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ABSTRACT

Nanomaterials are of interest in various applications. Titanium dioxide
nanoparticles (TiO,-NPs) and multi-walled carbon nanotubes (MWCNTSs) are one
of the versatile nanomaterials used in nanotechnology products such as sunscreen,
cosmetics, electronic devices, paint, and sports gear. Therefore, workers and
consumers are potentially exposed to TiO,-NPs and MWCNTs. Since these
particles have a small size at a nanoscale level they are capable of penetrating
biological structures. An increase in the use of TiO,-NPs and MWCNTs is
therefore raising concerns on possibly adverse effects on human health. Due to
this reason, the main purpose of this thesis is to investigate the toxic effect of
TiO,-NPs and MWCNTs in vitro and in vivo. The impact of TiO,-NPs on the
induction of toxicity in immune (RAW 264.7) and brain cancer (C6 glioma) cells
is investigated in this thesis. Cell viability, DNA fragmentation, apoptosis cell
death, and inflammatory response molecules were measured after treating RAW
264.7 and C6 glioma cells with various concentrations of TiO,-NPs. The results in
this thesis showed that TiO,-NPs at concentrations > 25 pg/ml could strongly
induce toxicity in both cells. However, it was found that the RAW 264.7 cell is
more sensitive to TiO,-NPs than C6 cells.

Following in vitro investigation, in vivo toxicity of TiO,-NPs and
MWCNTs in mice was examined. Intranasal exposure of mice with TiO,-NPs and
MWCNTs for 6 and 24 h was performed. Inflammatory response molecules in
bronchoalveolar lavage fluid were determined. The results showed that MWCNTs
induced higher toxicity in treated mice than TiO,-NPs at the same concentration
and exposure time. In addition, another useful information of TiO,-NP and
MWCNT characterization is described in this thesis. The information on
characterization of both nanoparticles could help explain how particles are
associated with the induction of toxicity in vitro and in vivo. The overall results of
this thesis provide useful information for using these nanomaterials effectively
with health concerns.

KEY WORDS: NANOTOXICITY/ INFLAMMATORY RESPONSE/ PRO-
INFLAMMATORY CYTOKINE/ TIO2-NPS/ MWCNTS
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CHAPTER |
INTRODUCTION

1.1 Background

Nanotechnology can be defined as engineered structures, systems and
devices that have at least one dimension less than 100 nm (1, 2). An increasing number
of applications using nanomaterials has been launched in the market as household
products (such as cosmetics, food additives, etc.) and in various industries (such as
catalysts and semiconductors (3-5)).

Titanium dioxide nanoparticles (TiO,-NPs) have been recently used in
several products (6-8), especially in cosmetics and packaging (9). Because of their
unique properties (including transparency and photocatalytic property), TiO,-NPs are
attractive for biological, chemical, and industrial applications. Interesting properties of
TiO,-NPs allow them to be used as a protective material for solar ray protection (such
as sunscreen lotion and light stabilization in wood coatings) (8, 10, 11). Moreover,
TiO,-NPs can be wused in chemical degradation, anti-microbial activity,
phosphopeptide enrichment from biological materials, and in medical purposes such as
implants and tissue engineering (9).

Carbon-based nanoparticles such as fullerenes and carbon nanotubes are
also widely used in everyday products. Due to their unique structures, great strength,
long aspect ratio and good properties in thermal and electrical conductivity, they have
been used in electronics, optics, materials science, and architecture. Generally, carbon
nanotubes (CNTs) can be engineered into two forms, as a rolled up single layer
(SWCNTs) or multiple layers (MWCNTSs). These two forms have been used for
medical purposes, including biomedical engineering, tissue engineering, drug delivery
gene therapy and biosensors (12-14).

Due to the widespread use of these two nanomaterials, it is important to
investigate their toxicity. A number of publications have recently reported the adverse

effects of NPs in vitro and in vivo. Particle size and surface area of the nanomaterials
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may lead to an increase in biological activity that can enhance any intrinsic toxicity
(4). Biological effects, such as inflammation and genotoxicity, due to inhaled
nanoparticles were reported (15, 16). The most important exposure route for airborne
nanoparticles is inhalation (16, 17). After the nanoparticles enter the body through
inhalation, they may translocate to secondary target organs (blood vasculature, heart,
liver, spleen, kidneys, and brain) (11, 18). Thus, the toxicity of inhaled nanoparticles
should be studied.

The toxicity effect of TiO,-NPs on mammalian cells has been investigated
in various studies (19-22). However, several studies have reported that TiO,-NPs did
not induce toxicity with in vitro testing (23-26). For example, Park et al. (22) reported
that both nano- and micro-sized TiO, particles exhibited no significant toxicity in
human alveolar epithelial cells (A549 cells). Recently, Wilhelmi et al. (26) reported
the toxicity of TiO,-NPs on macrophage cells (RAW 264.7). They found that small
doses of TiO,-NPs (1, 5, 10, 40, and 80 pg/cm?) did not induce cell death; however,
there was evidence of DNA fragmentation when measured by flow analysis after being
treated with TiO,-NPs at 80 pg/cm? for 24 h.

At the same time, several studies have reported that TiO,-NPs potentially
cause toxicity in mammalian cells. The possible mechanism of TiO,-NPs to induce
cell apoptosis through lysosome membrane destabilization and lipid peroxidation in
the 16HBE140-bronchial epithelial cell line was reported by Hussain et al. (19). It is
important to note that both the size and crystal structure of TiO, can contribute to cell
toxicity. Stolle et al. (27) reported that the rutile and anatase crystal structure of TiO,-
NPs led to the death of HEL-30 mouse keratinocyte cells. The effect of the size and
surface area of TiO,-NPs on cell toxicity was presented in many reports (10, 28, 29).
Reactive oxygen species (ROS) generation and oxidative stress are also an important
mechanism that can induce cell toxicity. The exposure of TiO,-NPs to cells can
generate ROS and oxidative stress. Several studies revealed that TiO,-NPs strongly
induce oxidative DNA damage in cultured cells (20, 29-32). The expression of
apoptosis proteins such as p53, BAX, Cyto-c, Apaf-1, caspase-9 and caspase-3, was
also enhanced by TiO,-NPs. This later caused toxicity in cells (10, 33-35).

In the case of CNTs, it has been reported that they produce a different
toxicity effect from TiO,-NPs because of their fiber shape, length, and stability. The
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toxicity effect of CNTs on cells is similar to that from asbestos fiber. The long tube of
CNTs can cause incomplete phagocytosis of macrophages. This leads to huge ROS
generation that can enlarge the inflammatory response in cells (36, 37). It is well
known that oxidative stress mechanisms are involved with various oxidase enzymes
(NADPH oxidase, myeloperoxidase, and horseradish peroxidase etc.). These enzymes
are mostly found in phagocytic cells types (such as macrophages) (38-42). Therefore,
the phagocytosis of CNTs by macrophages induces ROS production and inflammation.
Besides oxidative stress mechanisms, it was reported that the CNTs can cause cell
toxicity via non-oxidative stress pathways. As described by Shvedova et al. (37),
cellular damage caused by CNTs may be represented by physical interference, for
example, the disruption of the mitotic spindle caused by single-walled carbon
nanotubes (SWCNTs) (43). Srivastava et al. (44) also reported that the
extramitochondrial ROS induction was found in A549 cells treated with MWCNTS.
The ROS was induced by the generation of cytochrome P450, which is the heme-
thiolate proteins involved in oxidative metabolism. In addition, the cytotoxicity of
MWCNTs in human macrophage cells was reported by Zhu et al. (45). They
investigated the toxicity of purified and acid-purified MWCNTS (at concentrations of
5, 10, 25, and 50 pg/ml for 24 h) on U937. Their results indicated that at high
concentrations (25 and 50ug/ml), acid-purified MWCNTSs were significantly toxic to
U937 cells.

Macrophages are the immune cells that play an important role in the
clearance of inhaled particles and exogenous substances (46-48). Thus, the exposure of
nanoparticles by inhalation may lead to a persistent activation of alveolar
macrophages. This activation can induce inflammatory cytokines such as tumor
necrosis factor alpha (TNF-a) and interleukin-1 beta (IL-1B), ROS, and reactive
nitrogen species (RNS) production. The release of these biomolecular molecules can
lead to chronic inflammation resulting in lung fibrosis formation and later on, cancer
(16, 26, 49). Therefore, it is important to pay attention to the cytotoxic effect of
nanomaterials entering the body through inhalation. The toxicity of a substance
depends on many factors, for example, entry route, exposure time, number of
exposures (single or multiple dose) and toxic substance form (50-52). Since NPs have

special physical properties, the concentration of nanoparticles and the exposure time of
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human contact should be strongly considered. The dose-dependent effect on the
toxicity of various nanoparticles in cells was reported by Lai et al. (53). They studied
the effect of TiO,, ZnO, and MgO nanoparticles on human neural and human
fibroblasts cells at different doses of NPs.

