumor compared to administration of the free drug. Accordingly, SNP-CPT
treatment delayed the growth of subcutaneous tumors while significantly
reducing the systemic toxicity associated with CPT administration. These results
indicate that SNP-CPT could be used as a robust drug delivery system for
antitumor treatments based on CPT [64]. The authors indicated that although
their results regarding tumor growth differences were not as dramatic as those
obtained previously by Lu et al.[62], a distinct type of experiment was carried out
in each case. Botella et al.[63] Performed a tumor growth inhibition experiment
starting treatment once the tumors were well established; in contrast, Lu et al.
performed a tumor growth prevention assay, and the therapeutic agents were

also administered at higher doses via a different route [64] .
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2.4. Influence of Size and Characteristics of Nanoparticles

Different strategies have been developed for cancer treatment; the first exploits
the enhanced permeation and retention effect (EPR) associated with the
hyperpermeability of the tumor vasculature where sufficiently small particles
(<500 nm) can passively extravasate and accumulate in tumor parenchyma [65].
However, the size of the different metal oxide nanoparticles are smaller than 50
nm. The measures of the NPs are usually performed in water, but when NPs are
in cell culture medium, aggregates are observed. This is one of the principal

limitations in knowing the real size of NPs when in vitro studies are performed.

The uptake, localization and effect of cerium oxide nanoparticles in the cells
depend on their size, surface charge and agglomeration inside the cells. Particles

of a diameter less than 20 nm are present longer in the cells than larger particles.

The uptake of single, un-agglomerated nanoparticles therefore becomes very
improbable for particles of less than 50 nm in size; then, particle size is indirectly
the dominant factor determining the rate of uptake, while primary particle
number concentration and total surface area are of minor importance [36, 66].

Studies reporting the use of TiO2 in photodynamic therapy have presented a non-
uniform size of the nano-construct that might have compromised repeatability

and translatability of photodynamic therapy results in vivo [30].
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When NPs are administered in vivo and are present in blood, then protein corona
can be formed, modifying their action. NP-protein coronas generally reduce
cytotoxicity and immunotoxicity, but immunotoxicity can be mitigated or
activated depending on the type of NP and adsorbed plasma protein. At this time,
there is limited knowledge of the correlation between the physicochemical
properties of NPs and their physiological effects. The formation and
immunological response to NP-protein coronas is significantly influenced by the
physiochemical surface properties of the NPs (i.e., physical surface architecture
and chemical functionality), and thus, future works should address this by

analyzing protein distribution and examining in vitro and in vivo responses[67] .
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2.5. Chemical Nanotechnology

For chemists, nanotechnology is not an entirely new field, as many existing
chemical technologies utilize nanoscale processes. Chemical catalysis is a typical
example of chemical nanotechnology that has existed for more than a century.
Catalysts accelerate numerous chemical transformations, such as the conversion
of crude oil into gasoline and the conversion of small organic chemicals

into drugs. Similarly, enzymes in cells are actually a kind of biological catalyst,
and they organize and modulate the life chemistry of the body. It is expected that
the nanoscale understanding of catalysis will lead to better and cleaner industrial

processes[68].
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2.6. Nanobiotechnology

Nanobiotechnology is a field that concerns the utilization of biological systems
optimized through evolution, such as cells, cellular components, nucleic acids and
proteins, to fabricate functional nanostructures and mesoscopic architectures
comprised of organic and inorganic materials [69]. Biological molecules can be
harnessed for the creation of nanostructures, and can be used to assemble
nanoscale building blocks based on the principle of molecular recognition [70].
Many biological molecules, such as DNA, can bind to other molecules in a lock-
and-key manner with very high selectivity and specificity. For example, the
sequences of single-stranded oligonucleotides can be chosen so that they can bind
to other partly complementary single-stranded oligonucleotides, causing the
formation of complex patterns such as two dimensional crystals or cubes.

The instruments originally developed for synthesizing and manipulating
nanoscale materials have been refined and applied in the fundamental researches

of biological activities [69].
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Nanotechnology has contributed important tools to investigate and manipulate
biological nanoobjects. One example is an atomic force microscope (AFM) based
sensor, which detects biological molecules by binding them to a tiny cantilever,
thereby tuning its resonance frequency. Another example is the miniaturization of
a wide variety of laboratory apparatus to the size of a silicon chip. In this way the
speed and throughput of classical biochemical methods, such as gel

electrophoresis and polymerase chain reaction, can be increased[70].
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2.7. Biomedical Nanotechnology

Nanomaterials and nanotechnology are widely applied in biomedicine, especially
in the areas of biomedical diagnosis, drugs and prostheses and implants[71]. The
applications of biomedical nanotechnology generally fall into two categories:
outside the body and inside the body. For applications outside the body,
biosensors and biochips have been used to analyze blood and other biological
samples. For applications inside the body, researchers are working on targeted
drugs delivery, implantation of insulin pumps and gene therapy. In addition,
great achievements have been made on the prostheses and implants that include

nanostructured materials.
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2.8. Cancer Nanotechnology

Cancer is one of the leading causes of death in developed countries. Conventional
treatments, including surgery, radiation, chemotherapy and biological therapies
(immunotherapy) are limited by the accessibility of the tumor, the risk of
operating on a vital organ, the spread of cancer cells throughout the body and the
lack of selectivity toward tumor cells [72]. Nanotechnology can provide a better
chance of survival. Cancer nanotechnology is actually a kind of biomedical
nanotechnology. As more and more attention is paid to the diagnosis and therapy
of cancers using nanotechnology, so cancer nanotechnology becomes a special
branch in nanotechnology.

Cancer nanotechnology includes varieties of materials and techniques that are
used for solving various problems. The research activities in cancer
nanotechnology generally fall into seven categories.

The first is the development of early imaging agents and diagnostic techniques
for detecting cancers at their earliest, pre-symptomatic stage.

Second is the development of techniques that can provide on-site assessments of
the effects of the therapies.

Third is the development of targeting devices that can bypass biological barriers
and accurately deliver therapeutic agents to the tumor sites.