Various studies have investigated the effect of nanoparticles on immune
cells. For example, Paino et al. (54) reported the cytotoxicity and DNA damage on
PBMCs treated with low doses (0.01 and 1 uM respectively) of gold nanoparticles.
TiO, and ZnO at concentrations from 1-100 pug/ml were not toxic to PBMCs (55).
Chen et al. (56) reported the cytotoxicity of MWCNTSs in RAW 264.7 cells. Their
results revealed that the cytotoxicity of MWCNTS in these cells was a dose-dependent
response. They also concluded that the cytotoxicity was correlated with the increase of
oxidative stress. The investigation of toxicity effects in in vivo is also important. The
in vivo study can provide more understanding of kinetics, effects, and mechanisms of
nanoparticles in a living system compared with in vitro (57). In vitro and in vivo
models are both used for testing of lung toxicity of airborne NPs, but in vitro assays as
predictive screens for toxicity assessment of NPs in commerce are simpler, faster and
more cost-effective than in vivo assays. Moreover, rodents (mice and rats) have
similarities in their bodies with humans, are small in size, are easy to handle and may
produce offspring in a short period of time. However, both in vivo and in vitro
examinations have remarkable advantages and disadvantages. Therefore the
combination of these assays may have benefits for the early detection of possible
toxicological effects, and the new relationships between the primary outcomes can be
revealed (58).

Brain is an important organ that maintains homeostasis of human body.
The blood brain barrier (BBB) is a key factor to protect the brain from invading
organisms or unwanted substances. The transportation of NPs through BBB possibly
occurs via passive diffusion, active transport, and receptor-mediated transport
mechanisms (59-61). Currently, there is an increasing need of a new model for
effective drug delivery to the brain that can be useful for central nervous system
disorder treatment (62). Additionally, a brain tumor is a disease in central nervous
system that highly causes death in children (63, 64). Recently, nanotechnology has
been applied to deliver therapeutic drugs into the brain via transporters or internalizing
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receptors of BBB capillaries (61, 64, 65). Various studies have shown that NPs at size
range between 5 to 7 nm are able to cross BBB (66-73), but the toxic mechanisms are
still unclear. However, Wu et al. (74) reported that the SiO,-NPs at the size of 15 nm
were found in rat’s brain after intranasal instillation. In recent study by Shilo et al. (75)
also reported that insulin-conjugated gold nanoparticles (INS-GNPs) at the size of 20
nm had an ability to cross BBB via the special mechanism called receptor-mediated
endocytosis. These evidences show that NPs at the sizes of 15-20 nm could also pass
through BBB.

Due to above information, besides focusing on the nanotoxicity of NPs on
immune cells, this thesis therefore focuses on investigating the effect of TiO,-NPs on
glioma cancer cells. The outcome from this study could lead to the possibility of using
TiO,-NPs for therapeutic cancer applications. In addition, its outcome may help
indicate whether or not TiO,-NPs can induce the growth of cancer cells. It is well
known that glioma is a high chemo and radio resistant brain cancer (76). The C6
glioma cells have been widely used for a variety of studies in cancer research (77).
These cells have also been widely used in experimental neuro-oncology to evaluate the
therapeutic efficacy of a variety of modalities, including chemotherapy (78),
antiangiogenic therapy (79), proteosome inhibitors (80), radiation therapy (81), and
gene therapy (82). The application of TiO,-NPs for treatment of brain tumors was
reported by Lopez et al. (83). C6 glioma cells have been used by inoculation with
Wistar rats, where TiO,-NPs that contained Pt(NHs)4Cl, were used to reduce tumor
growth. Their results revealed that tumor growth was reduced by 56%. This indicates
that a synergistic effect between the TiO,-NPs carrier and the platinum drug could
destroy glioma cells.

The translocation of nanoparticles can occur via inhalation, therefore, the
investigation of the cytotoxic effect of TiO,-NPs on glioma cells could help develop
new technology for cancer destruction via inhalation.

In this thesis, | aim to investigate the toxicology of TiO,-NPs in murine
macrophage cells (RAW 264.7) and in rat glioma cells (C6). The investigation of the

effects of TiO,-NPs and MWCNTSs in in vivo was also performed.
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1.2 Objectives

Because of the very small size and special properties of material NPs,
distribution and accumulation may occur in various organs after contaminating the
body. More investigations of the effects of TiO,-NPs on immune and cancer cells and
MWCNTSs on in vivo are required. Therefore the goals of this thesis are to investigate
the cytotoxicity and inflammatory induction by TiO,-NPs and MWCNTS in in vitro
and in vivo respectively. RAW 264.7 cells were used as a model for in vitro study
because these cells play a vital role in the immune system (47, 84, 85). Furthermore,
C6 cells were also used as a model cancer cell for investigating the killing effect of
TiO,-NPs on the aggressive brain cancer.

In vivo study was carried out in mice. Even though in vitro investigation of
NPs is simpler, faster and more cost effective than in vivo, in vivo study is also
required for gaining more information on NPs effects on a living system.

The specific objectives of this study are shown as follows:

1) To determine the toxicity effects of TiO,-NPs on RAW 264.7 and C6
cells.

2) To determine the effects of TiO,-NPs on intracellular ROS production
of a RAW 264.7 cells.

3) To evaluate the effects of TiO,-NPs on pro-inflammatory cytokine
productions of RAW 264.7 and C6 cells.

4) To study the effects of TiO,-NPs and MWCNTS on in vivo systems by
investigating proinflammatory cytokine productions released in broncho alveolar
lavage fluid (BALF) after TiO,-NPs and MWCNTSs have been instilled intranasally

into mice.
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CHAPTER I
LITERATURE REVIEW

2.1 General properties of nanomaterial

A nanoparticle (NPs) is commonly defined as an object with at least one
dimension smaller than 100 nm (11, 86, 87). The forms of NPs can be different such
as amorphous or crystalline structure. Therefore, NPs should be considered a distinct
state of matter, in addition to the solid, liquid, gaseous, and plasma states, due to its
distinct properties (2).

Important issues that must be considered in the field of NPs are
agglomerates and aggregates of NPs, which represent the strong attractive forces
between crystal or single particles causing them to form a tight bond. As a result, the
particles become larger in size than a single form of the particles (or primary particle)
structure. Therefore, the primary particle size may be explained as the size of an
individual particle in suspension. However, the primary particles may
characteristically agglomerate because of weak physical interactions (adhesion). The
size and shape of particles can be changed after agglomeration. The surrounding
physical or chemical conditions (such as temperature, pH, and viscosity) can affect
different agglomeration states (88). Primary particles loosely bind together resulting in
a total surface area similar to the total specific surface area of the primary particle. In
the case of aggregation, it is developed when a common crystal line structure of
primary particles is formed. The total specific area of aggregated particles is smaller
than the total surface area of the primary particle because particles are aligned together
side by side (11, 89). The diagram of interchangeable aggregation and agglomeration
states of NPs is shown in figures 2.1 and 2.2.
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Figure 2.1 The schematic diagram represents the aggregates and agglomerates of NPs.

(Reproduced with permission from Schilling et al. (11)).
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Figure 2.2 The schematic diagram represents the aggregation and agglomeration of
NPs. The agglomeration of primary has a weak binding. The aggregation
of particles provides a strong binding. (Reproduced with permission from
Dirk Walter) (88)).

To break the bonds of agglomerated NPs, a dispersion mechanism such as
probe sonication can be applied. The measurement of the agglomeration state of
solution-based NPs can be performed by TEM analysis and dynamic light scattering
(DLYS).
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Nanomaterials are generally classified into four major groups based on
their dimensionality, morphology, composition, and uniformity and agglomeration
state (2).

1) Dimensionality

Dimension can be used to classify nanomaterial types. One
dimensional nanomaterials has one dimension that is not in nanoscale. The examples
of one dimensional nanomaterials are nanotubes, nanowires, nanorods, and
nanoribbons that have been developed and used in various applications.

Two-dimensional nanomaterials have two dimensions that are
outside the nanometric size range. Two-dimensional nanomaterials can be defined as
an atomic or molecular thickness that has infinite planar dimensions such as
nanoplates, nanosheets, and nanofilms (90, 91).

Three-dimensional (or polycrystals) nanomaterials include
powders, fibrous, multilayer, and polycrystalline materials in which all of the
structural elements contact to each other and form interfaces (92, 93).

Nanoparticles that have all dimensions in nanoscale (not larger
than 100 nm) are called zero-dimensional nanomaterials or nanoparticles. Zero-
dimensional nanomaterials can be morphous or crystalline. They can provide various
shapes and forms. The examples of zero-dimensional nanomaterials are quantum dot
and metal oxide nanoparticles (such as TiO, and ZnO) (91, 92).

2) Morphology

The morphological characteristics of NPs can be divided into
three major categories: flatness, sphericity, and aspect ratio (2) (figure 2.3). A general
classification exists between high- and low-aspect ratio particles. High aspect ratio
NPs are in the forms of nanotubes, nanowires, and various shapes (such as helices,
zigzags, belts). Small-aspect ratio particles have various morphologies such as
spherical, oval, cubic, prism, helical, or pillar. Collections of many particles exist as

powders, suspension, or colloids (2).
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3) Composition
The composition of NPs is the chemical properties of

nanomaterials including degree of purity, impurity or additives. NPs can be composed
of a single component material or a complex of several materials. NPs found in a
nature are often agglomerations due to the mixture of various compositions while a
single-component material has a high stability and can be easily synthesized by
various methods (2).

4) Uniformity and agglomeration state

Based on their chemistry and electro-magnetic properties, NPs
can exist as dispersed aerosols in the form of suspensions/colloids, or in an
agglomerate state (figure 2.3). The definition of agglomerate is defined as the cluster
of particles rigidly joins together by partial fusion or by growing together.
Agglomeration of nanoparticles can change the size of the NPs and their physical and

optical properties (87, 94).

1) Dimensionality 2) Morphology
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Figure 2.3 Nanomaterial classifications are categorized into four groups based on
dimensionality, morphology, composition, and uniformity and

agglomeration state. (Reproduced with permission from Buzea et al. (2)).
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2.2 Properties and applications of TiO,-NPs and MWCNTSs

Due to the small size of NPs and their special properties, the
characterization of nanomaterials is needed before employing them. Recently, Berube
et al. (95) divided the classifications of nanomaterials that can have problematic
effects on human health into six groups; they are carbon nanotubes (CNTSs), quantum
dots, metal oxides, metals, fullerenes, and polymers. In this thesis, titanium dioxide
NPs (TiO,-NPs) and carbon nanotubes were used in the experiment. The properties of

both nanomaterials are described as follows.

2.2.1 TiO2-NPs

TiO,-NPs are classified as transition metal oxides that have three different
main crystallized structures: anatase, rutile, and brookite (7, 96). Depending on its
chemical structures, the anatase phase of TiO,-NPs has a tetragonal structure (as
shown in figure 2.4). Rutile TiO,-NPs have a tetragonal structure as well, containing 6
atoms per unit cell (in figure 2.4a). The rutile phase of TiO,-NPs is stable at suitable
temperatures and pressure levels. Moreover, with a particle size greater than 14 nm,
anatase and brookite phases of TiO, can transform into the rutile phase after reaching
optimal temperature (about 500 °C to 900 °C) (7, 97). The refractive indexes of rutile
and anatase are approximately 2.75 and 2.54, respectively (97, 98). Because of their
high reflective index, macro-scale TiO,-NPs have been used as a pigment in color
manufacturing. They can also be used in ceramic industries due to their excellent
chemical properties (99). Due to the great catalytic properties of TiO,, they have been
used as photocatalysts for hydrogen production in solar cells and for organic
contaminant degradation (100). TiO,-NPs have been used to reduce UV light
absorption and can be found in everyday life products such as sunscreen, cosmetics,
and clothing. Other applications of TiO,-NPs are in cleaning products, self-cleaning
coatings, air filtration devices, electronics (e.g., computer, keyboard, and mouse), and

hair styling devices. The use of TiO,-NPs in solar cells was also reported (11, 98).
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Figure 2.4 Different phase structures of TiO,: (a) anatase, (b) rutile, and (c) brookite.

(Reproduced with permission from Zhang et al. (101)).

2.2.2 Carbon nanotubes

Carbon nanotubes are formed from a sheet of graphite rolled into a
cylindrical structure. The cylinder structure normally has a length of up to ten microns.
The end of the tube is capped with a half part of a fullerene molecule (102). There are
two classes of carbon nanotubes: the first one is composed of one atom-thick sheet of
graphene and rolled up into a cylindrical shape called single-walled carbon nanotubes
(SWCNTSs). The other is composed of a number of graphene sheets to form concentric
tubes called multi-walled carbon nanotubes (MWCNTSs). The MWCNTSs are larger
than the SWCNTs and consist of many single-walled tubes (figure 2.5) (103-107).
Generally, the structures of CNTs containing a lot of carbon atoms arranged in
hexagons are similar with that of graphite. CNTs have three main unique geometrical
structures (armchair, zigzag, and chiral) and these structures can be classified by the
wrapping pattern of a carbon sheet in a tube. Both the structure and composition of

CNTs lead them to have outstanding properties such as stability, mechanically storing
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energy and high conductivity (103). For these reasons, CNTs open up new
perspectives for various applications, such as nanotransistors in circuits, field emission

displays, and biomedical applications (106, 108).

(a) (b) ()
Copyright © 2004, IEEE
Figure 2.5 The schematic structures of carbon nanotubes. (a) Single layer of grapheme
sheet, (b) single-walled carbon nanotubes, and (c) multi-walled carbon

nanotubes. (Reproduced with permission from Kreupl et al. (109)).

The application of CNTs mainly depends on their properties, including
thermal, electronic, and mechanical properties (110). CNTs in composite
reinforcement or lubrication are related to their mechanical properties displaying the
strong chemical bonds between carbon-carbon in graphene layer. This leads CNTs to
be the strongest and stiffest manmade materials on earth (102). CNTs can also be used
for absorbing radiation; therefore, they are currently used in stealth paints or coating.
Additionally, high strength and low-density properties of CNTs can be used in light
weight applications with strong nanotube-based fibers (110).

2.2.3 Characterization of nanomaterials

The characterization of size, morphology, and surface charge of
nanomaterials can be done using advanced microscopic techniques such as scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and atomic
force microscopy (AFM). TEM and SEM can be employed to visualize the physical
size, shape, morphology, uniformity, and topography of NPs. Electron microscopy
techniques are very useful in ascertaining the overall shape of polymeric NPs, which
may determine their toxicity (111). The surface charge of NPs affects the physical
stability and re-dispersibility of NPs (103). An analytical tool used with SEM to
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identify the elemental composition of samples is energy dispersive X-ray (EDX)
microanalysis. EDX (Energy Dispersive X-ray Spectroscopy), is an x-ray technique
used to identify the elemental composition of materials. EDX systems are combined
with SEM or TEM to do an image and elemental analysis of the specimen of interest.
The data generated by EDX analysis consist of spectra showing peaks corresponding
to the elements of the analyzed sample. In addition, elemental mapping of a sample
and image analysis are performed (112). However, both internal and surface
functionalization of NPs in suspension may not always be visualized by these
techniques, which rely on the electron density of the functional group. Alternatively,
dynamic light scattering (DLS) can be used to measure the hydrodynamic size and
surface charge of suspended NPs in different vehicles (103, 113). DLS is a technique
for measuring the size of particles typically in the sub-micron region. DLS measures
Brownian motion and this motion is linked to the size of the particles. The size of
measured NPs was derived from the time-dependent fluctuation of the scattering
intensity caused by the interference of the relative Brownian movements of multiple
NPs in suspension. Through analysis of these fluctuations, average particle size and
polydispersion can be calculated. Additionally, the surface charge of the NPs can
indicate the suspension stability. This can be measured by the zeta potential function
installed in DLS (113).

2.3 Cytotoxic effect of nanomaterials in vitro

Nanotoxicology refers to the study of the adverse effects of nanomaterials
on living organisms and the ecosystem. The study of the prevention of such adverse
effects is also included (114). Additionally, toxic effects of physical and chemical
properties (e.g. size, shape, surface chemistry, composition, and aggregation) on
biological systems were emphasized (115). Donaldson et al. (116) described how the
adverse effect of NPs after exposure to the body has a greater potential to travel
through the organism than do microparticles. In addition, when NPs reach the target
organ(s), they can trigger mediators that activate inflammatory or immunological
responses. NPs can also enter the blood or the central nervous system, where they have

a direct potential to affect cardiac and brain functions (116, 117). Moreover, the
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exposure of NPs can trigger specific mechanisms of toxicity such as epithelial tissue
injury, inflammation, oxidative stress, and allergy. In addition, the exposure of NPs
can exert a toxic effect on DNA (called genotoxicity). This might initiate and promote
carcinogenesis, or exert teratogenicity (118, 119).

To understand the complete risk of NPs to human health, the
comprehensive study of the mechanisms of potential exposures and the toxicokinetic
data associated with various portals of entry to the body is important (119). In 2005,
Oberdorster et al. (5) demonstrated the hypothetical routes of uptake and translocation
of NPs into the body, as shown in figure 2.6.
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Figure 2.6 Biokinetics of NPs in the human body. (Reproduced with permission from
Oberddrster et al. (5)).