Fourth, the development of agents that can be used to monitor predictive
molecular changes and to prevent pre-cancerous cells from becoming malignant

ones.
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Fifth is the development of surveillance systems for detecting the mutations that
could trigger the cancer process and also for detecting genetic markers indicating
a predisposition to cancers.

Sixth is the development of methods for controlling cancer symptoms that badly
affect quality of life.

Seventh is the development of techniques helping researchers to rapidly identify
new targets for clinical treatment and forecast possible side effects and drug
resistance.

There are two major trends in cancer nanotechnology research [68]. One trend is
the development of multi-functional nanomaterials than can be used to
simultaneously image a tumor and deliver drugs to the tumor. This may be the
most radical improvement that nanotechnology can make for cancer treatment.
The other trend in cancer nanotechnology is to dose a tumor with many drugs
simultaneously, not just with one drug. In this way, the drug resistance problem,
which is one of the most vexing problems in cancer treatment, could be solved.
Usually, the drug resistance of a cancer cell is due to its ability to pump out the
anti-cancer drugs once they are delivered into the cell. However, by delivering an
agent that can inhibit the pumping at the same time as the anticancer drugs are

delivered to cancer cells, the problem of drug resistance may disappear.
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2.9 Typical Approaches for Synthesis of Nanomaterials
The approaches for synthesis of nanomaterials are commonly categorized into

top-down approach, bottom-up approach and hybrid approach.
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2.9.1. Top-down Approach

Generally speaking, the top-down approach is an extension of lithography. This
approach starts with a block of material, and reduces the starting material down
to the desired shape in nanoscale by controlled etching, elimination and layering
of the material [73]. Owing to the advancement of the semiconductor industry,
the top-down approach for the fabrication of nanomaterials is a welldeveloped
method. One problem with the top-down approach is the imperfection of the
surface structure [73]. The conventional top-down techniques, such as
lithography, may cause severe crystallographic damage to the processed patterns,
and some uncontrollable defects may also be introduced even during the etching
steps. For example, a nanowire fabricated by lithography usually contains
impurities and structural defects on the surface. As the surface over volume ratio
In nanomaterials is very large, such imperfections may significantly affect the

physical properties and surface chemistry of the nanomaterials.

Regardless of the surface imperfections and other defects, the top-down approach
Is still important for synthesizing nanomaterials. However, it should be noted
that, in the quest for miniaturization, top-down lithographic approaches for
creating nanomaterials are approaching the fundamental limitations. Even
cutting-edge electron beam lithography cannot create structures smaller than 10
nm[74]. Besides, lithographic techniques are usually expensive, and their

productivities are usually low.
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2.9.2. Bottom-up Approach

In a bottom-up approach, materials are fabricated by efficiently and effectively
controlling the arrangement of atoms, molecules, macromolecules or
supramolecules [75]. The bottom-up approach is driven mainly by the reduction
of Gibbs free energy, so the nanomaterials thus

produced are in a state closer to a thermodynamic equilibrium state. The
synthesis of large polymer molecules is a typical example of the bottom-up
approach, where individual building blocks, monomers, are assembled into a
large molecule or polymerized into bulk material. Crystal growth is another
example of the bottom-up approach, where growth species — either atoms, or ions
or molecules — assemble in an orderly fashion into the desired crystal structure on
the growth surface [73]. The concept and practice of a bottom-up approach have
existed for quite a while, and this approach plays a crucial role in the fabrication
and processing of nanomaterials. The nanostructures fabricated in the bottom-up
approach usually have fewer defects, a more homogeneous chemical composition

and better short and long range ordering.
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2.9.3. Hybrid Approach

Though both the top-down and bottom-up approaches play important roles in the
synthesis of nanomaterials, some technical problems exist with these two
approaches. For the top-down approach, the main challenge is how to accurately
and efficiently create structures which are becoming smaller and smaller; while
for the bottom-up approach, the main challenge is how to fabricate structures
which are of sufficient size and amount to be used as materials in practical
applications. The top-down and bottom-up approaches have evolved
independently. It is found that, in many cases, combining top-down and bottom-
up methods into a unified approach that transcends the limitations of both is the
optimal solution[74, 76]. A thin film device, such as a magnetic sensor, is usually
developed in a hybrid approach, since the thin film is grown in a bottom-up

approach, whereas it is etched into the sensing circuit in a top-down approach.
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2.10. Interdisciplinarity of Nanoscience and Nanotechnology

Nanoscience and nanotechnology are highly interdisciplinary, encompassing
aspects of physics, chemistry, biology, materials science and engineering, and
medicine [77]. Due to their interdisciplinarity, nanoscience and nanotechnology
have brought about cooperation between scientists and engineers with different

backgrounds to share their expertise, instruments and techniques[76].

The evolutionary developments within different areas in the investigation of
materials that are becoming smaller and smaller have contributed to the rapid
progress in nanoscience and nanotechnology, and meanwhile nanoscience and
nanotechnology benefit not only the electronics industry, but also the chemical
and space industries, as well as medicine and health care. In the following
subsections we concentrate on the roles of three disciplines in the research of

nanoscience and nanotechnology: chemistry, physics and biology and medicine.

54



SligpSaald slualf Ioliliillg dugld | duontly duiloosSIlg duiliiall jailiadf
S LeigS)3H0 (o dugili lawand
Physicochemical Properties, Cytotoxicity, and Antimicrobial Activity
of Sulphated Zirconia Nanoparticles.