The possible causes of toxicity produced by nanomaterials were proposed
by Fischer and Chan (115). The cause of toxicity was related to the unique structures
of nanomaterials including the following reasons: 1) NPs have special physical and
chemical properties. Therefore, the breakdown of nanostructures could lead to a
specific toxic effect that is difficult to predict. 2) The surfaces of nanomaterials

contribute to many catalytic and oxidative reactions. Because of the greater surface
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area-to-volume ratio of nanomaterials, these reactions may induce more toxicity than
bulk materials. 3) Some nanomaterials may contain toxic metals or compounds, and
the breakdown of these materials can elicit similar toxic responses to the components
themselves.

TiO,-NPs have been mostly used in a wide range of applications. Because
of the specific properties of TiO, (such as catalytic activity) at the nanoscale size,
more concern in human health risk is necessary. Several studies revealed that TiO,-
NPs produce cytotoxicity to various cell types and model animals (17). TiO, has
recently been reclassified by the IARC (International Agency for Research on Cancer)

as a group 2B carcinogen that is “possibly carcinogenic to humans” (9, 17, 120).

2.3.1 Oxidative stress-mediated nanotoxicity

Oxidative stress has been defined as an imbalance between the production
of an oxidizing molecule (pro-oxidants) and the presence of cellular antioxidants in
favor of the pro-oxidants that lead to potential damage (121). The damages occur
through the production of peroxides and free radicals which include the superoxide
anion radical (O,"), hydrogen peroxide (H.O), and hydroxyl radical (OH). These
free radicals are potentially deleterious products that can damage cellular components
including proteins, lipids, and DNA. Therefore, they are referred to as “reactive
oxygen species” (ROS) (52, 122). The consequent damage to cell molecules can occur
at several pathophysiological states, such as neurodegenaration, cancer, mutagenesis,
and cardiovascular diseases (123). The production of ROS in aerobic cells can also
associate in aging and degenerative diseases (124, 125). ROS can be generated in
many different organelles in response to various stimuli. Major sources of intracellular
ROS are generated endogenously, as in the process of mitochondrial oxidative
phosphorylation (121, 126, 127). Complexes | and Il of the electron transport chain in
mitochondria are the most possible sites of superoxide radical formation during
oxidative phosphorylation because these complexes are semiquinones with unpaired
electrons. Thus, the oxygen molecule may receive these unpaired electrons to form a
superoxide radical (128).

The regulation of extracellular ROS generation in mammalian cells occurs

through the respiratory burst of phagocytic cells by nicotinamide adenine dinucleotide
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phosphate (NADPH) oxidase (121, 129). The mechanism of the immune system by
phagocytic cells (such as neutrophils or activated macrophages) defends against
foreign organisms by generating superoxide radical anions through NADPH oxidases
and myeloperoxidases (38, 122). These phagocytes are capable of generating large
amounts of ROS to resist pathogens. Active NADPH oxidase has three subunits
(p40phox, p47phox, and p67phox) located in the cytosol, while p22phox and
gp91phox are membrane bound. Upon stimulation, all subunits are brought together
into one macromolecule complex and this complex can generate several forms of ROS
(130).

Exposure to environmental factors is another source of oxidative stress.
The exogenous compounds that have proven to be potential sources of ROS are
radiation (e.g., UV light and X-rays), toxic chemicals (e.g., paraquat), drugs (e.g.,
adraiamycin and quinones), and particulate matters (PMs) (131-134). PMs mediated
oxidative stress has been reported in recent years. Some particles (such as silica and
asbestos) can mediate oxidative stress after being inhaled in the lungs (135, 136).
Particulate-mediated oxidative stress is comprised of two distinct mechanisms: non-
cellular and cellular particles-mediated ROS generation. The non-cellular ROS
generation is occurred from Fenton-like reaction that has iron or other transition
metals reacting with hydrogen. On the other hand, the particles-mediated oxidative
stress results from simulating of stimulated lung cells by inhaled particles (137).
Particle size is an important factor in determining the deposition region of the lung
after inhalation (138). In addition, the particle size of the aerosol entering the
respiratory tract was determined as inhalable particles, which normally have sizes that
range between 1nm to 10um. The NPs have been determined as respirable dust, which
can enter and be deposited on an alveolar region of the respiratory tract (138-140).
Therefore, NPs must be closely related to oxidative stress mediated toxicity especially
in cells at the alveolar region of the lung (15).

Oxidative stress is considered to be the most important mechanism in the
cytotoxic effects of NPs (5, 141-143). NPs may possibly induce the production of
ROS both inside and outside of the cell. As reported by Suh et al. (144), ROS
produced by NPs may affect cell membrane stability and cell survivability. On the

other hand, if NPs are internalized, ROS production, particle dissolution, and
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mechanical damage to sub-cellular units such as the nucleus are very important and
should be considered. Most recently, Manke et al. (145) described the mechanisms of
oxidative stress induced by NPs. They found that there are two factors involved in this
mechanism. The first factor is a cellular factor, which depends on cell interaction with
NPs, such as NP-cells interaction and immune-cells interaction. Therefore, this factor
mostly relies on NPs properties (such as surface properties, size, composition, and
presence of metals). Aydin et al. (146) also concluded that three main factors cause
oxidative stress by NPs: 1) the surface of NPs (especially metal-based NPs) that plays
a role in active redox cycling, 2) the functional groups of NPs which have an oxidative
potential, and 3) the interaction between particle and cell.

Several studies have reported on NPs-mediated toxicity in vitro through
oxidative stress. Pujalte et al. (147) demonstrated the cytotoxicity and oxidative stress
induced by three types of NPs: TiO,, ZnO, and CdS on IP15 (glomerular mesangial)
and HK-2 (epithelial proximal) cell lines. Their results indicated that the important
factors that affected the cytotoxicity of NPs were physicochemical properties of NPs
and a type of cell. Only ZnO and CdS caused oxidative stress on those cell lines; in
contrast, the effects were not observed with TiO,-NPs. Moreover, they also suggested
that the chemical property of NPs might induce different cellular responses that related
to the production of ROS.

Yang et al. (148) reported the relationship between particle composition of
NPs and the oxidative effect. They reported that different properties of NPs lead to
diverse cytotoxicity. The interaction of electron donor or acceptor active sites with
molecular dioxygen (O,) is important. They also provided an example of ZnO-NPs
that are more chemically active in nature than SiO,. The electron capture on the
surface of ZnO-NPs can lead to more formation of the superoxide radical (O,"), which
culminates in ROS accumulation and oxidative stress. In addition, the decreased
nanoparticle size might create discontinuous crystal planes that could increase the
number of structural defects as well as disrupt the well-structured electronic
configuration of the material. Thus, the electronic configuration on the particle surface
might change. This would establish specific ‘surface groups’ that could function as
reactive sites. ‘Surface groups’ can make NPs hydrophilic or hydrophobic, lipophilic

or lipophobic, or catalytically active or passive. As suggested by De Berardis et al.
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(149), electron capture on the surface of metal NPs could increase the formation of
superoxide radicals (O;"), leading to ROS accumulation and oxidative stress.

The major routes that NPs can enter the body are inhalation, trans-dermal,
and ingestion. However, inhalation is the most potentially harmful route for humans
(146). Therefore, the lungs are a major target organ and the most sensitive organ of
inhaled NPs. Due to their size, NPs can be distributed throughout the whole
respiratory tract and reach the alveoli (15). Immediately after exposure, NPs are
translocated to blood circulation and distributed to other organs (150, 151). Therefore,
NPs can induce a potential oxidative stress as described previously. Oxidative stress
damage by NPs in the respiratory-related cells has been evaluated both in vivo and in
vitro. Park and Park (152) presented their study of the oxidative stress and pro-
inflammatory response of silica NPs on RAW 264.7 cell lines. Treatment of silica NPs
on the cultured RAW 264.7 cells led to ROS generation and decreased intracellular
glutathione (GSH). In several other studies, NPs altered ROS production and
interfered with biological antioxidant defense responses mentioned in the investigation
by Park et al. (153) and the oxidative stress was increased after treatment of cells with
TiO,-NPs. They also discussed that ROS is an important factor of the apoptotic
process. The excess generation of ROS can induce mitochondrial membrane
permeability and damage the respiratory chain, resulting in the induction of the
apoptotic process.

Manke et al. (145) reported the mechanisms of oxidative stress mediated
toxicity of NPs in the mitochondrial respiration, immune cell activation, and NADPH
oxidase system. Furthermore, excessive production of oxidative stress could also
activate cytokines and upregulated interleukin (IL), kinases, and tumor necrosis factor-
o (TNF-a). Therefore, these biomolecules can be used as indicators of inflammation
signaling processes to oxidative stress (146, 151).