U @it g agle ¢ Jalsil) 2,10

pole sl cslaasl elijdl) (o padd Cua (Glawaddl adie lgalhy gl Gy agle
fead) Sl 138 (530 [77] qaladl g cAtigh) ¢ gal)
gy @ il Jaldl Al claawdd e Cpatigally fall) Cmpaly als Gglad |1
[76]. <lall
AdlA) clawddl) g N gall psial A 2l Juads ol Jlaa B an e ok 2
tJadii de piia il |3
el g SN dslia
duiladl g ALt cileliall
Ll dle g (el Jladl

s il Gl B A ) Clianadd A H g3 Ao S e ALY aludY)
) A A sl 3 gall aracai( sl L1
YA s AN 9 ASailaal) aibiadd) dud 3 sl 5N L2
)aadal g 4y sl kil lall g slal) ale 3

Qo Basaia cVlae (85 )68 oIl il Gaaal CiS Jalil) )2a ygday

55



Slig o Seald sluall Boliuilly dugldf deolly duilooaSIly diliall jailiad
S LeigS)3H0 (o dugili lawand
Physicochemical Properties, Cytotoxicity, and Antimicrobial Activity
of Sulphated Zirconia Nanoparticles.

2.10.1. Chemistry

Chemistry plays a leading role in nanotechnology, and in a sense, chemistry is the
ultimate nanotechnology. The opportunities for chemistry to make important
contributions to nanoscience abound, and three promising areas include synthesis
of nanomaterials, molecular mechanisms in nanobiology, and risk assessment and
evaluation of safety [78]. Chemistry is unique in the sophistication of its ability to
synthesize new forms of matter. In making new forms of matter by joining atoms
and groups of atoms together with bonds, chemistry contributes to the invention
and development of materials whose properties depend on nanoscale structure.
Meanwhile, chemistry makes unique contributions to the study of the molecular
mechanisms of functional nanostructures in biology, such as the light-harvesting
apparatus of plants, ATPases, the ribosome and the structures that package DNA,
ultimately the cell. Furthermore, analyzing the risks of nanomaterials

to health and the environment requires cooperation across various disciplines,

including chemistry, physiology, molecular medicine and epidemiology.
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2.10.2. Physics

Compared with bulk materials, materials at the nanoscale exhibit quite different
properties, and physics studies the underlying mechanisms of the changes of
properties due to the size changes. Physicists are investigating the special
mechanical, thermal, electrical and optical properties of various types of
nanomaterials, such as quantum dots and hybrid thin films, and most of the
researches involves quantum mechanics. Among various categories of
nanomaterials, magnetic nanomaterials exhibit unique size dependence of
magnetic properties in the nanoscale, and knowledge of these properties is
essential for the design and modifications of magnetic nanomaterials and for the
development their specific applications. The research on nanomagnetism,
magnetism in nanomaterials, has been among the most challenging topic in

nanoscience and nanotechnology[79].
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2.10.3. Biology and Medicine

It is a main trend that biomedical and physical sciences share a common interest
In nanomaterials, and the conventional borders of these areas are disappearing.
The union of biologists and physicians with engineers and materials scientists is
encouraging [80]. As few biologists and physicians know much about engineering
and materials science, and even fewer engineers and materials scientists know
much about medicine, the potential for such a union seems boundless.
Nanofabrication can provide analytical tools for investigating biomolecules as
well as for exploring the interior structure and function of cells[81]. In return,
biology is clearly having an equally significant impact on nanoscience and
nanotechnology. Methods in biology can be used to make nanomaterials that are
difficult or impossible to be fabricated by synthetic means [82]. Due to the
evolution of billions of years, organisms of all types are equipped with numerous
nanomachines, such as DNA that can be used for information-storage and
chloroplasts that capture the solar energy [83, 84]. Researchers in the field of

nanoscience and nanotechnology are seeking practical help from biology.
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One of the most attractive features of biological systems is that an organism has
the capability to produce extremely complex molecules, for example DNA and
proteins, with atomic precision. The powerful biomachinery can further arrange
different organisms into a complicated system. However, synthesized
nanomaterials, for example carbon nanotubes and metal nanoparticles, do not
have similarly efficient guiding mechanisms. Besides, it is very difficult to handle
and manipulate nanomaterials using the traditional methods. Inspired by the
discoveries in biology, researchers in the field of nanoscience and nanotechnology
are trying to use the molecular toolbox in biology, for the synthesis of functional
nanomaterials[83]. Researchers attempt to combine the capability of assembling
complex structures in biology and the ability of developing functional devices in
nanoscience and nanotechnology. Such a combination is helpful for the
development of a variety of novel structures and devices [83]. Williams et al.

(2002) [85] demonstrated the bioelectronics assembly, as shown in figure 2.1 .

Figure 2.1 Bioelectronics assembly of a carbon nanotube. (a) Schematic drawing,
and (b) micrograph.(Service 2002)
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In this example, the assembly of the carbon nanotubes into molecular-scale
electronic devices is based on the selective binding capabilities of peptide nucleic
acid (PNA). Similar to DNA, PNA consists of a series of nucleotide bases (A’s, T’s,
G’s and C’s) that selectively bind to one another. However, in a PNA, the
backbone of sugar and phosphate groups in DNA is substituted with more stable
links based on peptides. Due to this substitution PNAs can endure higher
temperatures and stronger solvents, often used in chemical and biological

processing, than DNAs.
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2.11. Status of Nanomedicine
Nanomedicine has developed in numerous directions, and it has been fully
acknowledged that the capability of structuring materials at the molecular scale
greatly benefits the research and practice of medicine. The investigation of
fundamental problems regarding the biocompatibility of nanomaterials has been
initiated both theoretically and experimentally. The complicated issues related to
the future approval of nanomedical materials by the US Food and Drug
Administration are extensively discussed. It seems that preparations are being
made for our society to deploy nanomedicine for human betterment[86].
However, nanomedicine is a long-term expectation. Before nanomedicine can be
used in clinics, fundamental mechanisms of nanomedicine should be fully
investigated, and clinical trials and validation procedures should be strictly
conducted. Though it is possible that some biological entities, such as proteins,
DNA and other bio-polymers, could be directly used for biosensor applications,
nevertheless some serious issues, such as biocompatibility and robustness, may

hinder the progress of these efforts.
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Though in many areas, such as disease diagnosis, targeted drug delivery and
molecular imaging, clinical trials of some nanomedicine products are being made,
the clinical applications of these techniques, which require rigorous testing and
validation procedures, may not be realized in the near future[76]. At all events, it
should be noted that although the applications of nanomaterials in biology and
medicine are in an embryo stage, it is the great promise of nanomedicine that has
inspired researchers to extensively investigate the interfaces between
nanotechnology, biology and medicine [68].
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CHAPTER 3

METHODOLOGY

3.1. Materials

Ammonium sulphate, zirconium oxy nitrate and ammonium hydroxide (28 — 30
%) were obtained from Sigma -  Aldrich  (Malaysia). A
trypsin/ethylenediaminetetracetic acid (EDTA) solution was purchased from
Invitrogen (Carlsbad, CA, USA). Dimethylsulfoxide (DMSO), phosphate-
buffered saline (PBS), 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and Dulbecco’s modified Eagle’s medium (DMEM) were

purchased from Sigma.

EIEI il
gl
A gadl 3.1

A (%30-28) posisal) uSguih g asaisS 3l Syl S cagaigal) Sl pS o Jguanl o
o (EDTA) o eioad )25 cpadld Coldl/Cpan A Jolaa plpd &5 (Loalke) ofil-Lansn
Jstaa ¢ (DMSO) e gilas Jiisa (A 61 3 o3 (a3l Y oY Ly ghlS dlpnad J1S) Cpa g sk
psd o) A5 Jid (AED5-(0I-2-de Jime (AE45)-3 g ¢ (PBS)osal cliagdl
e (3 (DMEM) sl Janall €083 Jani 9 s(MTT)
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3.2. Preparation

5 grams of hydrate zirconyloxy nitrate ZrO(NO3)2 were dissolved in about 100
ml of deionized water at a drop-wise addition of 2.63 grams of a 25% aqueous
solution of ammonia which led to precipitation; as much of the ammonia solution
was added as was necessary to reach a pH of = 9. The product was aged
overnight, filtered under vacuum, washed several times and dried for about 24 h
at 120 °C.

Ammonium sulphate was dissolved in about 50 ml of deionized water in amounts
corresponding to the desired stoichiometry and the solution was added dropwise
under vigorous stirring to form a zirconium oxyhydroxide solution and the
mixture was left under vigorous stirring at room temperature for 4 hours. The
mixture was dried at 120 °C overnight and calcined for 5hrs at 600 °C [87].

Jmaadl) 3.2

g 55 £l (4 Ja 100 (N sa (& ZrO(NO3)2 Tibal) s g8 30 oS sl IS5 (1o ploa 5 403 3
Gl e Al ) o) Laa 3k 3 kb (9%25) (Alall Ligal) Jolaa (e pl 2,63 A8l e cligh)
Al g o S Ciad Aaadi i o Q) J) gl geiial) &5 o3 pH 2 9. () dpasd (5 L gal) slaa A
20120 2is Aol 24 Baal Adiaig & ja das

Gothall Cus 3l e (381 55 ey @lisl) £ 3a slal)l e Ja 50 (Ao A s s il S A o
Tl g aaaisS ) (S daeaS g b Jlaa ) (5 g8 el patl) pa B kb 5 kb glaal) ABLi) cuaig
il Jish 20120 dis guiell cidal &8 clelu 4 Bial A3 AN 3 ) A Ao s (B 54l anl) ad
[87].2°600 xis cilelu 5 5aal Adulsig

65



Slig o Seald sluall Boliuilly dugldf deolly duilooaSIly diliall jailiad
S LeigS)3H0 (o dugili lawand
Physicochemical Properties, Cytotoxicity, and Antimicrobial Activity
of Sulphated Zirconia Nanoparticles.

3.3. Physicochemical characterization of sulphated zirconia

The physicochemical characterization sulphated zirconia nanoparticles has been
performed using Powder X-ray diffraction (XRD), Thermal Gravimetric Study
(TGA), Fourier Transform Infrared

spectrometer (FT-IR), Brunner-Emmett-Teller surface area measurement (BET),
Scanning electron microscopy with Energy Dispersive Spectroscopy (SEM-EDS),
Transmission Electron Microscope (TEM). The key information on these

characterization techniques is depicted in Table 3.1.

Sl Sl LS 3 rilaasS g3 Juladl 3.3
a8l Ay I iy Sl LS ) 5 ibasmuad (oS g3 3abl) Jla) £ ja)
(XRD)5 2 g3l dsiaad) d2iY) 3508 1
(TGA)Js) gl Julatl) 2
(FT-IR)498 Jaals o) seal) il dad) b 3
(BET) il 5 gbig s 48y phay ehacal) dabisa bl 4
(SEM-EDS)Aal) cidi Cilidaa aa oaslal) (9 ASN) gaad) 5
(TEM)BU g A< sgaal) .6
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Table 3.1 Summary of catalyst characterization techniques and product analysis

instrumentations

Technique Goal

Powder X-ray Diffraction (XRD) To identify phases and crystalite size of the nanoparticle

Thermal gravimetric analysis (TGA) To determine the thermal stability of the nanoparticle

Surface Area Analyzer (BET)Scanning | To measure specific surface area, average pore size and

Electron Microscopy with Energy pore volume of the nanoparticleTo determine the
Dispersive(SEM-EDS) morophology and chemical composition of nanoparticle
Transmission Electron Microscopy To indicate the size and the dispersion of promoted metal
(TEM) oxide on the surface of the nanoparticle

Glailal) Jalad 8 3¢l 5 9 pal jbad il jedle3.1 Jsis

R i)
450 Aigadd) a3 g5 (XRD) Ay sl oLl pan g Ayl ) sl yaa
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ched) dalus (ulda (BET)
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Tkl i Cildae poa ) (S5 AN el | lapeend] (basl S g L sl b sal) s
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3.3.1 Powder X-ray Diffraction

X-ray diffraction is widely used helpful investigative method for inspection and
computable analysis of the many phases of compounds existent in powder.
Analysis is achieved via matching diffractogram got for unidentified samples by a
universally recognized databank covering well known pattern, containing beyond
70000 patterns. Recent workstation skilful diffractometer schemes utilize
programmed procedures to determine, save and deduce the distinctive patterns
made by specific components for greatly composite mixtures.