Recently, the mechanisms of TiO,-NPs induce oxidative stress and
apoptosis has been reported by Shukla et al. (154). Their study investigated the toxic
effect of TiO,-NPs (1 to 80 pg/ml) on HepG2 (human liver) cells. The cytotoxicity
was found in cells treated with TiO,-NPs at concentrations of 20, 40, and 80 pg/ml.
The loss of mitochondrial membrane potential (MMP) was detected after for 24 h

incubation. However, the significant increase of apoptosis (in both early and late
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stage) was found in cells treated with TiO,-NPs at concentrations of 20, 40, and 80
pg/ml for 48 h. It seems that mediated cytotoxicity of TiO,-NPs in HepG2 cells was
occurred by ROS production. Their results showed the increase of pro-apoptotic
proteins (BAX) and the decrease of anti-apoptotic protein (Bcl-2) after treating cells
with TiO2-NPs. This resulted in a high ratio of Bax/Bcl-2 that later could lead to
cytochrome c¢ production. The cytochrome ¢ could bind to Apaf-1 (apoptotic protease
activating factor) and caused an apoptosome formation. Moreover, their results
showed that caspase-9 and caspase-3 could generate the death of cells treated with
TiO,-NPs. In overall, TiO,-NPs could induce cell death by ROS mediated DNA
damage pathway (154). The involvement of ROS mediated apoptosis cell death by
TiO,-NPs was also reported by Meena et al. (34). Their results indicated that TiO,-
NPs induced apoptosis of HEK-293 cells through ROS-mediated oxidative stress with
a similar pathway mentioned previously. The apoptosis cell death caused by TiO,-NPs
was recently reported by Sheng et al. (155). Rat primary cultured hippocampal neuron
cells were treated with TiO,-NPs at concentrations between 5-30 pg/ml. Their results
revealed that the death of hippocampal neuron cells treated with TiO,-NPs occurring
from MMP reduction, cytochrome c up-regulation, Bax and caspase-3 protein
expression, and down regulation of Bcl-2 protein, which are associated with
mitochondria-mediated apoptosis cell death pathway.

It is well-known that TiO,-NPs can be activated into an excited state under
UV irradiation. This can also induce ROS generation and trigger oxidative stress
(156). Xiong et al. (157) reported that the surface area of TiO,-NPs was a main factor
of toxicity in cells both with and without UV irradiation. The hydroxyl radical
molecules occurred after UV irradiation could be adsorbed on the surface of TiO,-
NPs. These hydroxyl radicals and hydroxide ion generated on the surface of TiO,-NPs
can damage cells (157, 158). In this case, the higher toxicity could be found in cells
treated with high surface area particles than ones treated with low surface area
particles (157). Micron-size particles may enter the cells via phagocytosis, however,
nano-size particles can internalize and incorporate with various biomolecules (such as

protein, lipid, and DNA) and may lead to cytotoxicity.
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2.3.2 NPs induce inflammatory responses

Inflammation is the defense mechanism in the body that responds to
pathogens or foreign materials and promotes the repair of injured tissue (159).
Excessive or persistent inflammation can contribute to numerous pathophysiological
states and the exacerbation of diseases. The inflammation of living tissues may be
caused by microorganisms, noxious stimuli (such as chemicals), or physical injury
(119, 159). The chronic inflammatory responses with the surface, chemical, or
physical reactivity of NPs lead to the stimulation of neutrophils and macrophages that
can cause inflammation to persist. The prolonged inflammation results from many
processes that can contribute to an induction of fibrosis and carcinogenesis (160, 161).
During the inflammatory process, various chemical markers such as adhesion
molecules, chemotactic factors, and pro-inflammatory factors are released. As
described previously, NPs have an ability to trigger oxidative stress. ROS are known
to cause many forms of injury and inflammation. Gilmour et al. (162) showed the
correlation between ROS and inflamed cells as a three stage model. At the first level,
oxidative stress is at a low level. The induction of antioxidant enzymes ((NAD(P)H:
quinone oxidoreductase (NQOL), glutathione-S-transferase M1 (GSTM1), and heme
oxygenase-1 (HO-1)) is able to restore cellular redox homeostasis. With continued
oxidative stress, these enzymes become overwhelmed and can no longer neutralize the
effect of ROS. At the second level: MAPK (mitogen-activated protein kinase) and NF-
kB activations produce proinflammatory responses. At the third level of oxidative
stress, the permeability of the mitochondria is compromised and disrupted, resulting in
cellular apoptosis and necrosis. Immune effects from NPs are also thought to be due to
oxidative stress through the presence of surface free radicals that are generated by the
interaction between NPs and the aqueous milieu. Released reactive species and free
radicals can interfere with the numerous cellular signaling pathways, resulting in the
expression of altered cytokine release profiles.

Oberdorster et al. (5) reported four primary pathways involved in
inflammation and oxidative stress mediated by NPs (figure 2.7). In the first pathway,
the particle surface causes oxidative stress, resulting in the increase of intracellular
calcium and gene activation. In the second pathway, transition metals are released

from NPs, resulting in oxidative stress. In the next pathway, cell surface receptors are
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activated by transition metals released from particles, resulting in subsequent gene
activation. Lastly, the intracellular distribution of NPs to mitochondria generates

oxidative stress.
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Figure 2.7 Intracellular mechanism of oxidative stress and inflammation induction by

TiO,-NPs. (Reproduced with permission from Oberdorster et al. (5)).

Recently, Nishanth et al. (159) showed the inflammatory response of
RAW 264.7 macrophages cells after exposure to NPs at different types and sizes.
These NPs are silver (Ag), aluminum (Al), carbon black (CB), carbon-coated silver
(CAQ), and gold (Au). Their results showed that significant increases in IL-6, ROS,
NF-kB, cyclooxygenase-2 (COX-2), and tumor necrosis factor-alpha (TNF-a)
expression were observed in macrophages exposed to Ag NPs followed by Al, CB,
and CAg.

The signaling pathway involved in inflammatory responses causes by NPs
has been studied recently by Cui et al. (163). They investigated the signaling pathway
of inflammation in a mouse’s liver after treating mice with TiO,-NPs by intragastric
administration. The accumulation of TiO,-NPs was found in the liver. The
histopathological changes and hepatocyte apoptosis of mice liver and the liver
functions damaged by TiO,-NPs were observed. Their results showed that TiO,-NPs

can significantly increase the mRNA and protein expression of TLR2, TLR4, and
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several inflammatory cytokines (IKK1 (Inhibitor of nuclear factor kappa-B kinase
subunit alpha or IKK-a), IKK2 (or IKK-B), NF-kB, NF-kBp52, NF-kBp65, TNF-q,
and NIK (NF-kB-inducing kinase)). TiO,-NPs can also significantly suppress the
mRNA and protein expression of IkB and IL-2. The signaling pathway of
inflammation of mouse liver caused by TiO,-NPs may occur via the activation of
MRNA molecules for TLR2 (Toll-like receptor 2) and TLR4 (Toll-like receptor 4) and
protein expression. Moreover, their results also indicated that TiO,-NPs can
significantly increase the mRNA and protein expression of several inflammatory
cytokines, including NIK, IKK1, IKK2, NF-kB, NF-kBp52, NF-kBp65, and TNF-a.

During the primary stage of inflammation, residential macrophages are the
first immune cell type to be activated to generate an immune response (164). The
effects of various types of NPs on immune cells were reported by various studies. Park
et al. (165) showed the pro-inflammatory cytokine released from the RAW 264.7
macrophages cell. Their results showed that TNF-o was released significantly while
other cytokines (including IL-1a, IL-1p, IL-6, and 1L-10) were slightly increased (151,
165). Interestingly, Choi et al. (166) reported the decrease of IL-6 and TNF-a
productions of RAW 264.7 cells after treatment with silicon NPs (SNs) found at
concentrations greater than 20 pg/ml. In contrast with silicon microparticles (SMs),
the productions of both cytokines were increased when the concentration of SMs
increased. They also explained that because of their small size, macrophages might not
recognize the small size particles. It is possible that SNs enter macrophage cells
through the pores of the cell membrane, while the SMs are large enough to be
recognized and were phagocytized by the macrophage. The exposure of TiO,-NPs to
RAW 264.7 macrophage cells induced the secretion of TNF-o, which has been
recently reported by Kim and Tao (167). They showed that the inflammation
responses of TiO,-NPs on macrophage cells were involved in the MAPK/NF-xB
signaling cascade.

Due to inflammatory effects induced by TiO,-NPs, the inhalation of TiO,-
NPs is one of the major routes that raise the contamination of TiO,-NPs in the human
body as described previously. Especially in people who are often in contact with TiO,-
NPs at a high volume (17), some particles can be cleared out from the respiratory tract

by mucociliary escalator. Alveolar macrophages are responsible for the particles that
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cannot be cleared by mucociliary escalator. Amounts of oxygen radicals, proteolytic
enzymes, and proinflammatory cytokines are released depending on phagocytized
activity of macrophages. These mediators may lead to acute and chronic lung
inflammation (151).