The X-rays are diffracted by the crystals. This diffraction represents the
interfering among X-ray spread with the electrons in many particles at diverse
positions inside the crystal lattice. The deflected ray is redirected from a level
entering via the crystal matrix in a way like mirrors.

Study of X-ray diffraction has been performed employing X-ray machine (model
XRD 6000- Shimadzu). The generation of patterns of the crystalline materials is
achieved via using Cu-Ka emission produce through Philips glass X-ray tube
extensively centre operated at 40 mA and 2.7 KW category at room temperature.
While the X’ Pert high Score Plus software was used to study the generated
diffractogram. The catalyst sample was grinded into a fine powder and then
mounted on the sample holder with the aid of a glass slid. Scanning was then
carried out at 20 = 10 o — 800 with resolution of 0.020 at scanning speed of
2o0/min. Within the scanning procedure, the catalyst sample being studied was
irradiated with X-ray at wavelength (1). Once the wavelength (1) and the angle of
incidence (0) are identified, the Bragg law (3.5) can be applied to find out the

dspacing value (inter-planar distance) of the sample [88].
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nA =2 d sin 0 (3.1) Where n = the order of reflection (integer).

The size T of the crystal was evaluated via the Debye-Scherer’s equation

T=G A/ (C cosine 0) (3.2)
Where
T = size of the crystallite

G = Scherrer’s constant which to some degree depends on the shape of the peak

A = wavelength of the X-ray

C = complete distance across at half of the maximum highest peak (FWHM)

0 = angle of Bragg’s (degree)
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3.3.2 Thermogravimetry Study of Catalysts

The thermogravimetric study was performed to verify the thermal strength of the
catalyst through checking the weight loss of the catalyst per increase in rate of
heating. This analysis has been performed for studying the weight loss of the
catalyst during the heating events.

The instrument composed of a pan and a balance with a highest precision. The
study catalyst is placed in the pan which located in a very sensitive electrical
oven. The investigation is done via elevating the rate of heating progressively;
finally the graph has come out as mass loss of the catalyst as function of the rate
of heating.

The thermogravimetric study has been done using a Mettler Toledo TG-SDTA
apparatus (Pt crucibles, Pt/Pt— Rh thermocouple) utilizing N2 gas as flushing out
gas with the rate of heating 10 o C min-1, flow rate of 30 ml min-1 and from room

temperature to the required temperature.
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3.3.3 BET Analysis

Thermo scientific surfer instrument has been used to measure the catalyst
surface area, average pore size and pore volume. The surface area according to
BET is one of the most significant parameters revealed the activity of a
heterogeneous catalyst. A catalyst with large surface area would show a fairly
good catalytic performance owing to improved uniformity distributing active
centres where the effect takes place. This is similarly with the supported catalysts
where support material usually offers a large surface area for more active species
to anchor. The Brunauer-Emmett-Teller (BET) procedure is the most commonly
employed method for evaluating heterogeneous solid catalysts specific surface
area, while nitrogen is the normally used adsorbate gas since it displays

intermediate BET constant values preventing any confined adsorption.

BETJa3.3.3

axa g alual) ada huigia ¢ Giaall mhu daluwe (W& Thermo Scientific Surfer 4 asdiul
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BET method includes utilization of equation (3-7):

1/ (wadg ((P1/P2)-1) = (1/ wbate. Abet) + [(Abet -1) / (wbate. Abet)] X (P2/P1)
(3.3)

Wherever

wadg = weight of gas adsorbed at a relative pressure P2/P1

wbate=weight of adsorbate forming a surface exposure of monolayer.

Abet =constant of BET that correlated with adsorption energy a sign for the
amount of interaction between gas and solid.

BET analysis is performed by using the nitrogen adsorption-desorption technique
on the surface of the catalyst at liquid nitrogen temperature of — 196 oC and
relative pressures (Po/P) ranging from 0.04-0.4 where a linear relationship was
retained. Prior to nitrogen adsorption, an appropriate weight of the catalyst
sample most commonly around 0.333£0.05g was degassed at temperature
depends on the nature of the catalyst samples for eight hours. A multipoint BET
technique is applied for all studied catalyst. This needed a minimum of three
points in the suitable comparative pressure range. A linear plot of (1/ wadg
((P1/P2)-1)) on y axis, against relative pressure (P1/P2) at x axis, gives up a slope
and intercept that is employed to determine the weight of monolayer adsorbate

wbate.
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(3-7):4:0 Aslaal) BET 4y b pddieds

1/[w<sub>ads</sub>((P<sub>1</sub>/P<sub>2</sub>)-1)] =
(1/w<sub>mono</sub>C) + [(C-1)/(w<sub>mono</sub>C)] X

(P<sub>2</sub>/P<sub>1</sub>) (3.3)
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Slope = Abet -1/ (wbate. Abet) (3.4)

Intercept = 1/ (wbate. Abet) (3.5)

wbate = 1/ (intercept + slope) (3.6)

The total surface area SBET of the catalyst should be given by the
following:

SBET = wbateNAvoAnitCS/ Mwt (3.7)

NAvo= number of Avogadro

Mwt = N2 gas molecular weight

AnitCS = N2 gas cross-sectional area

Therefore SSBET has been measured by dividing SBET on the sample
weight (cat) grams.