2.3.3 Role of COX-2 and NPs in inflammation

Cyclooyxgenase (COX), also known as prostaglandin H synthase, is an
important enzyme in prostaglandin (PG) biosynthesis of from arachidonic acid. The
expressions of COX are encoded by two genes, COX-1 and COX-2. Both of which
participate in the expression of several proteins including PGD,, PGE;, PGl,, PGF,,,
and thromboxane A.

Prostaglandin biosynthesis starts after the release of arachidonic acid from
membrane phospholipids by phospholipase A,. Arachidonic acid is then metabolized
by the sequential actions of prostaglandin H synthase, or COX, into the unstable
intermediate PGH,. PGH, is a common substrate for a series of specific isomerase and
synthase enzymes that produce PGE,, PGl,, PGD,, PGF,,, and TXA, (168, 169).

COX-1 is normally expressed in many tissues of the body (such as
stomach, kidneys). It is involved in the cytoprotection of mucosa. On the other hand,
COX-2 is an inducible isoform of COX that is upregulated by several stimuli such as
mitogens, cytokines, growth factors, and tumor promoters (170, 171). The pathway of
COX-2 in cancer development is shown in figure 2.8. These prostaglandins promote
cell division, metastasis, and angiogenesis, but inhibit apoptosis. This can lead to

tumor growth induction (169).
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Figure 2.8 The involvement of Cyclooxygenase-2 (COX-2) enzyme in cancer
development and apoptosis cell death. (Reproduced with permission from
Grosch et al. (169)).

COX-2 is important in the regulation of prostaglandins production. The
expression of COX-2 is strongly induced by several pro-inflammatory cytokines and
growth-promoting stimuli (172). COX-2 has been described as an inducible isoform
expressed during the inflammatory process (173). The study of COX-2 and NPs
involved in genotoxic effects was performed by Xu et al. (174). They measured
mutant fractions of redBA/gam loci in MEF cells exposed to either TiO, particles or
fullerene-60 (Cgo) at different doses. Their results showed that in the presence of
COX-2 inhibitor (NS-398), the genotoxic effects of nano-sized TiO, and Cg, were
reduced dramatically. Their results imply that COX-2 is involved in mediating the
genotoxic events induced by TiO,-NPs and Cgo-NPs. Nishanth et al. (159) also
reported the toxicity of various types of NPs. Their studies revealed that Ag-NPs
exhibit a higher propensity for inducing inflammation, mediated by ROS and NF-«xB
signaling pathways and leading to the induction of COX-2. COX-2 has been
determined to be involved in the allergic airway inflammation following exposure to
MWCNTSs into COX-2 deficiency mice by oropharyngeal aspiration. Sayers et al.
(175) reported that MWCNTSs significantly enhance allergen-induced cytokine release,
including IL-13, IL-5, CXCL10, and IL-17A.
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2.4 Toxicity of nanomaterials in vivo

Because of the aerodynamic properties of NPs, they have a greater
potential to reach the deep part of the lungs than microparticles do (5). Furthermore,
NPs deposited in the lungs may interact with macrophages, resulting in the activation
of a clearance mechanism. These NPs may also have directly contact with other
respiratory cells such as fibroblasts, endothelial cells, or cells of the immune system
(87). For high bio-persistence (such as NPs), they may cause chronic and pulmonary
fibrosis. After NPs are deposited at the lungs, the initiation of inflammatory response
can occur by the interaction with cells of the immune system (28, 161, 176).

There are various studies that examine the potential adverse health effects
of NPs in animal models by inhalation. Here, the effects of TiO,-NPs and CNT in vivo
are the main focus. The neurotoxic potential of TiO,-NPs has been reported by Wang
et al. (71). TiO,-NPs were intranasally instilled into mice for 30 days. Following this,
the pathological changes of mice brain tissue were examined. Their results showed
that TiO,-NPs were translocated to the central nervous system and caused brain
lesions. The toxicity of TiO,-NPs on the respiratory system was reported in 2002 by
Bermudez et al. (177). Three species of laboratory rodents were selected for
examining subchronic effects of TiO,-NPs. Their results revealed that inhaled TiO,-
NPs caused lung burden and induced a pulmonary inflammatory response. Moreover,
the development of fibroproliferative lesions was found in the rats after 90 days of
exposure with high concentrations of TiO,-NPs. Size-specific toxicity of TiO,-NPs
was tested in vivo by Sager et al. (178). They compared the inflammagenic and
cytotoxic level between fine (micron-sized) and ultrafined (nano-sized) TiO, particles.
Their results indicated that TiO,-NPs induce more inflammation and more cytotoxicity
than do micron-sized TiO, particles. The report by Park et al. (179) showed that the
elevation of proinflammatory cytokines, such as IL-1, TNF-a, and IL-6, was observed
after 24 h in mice intratracheally instillation with TiO,-NPs. In mice’s lungs tissue,
they also found the increase of inflammatory proteins such as macrophage inhibitory
protein (MIP) and monocyte chemotactic protein (MCP) after 1 and 14 days after
instillation respectively. The mechanism of TiO,-NPs that induces lung fibrosis was
explained by Li et al. (151). After TiO,-NPs exposure into the lungs, NPs can induce

high ROS expression. The overproduction of ROS can induce the activation of
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cytokine growth cascades. Then, tyrosine kinases, MAPK, and transcriptional factors
(such as NF-xB) are activated. Therefore, the genes involved in inflammation and
fibrosis (such as TGF-B) are also transcribed and expressed. Meanwhile, this can
promote the formation of immature collagenous tissue within the lung. Moreover,
several studies have reported the inflammation of tested animal’s lungs after treatment
with TiO,-NPs (99, 180, 181).

In vivo toxicity of CNTs on the respiratory system was reported by Muller
et al. (182). Carbon nanotubes were administered intratracheally to Srague-Dawley
rats and examined for inflammatory responses in the lungs. After 60 days of CNTs
exposure, CNTs were still present in the rat lungs. The formation of collagen-rich
granuloma in the bronchial lumen, which is an indicator of pulmonary lesion, was
observed after exposure the rat with CNTs. Their results indicated that the exposure of
CNTs in the lungs of animals could stimulate of TNF-a production. The mechanisms
of CNTs for toxicity induction in vivo were reported by Chou et al. (183). Macrophage
cells in the alveoli secreted various inflammatory cytokines after intratracheal
instillation of CNTSs. Similar results of inflammation induced by CNTs were reported
by Hsieh et al. (184). They examined the toxicity mechanism of CNTs in mice. Their
results indicated that after providing a single dose of CNTSs (at the concentration 0.1 or
0.5 mg/mouse) by intratracheal instillation, the air ways were obstructed and
granulomatous was observed in lung parenchyma. Moreover, they found that the
expression of cathepsin K and MMP12 (the proteinase that plays an important role in
tissue remodeling) increased and may induce pulmonary injury. The oxidative stress-
mediated toxicity in animals after treatment with CNTs was reported by Han et al.
(185). MWCNTSs at amounts of 20 and 40 pg suspended in 40 pl sterile phosphate-
buffered saline were exposed to mice lungs by oropharyngeal aspiration. Their results
revealed that total proteins (LDH, TNF-a, IL-1pB, and surfactant protein-D) in the
mice’s broncho alveolar lavage (BAL) fluid significantly increased, after the mice
were treated with MWCNTSs at both amounts for 1 day. Moreover, the level of 8-
hydroxy-2'-deoxyguanosine (8-OHdG) in urine was elevated. This could indicate that
systemic oxidative stress is caused by the exposure of MWCNTS.
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CHAPTER Il
MATERIALS AND METHODS

3.1 Chemicals and reagents

Chemicals and reagents used for this study were purchased from various
sources. Dulbecco’s Modified Eagle’s Medium (DMEM), Nutrient Mixture Ham’s F-
12 medium, antibiotics-antimycotic (100x), Dulbecco’s phosphate buffer saline, and
trypsin-ethylene diamine tetra acetic acid (EDTA) were purchased from Gibco (Grand
Island, NY, USA). Fetal bovine serum (FBS) was purchased from Hyclone (Perbio,
Cramlington, UK). Trypan blue solution (0.4%) (JR Scientific, Woodland, CA), 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Dimethyl sulfoxide
(DMSO0), and 2’7’-dichlorofluorescin diacetate (H,DCFDA) were purchased from
Sigma-Aldrich (St. Louis, Mo, USA). Bradford protein assay reagent, alkaline
phosphatase conjugate substrate, non-fat dry milk, tris(hydroxymethyl)-
aminomethane, SDS-PAGE standard, glycine, and bis-acrylamide were purchased
from Bio-Rad (USA). Rabbit anti COX-2 antibody was purchased from Cayman (Ml,
USA). AP-conjugated secondary antibody and rabbit anti B-actin antibody were
purchased from Cell Signaling Technology® (Beverly, MA, USA). CellTiter-Glo®
Luminescent cell viability assay kit was purchased from Promega (WI, USA).
AnnexinV-FITC’s apoptosis detection kit was purchased from BD pharmingen™
(Franklin Lakes, NJ, USA).
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3.2 Experimental procedure