SSBET = SBET / (cat) grams (3.8)

In addition, the porosity of the prepared catalysts was illustrated thus
finding out the total volume

and an average diameter of the pore respectively. Similar to SSBET, a big
diameter and volume of

pore are favourable as the promoted catalyst shows fairly better catalytic
activity. By guessing that

the pores are filled with liquid adsorbate the total volume of the pores
should be generated after

quantity of Vads at (P1/P2) ~equal 1. Hence, the total pore volume of
catalyst is equal to that of

liquid nitrogen enclosed in the pores:

VTotal=Vlig = (Pa VmvolVads) / RT (3.9)
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Where VI0ig&Vads are volumes of liquid and adsorbed nitrogen
respectively,
Vmvol= liquid nitrogen molar volumeBy supposing cylindrical pore
geometry the average pore diameter (Dave) was calculated by the
following equation (3-14):
Dave = VTotal/ SBET (3.10)

= (C - 1)/(w<sub>mono</sub>C) (3.4)Jsl
/(w<sub>mono</sub>C) (3.5)1 = aaliill dkis
(3.6)(Jall + aalisl) dkii)y<sub>mono</sub> = 1/

Adslaal) aladinly jiaall S<sub>BET</sub> A4Sl dadacd) dabucal) cilua 2y
S<sub>BET</sub> =
(w<sub>mono</sub>N<sub>A</sub>A<sub>N2</sub>)/M<sub>N2</sub>
3.7)
EEEEN

s g8l eN<sub>A</sub> =

Gl il sl ¢ sIM<sub>N2</sub> =
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(P<sub>1</sub>/P<sub>2</sub>) = 1:x=V<sub>ads</sub>
V<sub>Total</sub> = V<sub>lig</sub> =
(P<sub>a</sub>V<sub>m</sub>V<sub>ads</sub>)/RT (3.9)
e

o Ao Fhaall g Jildl cpa g il o saa VV<sub>ads</sub> = sV<sub>lig</sub>
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D<sub>ave</sub> = 4V<sub>Total</sub>/S<sub>BET</sub> (3.10)
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3.3.4 Scanning Electron Microscopy with Energy Dispersive(SEM-EDS)

Scanning electron microscopy with energy dispersive X-ray spectroscopy
(SEM-EDS) was used to obtain information about the morphology and
chemical composition of the samples. The morphology study of the
nanoparticles was carried out using a JEOL scanning electron microscope
model JSM-6400, while the quantitative chemical composition of the
prepared Ferric- manganese promoted sulphated zirconia acid catalyst was
characterized using energy dispersive X-ray spectroscopy (EDS) for

elemental chemical analysis.

(SEM-EDS)48Ual) i cilbaa pea grmslal) (9 5SN) (5 gl ganil) 3.3.4

(SEM-EDS) disaad 42 s Cildaa pa gelall (55 SSN) (5 sgaall andl) aladiud o
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Al Lady JSM-6400. Jiise JEOL ok (e grusba (9580 sgaa aladiiady 453 clasead)
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3.3.5 Transmission Electron Microscopy

It plays critical role in indicating the size and the dispersion of promoted
metal oxide on the surface of supported metal materials. The inner
structure of heterogeneous catalysts and their fine structure and ultra-
structural feature are capable to be investigated by transmission electron
microscopy (TEM) that offers to this system a wide use to the area of
nanoparticles heterogeneous catalysts. Nonetheless, images development is
very comparable to that in an optical microscope, but it employs electrons
as an alternative of light. An electron gun at the apex of the microscope
releases the electrons that pass through vacuum in the tube of the
microscope. The speeding up voltage is usually 100-200 kV even though
advanced voltages also exist in some saleable microscopes. A system of
condenser lenses demagnifies the ray produced by the gun and manages its
size as it strikes the sample. The sample would be very thin to convey the
electron beam. The object lenses generate a transitional magnified image
that is enlarged by the following projector lenses on a fluorescent monitor.
Finally the image can be photographed with camera and saved in

computer.

TEM analysis was carried out in a (Hitachi H-7100, Japan) microscope
operated at 80-200 kV. The catalyst sample was homogeneously dispersed
in deionized water by using ultrasonic bath dropped onto copper grids

placed on a filter paper and dried at room temperature.
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3.3.6 Fourier Transform Infrared Spectroscopy

One of the major applications of this technique is to identify the unknown
materials or their classification as their chemical composition. A spectrum
of a substance is its fingerprint.

Sometimes it is not possible to classify a substance from its spectrum, but
the existence or lack of certain groups can be interrelated with the existence
or lack of absorption at specific wavelengths.

IR spectroscopy is defined as radiation between two vibration states, whose
wavelength (1) is in the range 30 to 3u (1pu=10-3) of the electromagnetic
spectrum and the energy differences are in the range between 1-10
kcal/mol. The IR spectra typically display as a plot of absorption (% of
transmission) as a function of wavelength (cm-1)

FTIR spectroscopy is known as an interferometric technique. It is
measurement method whereby spectra are assembled depend on
determination of the temporal consistency of an irradiative supply

via time-domain measurements of the electromagnetic radiation. The
PerkinElmer spectrometer (model 100 series) instrument using a window of
KBr has been employed to identify the functional group of unknown

samples. The spectra were recorded directly at room temperature.
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3.4. Cancer Cell Culture

Four human cell lines were obtained from ATCC. The cell lines comprise

human breast cancer (MCF7), human colon cancer (HT29), human liver

cancer (HepG2), and normal human breast (MCF10a) cells, which are

characterized as virus-negative. They grow as an adherent monolayer of

tightly knit epithelial cells. These cells were grown in Dulbecco’s modified

Eagle’s medium, which was supplemented with 10% fetal bovine serum.

The media contained penicillin (100 U/mL) and streptomycin (100 g/mL).

The cells were grown at 37°C in a humidified 5% CO2 incubator.
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3.5. Anti-Cancer Cytotoxicity MTT Assay

HT29, MCF7, MCF10 and HepG2 cells lines were plated at 2 x 103
cells/well by adding 200 pL of a 1 x 104 cells/mL suspension to each well of
a 96-well tissue culture plate. The plates were incubated for sufficient time
to ensure attachment at 30% to 40% confluency. The media was aspirated
off and replaced with fresh media (200 pL) containing sulphated zirconia
nanoparticles of different concentrations (3.9 to 250 pg/mL) and
chemotherapeutic agents at 0.156 to 10.0 pg/mL (oxaliplatin for HT29 cells,
doxorubicin for both MCF7 and MCF10a cells, and tamoxifen for HepG2
cells). The last row was left as an untreated control. The plates were
incubated at 37°C, 5% CO2, for 24 hours. After incubation with the
compounds, the media was aspirated off and the cells were washed by PBS
buffer three times to ensure that all drugs were removed, and then replaced
with a fresh media. MTT solution (20 pL) in a total volume of 200 pL was
added to every well and mixed gently with the media, which was later
incubated for 4 to 6 hours at 37°C with 5% CO2. The MTT-containing
medium was then removed carefully and replaced with DMSO (200 pL per
well) to dissolve the formazin crystals. The plates were read in a microtiter
plate reader at 570 nm. The concentration of drug needed to inhibit cell
growth by 50% (I1C50) was generated from the dose-response curves for

each compound and each cell line.
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3.6. In Vitro Anti-Microbial Susceptibility Test

Four bacterial strains were used to determine the anti-bacterial activity for the
synthesized sulphated zirconia nanoparticles; two Gram-positive (methicillin-
resistant Staphylococcus aureus (MRSA) and Bacillus subtilis (BA)) and two
Gram-negative bacterial species (Salmonella choleraesuis (SA) and Pseudomonas
aeruginosa (PA)). In adiditon, Candida albicans (CA) was used to screen the
antifungal activity of the nanoparticles. The microroganisms were obtained from
the microbial culture collection unit (UNICC) at the Institute of Bioscience,
Universiti Putra Malaysia. The bacterial cultures were maintained on Mueller
Hinton agar slants (Sigma, MO, USA). The bacterial cultures were incubated
overnight in 5 mL of Mueller Hintonbroth (Sigma, MO, USA) in a Certomat BS-
T incubation shaker (Sartorius Stedim Biotech, Aubagne, France) at 37°C and
150 rpm until the culture reached an OD600 of 1.0 (Spekol UV VIS 3.02, Analytic
Jena, Jena, Germany), which corresponds to 108 CFU.mL-1.
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3.7. The Anti-Microbial Activities of the Prepared Sulphated Zirconia
Nanoparticles

The anti-microbial activities of the synthesized sulphated zirconia nanoparticles
were evaluated against the above-mentioned microrganisms using the agar
diffusion (cup diffusion) method according to the guidelines of the Clinical and
Laboratory Standards Institute (CLSI). In brief, 20 ml of liquid-autoclaved
Muller Hinton agar (pH 7.3+0.2 at 25°C) was poured onto the disposable
sterilized Petri dishes and solidified. The solidified agar plate surfaces were dried
in an incubator prior to streaking of the microorganisms onto the surface of the
agar plate. Next, 100 pl of the microbial suspensions in the Mueller Hinton broth
was streaked over the dried surface of the agar plates and spread uniformly using
a sterilized glass rod; the plates were then dried.
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Wells were then created in the agar plates using a sterilized cork borer, and the
wells were filled with the nanoparticle suspensions in distilled water and the
control wells were filled with ampicillin (for Gram negative bacteria),
streptomycin (for Gram positive bacteria) and nystatin (for Candida albican)
solutions as controls. The experiment was performed in triplicate, and the
diameters of the zone of inhibition were measured to the nearest millimeter using
a caliper after a 24-hour incubation at 37°C. Different between means were
determined using standard ANOVA followed by student t-tests.
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CHAPTER 4

4.1 Results and Discussion

4.1.1 Thermogravimetric Analysis

Figure 1 shows the thermo gravimetric curve of sulphated zirconia (SZ) and the
mass losses found from TGA measurements agree fairly well with those expected
for the decomposition of hydrated sulphated zirconia [89]. Therefore, the heating
events for this sample below 620°C are attributed to the removal of adsorbed
water and the dehydroxylation process of ZrO(OH)2, while the second major
weight loss at higher temperature began at about 673°C and ended at 926°C is

referred to as the decomposition of sulphate groups [90]
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Figure 1: thermo gravimetric curve of SZ calcined at 600 °C for
3hours.
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4.1.2 Fourier Transform Infra-Red Spectra

Figure 2 depicts the FTIR spectra of SZ from these spectra and the presence of
sulphate groups was confirmed by the band at the range of 1225 to 1070 cm-1,
which are due to the asymmetric and symmetric stretching frequency of the O=
S=0 and O-S-O groups [91, 92]. The absence of peaks around 1450 cm-
1confirmed the presence of polynuclear sulphate in the sample irrespective of the
high sulphate loading. The band around 1625 crn-land 3325 crn-1 corresponds to
the bending and stretching modes of the -OH groups of water molecules present
in the sample. The presence of these bands even after the high temperature

calcination, points to the existence of Bronsted acidity in the samples
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Figure 2: FTIR spectra of calcined Sulphated Zirconia Nanoparticles
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4.1.3. BET Analysis

The specific surface area for the SZ and zirconia (Z) obtained using the
BET method was 38.0 and 34.6 m2/g, respectively. It was also observed that
the incorporation of sulphate dopant in the structure of zirconia caused an
increase in specific surface area and pore size of sulphated zirconia. This
allowed reactants to be in contact with more acid sites, and the

nanoparticles would have better activity.
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4.1.4. Powder X-ray Diffraction Analysis

The powder XRD patterns of sulphated zirconia calcined at 6000C for 3hrs
Is illustrated in Figure 3. The XRD patterns of sulphated zirconia shows
peaks assigned to both the tetragonal phase at 20 (30.20,35.40,50.20,60.30)
(JSPDS file No: 00-014-0534 — Zirconium oxide) and diffractions lines
around 20 (43.80,62.90, 75.10) (JSPDS file No: 01-086-1449ZrQ2) of te
monoclinic phase of zirconia [87, 93]. By usig Scherrer’s equation, the

average size of sulphated zirconia was estimated to be 40 nm.
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Figure 3: XRD patterns of sulphated zirconia calcined at 600°C for
3hrs.
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4.1.5. Scanning Electron Microscopy with Energy Dispersive Spectroscopy

The morphology of the sulphated zirconia was studied by scanning electron
microscopy (SEM). SEM images of zirconia and SZ are presented in Figure 4. In
contrast with pure zirconia, SEM images of the SZ showed a lower
agglomeration. This supports the retarding effect of sulphate doping on the
prevention of agglomeration via sulphation. EDS was used to analyze the
percentage of elements present in the sample [94, 95]. The quantitative
percentage of sulphated zirconia elements were found to be sulphur (S) at 1.66%o,
zirconium (Zr) at 51.95%, and oxygen (O) at 46.39%.