3.2.1 Preparation of nanomaterials

TiO,-NPs from Wan Jing New Materials Co. Ltd. (Hangzhou Zhejiang,
China) were kindly provided by Assist. Prof. Dr. Toemsak Srikhirin (Material Science
and Engineering program, Faculty of Science, Mahidol University). TiO,-NPs from
the supplier were dispersed in deionized water (DW) to prepare the stock of
suspension at a concentration of 37,500 pg/ml. The stock of TiO,-NPs suspension in
culture medium was freshly prepared by diluting the stock of TiO,-NPs suspension in
DW with culture medium (without serum) to have a concentration of 5,000 pug/ml and
then sonicated at 80% amplitude for 30 seconds (10 times) plus 10 seconds with a high
intensity ultrasonic processor (Sonic, model VCX 130). For the preparation of TiO,-
NPs, testing concentration was prepared by diluting the TiO,-NP suspension in culture
medium (stock concentration at 5,000 pg/ml) with serum free medium at the desired
concentrations for each experiment. Vortex was applied before applying TiO,-NP
suspensions to cultured cells to avoid sedimentation and aggregation.

MWCNTs were purchased from Sigma-Aldrich (St. Louis, MO). The
outside diameter (O.D.), inner diameter (I.D.), and length obtained from the supplier
were 10-15 nm, 2-6 nm, and 1-10 pum. respectively. The preparation of MWCNT stock
solution was done by weighing 1 mg of MWCNTSs and dissolving it in 1 ml of 100%
fetal bovine serum (FBS) to form a concentration of 1 mg/ml. MWCNTSs stock
suspension (in 100% FBS) at the concentration of 1 mg/ml was sonicated at 80%
amplitude for 30 seconds (10 times) plus 10 seconds pulse. The series of MWCNTSs
testing concentration was prepared by diluting the MWCNTSs stock suspension (1
mg/ml in 100% FBS) with the culture medium containing 1% D-glucose plus 10%
FBS. Each concentration of MWCNTSs suspended in medium containing 0.1% D-
glucose plus 1% FBS was sonicated before being applied to cultured cells as described

previously.



Patinya Sukwong Materials and Methods / 30

3.2.2 Characterization of nanoparticles

3.2.2.1 Size measurement and shape investigation

The hydrodynamic sizes of the NPs (dispersed in water and
cell culture media) were measured by Malvern Zetasizer 3000 (Malvern Instrument
Inc., London, UK). This technique is based on the principles of dynamic light
scattering (DLS). Suspensions of each NP at a volume of 3 ml were prepared and then
transferred to a cuvette for DLS measurements. The concentration of TiO,-NP
suspension dispersed in DW and in culture medium free FBS was 5,000 pg/ml. For
MWCNTSs, the concentration used for measuring was 0.1 mg/ml. They were dispersed
in 1 culture medium containing 1% FBS plus 0.1% D-glucose. Before measurement, a
10 minute-ultrasonication was performed to make the nanoparticles well dispersed.
The average hydrodynamic size of the suspended NPs was calculated by the
instrument software.

The sizes and shapes of TiO,-NPs and MWCNTs were
measured using scanning electron microscopy (SEM, LEO model LEO 1450 VP) or
transmission electron microscope (TEM). Both nanoparticles were dissolved in DW
and sonicated by ultrasonication before being dropped onto a silicon wafer. After the
DW evaporated, samples were observed by SEM at the Microscopic Center, Faculty of
Science, Burapha University. In the case of TEM, samples were dropped onto TEM
copper grids. The images were obtained using TEM (Philips, Models TECHNAI 20)
with the assistance of the staff at the Center of Nanoimaging (CNI), Faculty of Science
Mahidol University.

3.2.2.2 Zeta () potential

TiO,-NPs were diluted with DMEM to reach a concentration
of 5,000 pg/ml. MWCNTSs were suspended in DMEM containing 1% FBS plus 0.1%
D-glucose. Immediately, the suspensions of NPs were injected into a capillary cell of
Malvern Zetasizer 3000. The measurements were carried out in triplicate for the time

interval of 30s for each measurement.
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3.2.2.3 Crystalline phase characterization with X-rays powder
diffraction (XRD)

TiO,-NPs were dispersed in DW to reach a concentration of 1
mg/ml. The solution was dried at 103-105 °C, and then crushed into a fine powder. In
the case of MWCNTSs, a commercial powder form was used for this characterization.
The crystallographic studies of all NPs powders were analyzed by XRD. The

diffraction patterns were taken in 20 geometry.

3.2.3 Cell lines and culturing procedure

3.2.3.1 Rat glioma cells (C6) were kindly provided by Assoc.
Prof. Dr. Sukumal Chongthammakun. C6 cells were grown in a mixture of DMEM
and Nutrient Mixture Ham’s F-12 medium (at a ratio of 1:1) and were supplemented
with 10% FBS and 1% antibiotic-antimycotic. Cells were propagated in 25-cm?
culture flasks under a 95% humidified air incubator at 37 °C and 5% CO,. The culture
medium was changed 2-3 days/week. Cells were sub-cultured every 4-5 days by using
0.25% trypsin-EDTA to detach the cells.

3.2.3.2 Murine macrophage cells (RAW 264.7) were kindly
provided by Prof. Dr. Pawinee Piyachaturawat. Cells were maintained in DMEM and
were supplemented with 10% FBS and 1% antibiotic-antimycotic. Cells were
propagated in 25-cm? culture flask under a 95% humidified air incubator at 37 °C and
5% CO,. Culture medium was changed every 2-3 days. RAW 264.7 cells were sub-
cultured after 80% of cell confluences by using the cell scraper method. Only cells in

the exponential phase under twenty passages were used in the experiments.

3.2.4 Cells viability assay
3.2.4.1 Trypan Blue Exclusion Test
The trypan blue exclusion assay can also be used to determine
the cell viability. It is based on the principle that cell membranes of the viable cells do
not take up certain dyes (blue cells), whereas non-viable cells do. Briefly, a cell
suspension was simply mixed with 0.4% trypan blue dye and then examined by
microscopy. The number of dead and alive cells was counted. The calculation of

relative cell viability is shown in following equation (186):


http://www.sc.mahidol.ac.th/scps/people/Pawinee_P.htm
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total number of viable cells per ml of aliquot
total number of cells per ml of aliquot

%100

Viable cells (%) =

In this study, cells were seeded in 35mm culture dishes and
incubated for 24 hours at 37 °C with 5% CO,. Cells were treated with different
concentrations of TiO,-NPs for 24 h under a 95% humidified air incubator at 37 °C
and 5% CO,. Cells were then detached (by scrapped off or trypsinized) and transferred
to a test tube. The trypan blue dye (JR Scientific, Woodland, CA) with the same
volume of cell suspension was added into the cell suspension. Next, cells and dye were
incubated for 5 min at room temperature. The viable cells (cells without dye) were

counted using a hemocytometer.

3.2.4.2 CellTiter-Glo® Luminescent cell viability assay

The CellTiter-Glo® Luminescent cell viability assay is a
luminescent cell viability technique that determines the number of viable cells. This
test is based on luciferase reactions that can measure ATP production in cells. In live
cells, ATP is used as their energy supplier. For this reason, the presence of ATP can be
used as an indicator of metabolically active cells (187). CellTiter-glo® reagent can
cause cell lysis after adding reagent into cells. Following this, the ATP is released and
the enzyme luciferase can interact with the compounds in the CellTiter-glo® reagent to
form a luminescence signal. The signal detected is proportional to the concentration of
ATP and the amount of ATP is proportional to the number of viable cells (188).
Therefore, the percent of relative cell viability can be measured. With this assay, RAW
264.7 cells and C6 cells were plated in 96 well plates at 1x10° cells per well. Plated
cells were incubated for 24 h at 37 °C with 5% CO,. After this, cells were treated with
different concentrations of TiO,-NPs for 24 and 48 h at the same incubating conditions
as cell culture. After incubation, treated cells were determined for cell viability using
the CellTiter-Glo® assay following the protocol provided by the manufacturer. The
luminescence was read at the wavelength of 542 nm at an integration time of 1,000
milliseconds per well with a microplate reader (Molecular devices, SpectraMax® M
series, CA, USA).
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3.2.5 Measurement of intracellular ROS

Intracellular ROS was monitored using the fluorescent probe 2’,7’-
dichlorodihydrofluorescein diacetate (H,DCFDA) by following the approach from
manufacturer’s protocol with slight modification. H,DCFDA is a dye that easily
diffuses into cells. The dye is deacetylated by cellular esterase to form non-fluorescent
DCFH that can be further oxidized by ROS inside cells to form a high fluorescent
compound; dichlorofluorescein (DCF) (189).