18Mm

JEOL 15KU X3,588 17mm

Figure 4: SEM images of zirconia (1) and SZ (2) calcined at 600°C for
3hrs.
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4.1.6. Transmission Electron Microscopy

The morphology and the extent of dispersion of our nanoparticles were
determined with TEM. The TEM images of pure sulphated zirconia
nanoparticles are shown in Figureb. It is apparent that the nanoparticles are
approximately tetragonal in shape with diameters ranging from 37 to 54 nm with
an average size at 43 nm. In addition, most of the nanoparticles agglomerated,
and a few detached. [96, 97].
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Figure 5: The TEM images of pure Sulphated Zirconia Nanoparticles
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4.1.7. Cytotoxicity of Sulphated Zirconia Nanoparticles
Most importantly, the cytotoxicity of sulphated zirconia nanoparticles on MCF7,
HT29 ,HepG2 and MCF10a cells was determined by MTT assay. Figure 6 shows
that sulphated zirconia nanoparticles have significant cytotoxic effects against
colon cancer HT29 cells at most concentrations tested (P < 0.05). For the case of
both MCF7 and HepG2 cells, 15.6 pg/mL had no significant effect on cell growth,
whereas the nanoparticles inhibited the growth of all cell lines tested in a dose-
dependent manner. The I1C50 values of sulphated zirconia nanoparticles
calculated from the dose response curves are shown in Table 1. On the other
hand, the normal breast MCF10a cells were the least sensitive to sulphated
zirconia nanoparticles, with an IC50 value of approximately 151.6 pg/mL, while
the breast cancer MCF7 cells were found to be more sensitive with an 1C50 value
of 89.9 ng/mL. The IC50 value of sulphated zirconia nanoparticles in normal
breast MCF10a cells was almost 1.7 times higher than that in breast cancer
MCF7 cells lines (Table 4.1). Furthermore, compared with sulphated zirconia
nanoparticles, doxorubicin showed higher cytotoxicity in the normal breast
MCF10a cell line. The results obtained from the MTT assay showed significant
changes in the viability of MCF10a cells treated with that nanoparticles at
concentrations of 62.5 and 125 pg/mL for 24 hrs when compared to untreated
cells.
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Table 4.1: 1Csq of sulphated zirconia nanoparticles, oxalipatin, doxorubicin, and
tamoxifen on HT29, MCF7 and HepG2. MCF10a cells is normal cell line.
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Treatment 1Cso (Mg/mL)
HepG2 HT29 MCF7 MCF10a
Nanoparticles 61.8 26.4 89.8 151.63
Tamoxifen 4.62 - - -
Oxaliplatin - 4.71 - -
Doxorubicin - - 0.37 0.32
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Figure 6: Sulphated zirconia nanoparticles effects on the viability of treated cells which were
evaluated through mitochondrial activity using MTT assay. Mean + SD (n =
3wells/treatment). *P<0.05 compared with the untreated cells.
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Table 4.1: 1C50 of sulphated zirconia nanoparticles, oxalipatin, doxorubicin, and
tamoxifen on HT29, MCF7 and HepG2. MCF10a cells is normal cell line.

Treatment 1C50 (ug/mL)

HepG2 HT29 MCF7 MCF10a
Nanoparticles 61.8 26.4 89.8
Tamoxifen 4.62 - -
Oxaliplatin - 4.71 -
Doxorubicin - - 0.37

4.1.8. Antimicrobial Activity of Sulphated Zirconia Nanoparticles

As shown in Figure 7 (b and c), the sulphated zirconia nanoparticles showed high
antimicrobial activity against both Gram positive and Gram negative bacteria. It
was found that the nanoparticles showed the highest activity against PA and
MRSA followed by BA and SA. On the other hand, the sulphated zirconia
nanoparticles did not show any activity aginst Candida albicans suggesting a lack
of antifungal activity.

All of these microorganisms are responsible for a range of serious infections in
human and animal populations. Therefore, the sulphated zirconia nanoparticles
could find various biomedical applications of therapeutic importance to
counteract such highly resistant microorganisms. Moreover, these sulphated
zirconia nanoparticles should be further studied due to their noted anticancer

properties.
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Figure 7: Antimicrobial activity of sulphated zirconia nanoparticles (SZ), against
bacteria and yeast using disk agar diffusion method. Photographs of SZ NPs (A)
Pseudomonas aeruginosa, (B) Salmonella choleraesuis, (C) Bacillus subtilis, (D)
methicillin-resistant Staphylococcus aureus, (E) Candida albicans. Control
antimicrobial agents (C) (ampicillin for Gram-negative, streptomycin for Gram-
positive, and nystatin for Candida albicans).
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Figure 8. Diameter of zones of inhibition of sulphated zirconia nanoparticles
against bacteria and yeast along with the control antimicrobial agents (ampicillin
for Gram-negative, streptomycin for Gram-positive). For Candida albicans, zone

was zero mm and no activity was reported.
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CHAPTER S5

5.1 Conclusion and Recommendation for Future Study

5.1.1. Conclusions

The present study showed that sulphated zirconia nanoparticles have significant
cytotoxic effects against lung cancer A546 cells at most concentrations tested and
inhibited the growth of all cancer cell lines studied here. Furthermore, the
sulphated zirconia nanoparticles also showed high antimicrobial activity against
both Gram positive and Gram negative bacteria. In conclusion, the sulphated
zirconia nanoparticles could find numerous biomedical applications of
therapeutic importance to counteract cancer and also highly resistant

microorganisms.
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5.1.2. Recommendation for Future Study

a- The sulphated zirconia nanoparticles should be prepared using different other

techniques and compare to this method.

b- The sulphate zirconia nanoparticles can apply to other human cancer cell e.g
kidney and liver cell.

c. In-vivo- study using the same synthesized sulphated zirconia nanoparticles.
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