In this study, cells were plated onto 96-well plates at a density of 9.5x 10°
cells/well (for RAW 264.7 cells) and 1.9x 10* cells/well (for C6 cells) and allowed to
adhere overnight in 95% humidified air incubator at 37 °C and 5% CO,. After
incubation, media was removed and cells were further incubated in 10 uM solution of
H,DCFDA for 30 minutes in dark incubation. Next cells were rinsed twice with PBS
and treated with NPs. Immediately after treatment, the fluorescence intensity of DCF
molecules (from the oxidation of dyes) was read using a microplate reader (Molecular
devices, SpectraMax® M series, CA, USA) with the excitation and emission
wavelengths at 492 nm and 535 nm respectively. The hydrogenperoxide (H,O) at the
concentration of 100 uM was used as a positive control. The DCF fluorescence
intensities were measured at 5, 15, and 30 min after treating cells with TiO,-NPs at
various concentrations. The percentage increase of fluorescence intensity was

calculated by the formula below, as explained by Subramaniam and Ellis (190).

. . . . (Ft3o — Fto)
% increase in fluorescence intensity = BT — x 100
0

Where;
Ftso = fluorescence intensity at desirable time (5, 15, and 30 min)

Fto = fluorescence intensity at initiate time (0 min)
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3.2.6 Protein isolation and western blot analysis

3.2.6.1 Determination of protein concentration

In this study, cells were plated onto petri dishes at a density of
approximately 1x10° cellssml and were allowed to adhere overnight in a 95%
humidified air incubator at 37 °C and 5% CO, before experimentation. After treatment
with NPs, the media was removed and washed three times with cold PBS. Then the
exposed cells were harvested by adding ice-cold lysis buffer (50 mM Tris-HCI pH 7.4,
150 mM NacCl, 1% Triton X-100, 1 mM EDTA, 1 mM NazVO,4, 1 mM PMSF, and 1
mM NaF) containing EDTA-free protease inhibitor cocktail (Roche Diagnostics,
Basel, Switzerland). Samples were mixed and left on ice for 30 min. Next, the cultured
cells were immediately scraped off by using a cell scraper. The lysates were collected
into microcentrifuge tubes and centrifuged at 1,200 rpm, 4 °C for 20 min. The
supernatants were collected and stored at -80 °C. The collected protein concentrations
were determined by the Bradford method using a Bio-Rad protein assay kit (BioRad,
Richmond, CA, USA) and then the absorbance was measured at 595 nm by
spectrophotometer (Molecular devices, SpectraMax® M series, CA, USA).

3.2.6.2 Western blotting analysis

Western blot is an analytical technique used to detect specific
proteins in cell samples and tissue homogenates or extracts. The proteins are separated
based on their molecular weight by using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). In this thesis, the expression of inflammatory associated
proteins in C6 and RAW 264.7 cells was observed. Protein samples (those were
collected from 3.2.6.1) were treated with 5x sample buffer containing 1 M Tris-HCI
(pH 6.8), glycerol, 10% SDS, B-mercaptoethanol, and 1% bromophenol blue. After
this, the samples were boiled at 95 °C for 5 min to denature proteins. The solubilized
proteins were loaded into 10% SDS-PAGE containing with 40% acrylamide, 1.5 M
Tris-HCI (pH 8.8), 10% APS, and TEMED, total volume 20 pl/well. Thereafter, the
proteins were constantly electrophoresed through 80-100 volts for 90 min. Then, the
proteins were transferred to a 0.45 pum nitrocellulose membrane (Bio-Rad
Laboratories, Hercules, CA, USA) with transfer buffer containing Tris glycine buffer
(25 mM Tris HCI, 192 mM glycine, and 0.1% SDS) and 10% methanol. The running

condition was set at 220 mA for 90 min. The membrane was blocked with 5% w/v
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non-fat dry milk (Bio-Rad Laboratories, Hercules, CA, USA) in Tris-buffered saline
containing 0.1% Tween-20 (TBST) for 1 h. After washing with TBST, the membrane
was probed with a primary antibody overnight at 4 °C. The specific primary antibodies
used in this study were anti COX-2 antibody from Cayman Chemical (MI, USA), anti-
B-catenin (H-102) antibody from Santa Cruz Biotechnology (CA, USA), and anti-p-
actin antibody from Cell Signaling Technology (MA, USA). The membrane was
washed five times with 1xXTBST containing with 1 M Tris-HCI (pH 7.5), 5 M NaCl,
and Tween 20 to remove any residual primary antibody. After washing, the membrane
was incubated with the alkaline phosphatase (AP) conjugated goat anti-rabbit
secondary antibodies (Cell Signalling Technology, MA, USA) for 1 h. The membrane
was washed five times with TBST. The signal of proteins was detected by
chemiluminescence technique using an alkaline phosphatase (AP) conjugate substrate
Kit (Bio-Rad, Hercules, CA, USA). After the colors were developed, the membrane
that contains interested protein was visualized by gel documentation (Syngene, UK).
The intensity of protein bands was measured by GeneSnap software on gel

documentation.

3.2.7 Determination of apoptosis cell death

3.2.7.1 The detection of DNA fragmentation by DNA
laddering pattern on the agarose gel assay was used to determine cell apoptosis.

Apoptosis can be defined as the specific morphological pattern
of cell death characterized by nuclear and cytoplasmic condensation, plasma
membrane blebbing, and nuclear pyknosis, leading to nuclear DNA breakdown into
multiples oligonucleosomal fragments (approximately 180-200 bp). These fragments
were appeared on an agarose gel (191-193).

In this study, RAW 264.7 and C6 cells were seeded into petri
dishes at a density of 1x10° cells/ml. Cells were treated with different concentrations
of NPs at various periods. Treated cells were resuspended in 10 mM TE buffer pH 8.3
and then lysed with lysis buffer (100 mM Tris-HCI pH 8, 10 mM EDTA and 1%
SDS). Following this, cells were incubated in a shaking water bath at 50 °C for 1 h.
Next, the ribonuclease A (20 pg/ml) was added and incubated for 1 h at 37 °C.

Thereafter the proteinase K (0.1 mg/ml) was added and further incubated overnight at
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50 °C. The mixture of phenol/chloroform/isoamyl alcohol (PCI) was added for
chromosomal DNA extraction and then precipitated in ethanol at -20 °C overnight.
DNA samples were separated by 1.8% agarose gel. The apoptotic DNA fragmentation
was detected by staining with ethidium bromide and was visualized under UV light of
gel documentation system (194, 195).

3.2.7.2 Analysis of cell death by flow cytometric method

The combination of two different fluorochromes (FITC-
conjugated Annexin V and propidium iodide (PI)) was used to detect the loss of
membrane integrity that causes cell death either from apoptotic or necrotic processes.
Non apoptotic (Annexin V-FITC negative, Pl negative), early apoptotic (Annexin V-
FITC positive, Pl negative), and late apoptotic or necrotic cells (Annexin V-FITC
positive, Pl positive) were presented by this double staining. This mechanism of this
staining is based on the exposure of phosphatidylserine to the outer cell membrane and
the membrane permeability of the cells (196). For example, phosphatidylserine (PS) is
located at the inner layer of cell membrane lipid bilayer for live cells. However, the
early stage of apoptosis, there is a breakdown of cell membrane. Thus, the PS is
translocated to the outer layer of the cell membrane. Therefore, the binding of
Annexin V (which have high affinity to PS) can be detected (Annexin V-FITC
positive). At this stage, the plasma membrane excludes the PI, therefore, the PI
staining is negative (196).

In this study, 10,000 cells were prepared for flow cytometry
analysis. Cells were washed with cold PBS and resuspended in 1x binding buffer. The
concentration of cells was at 1x10° cells/ml. Cells were stained with FITC-conjugated
annexin V and propidium iodide for 15 min at room temperature according to the
protocol provided by BD pharmingen™ Annexin V-FITC apoptosis detection kit. The
stained cells were monitored by BD FACSCanto™ flow cytometer using BD
FACSDiva software. Annexin V-FITC and Pl were detected at 488/520 nm and

488/585 nm of excitation and emission, respectively.
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3.2.8 Cytokine assay

Enzyme-linked immunosorbent assay (ELISA) was used to measure
cytokine production of cells with and without NPs treatments. Commercial ELISA kits
(eBioscience, San Diego, CA) were used for TNF-a and 1L-6 detections by following
the specific manufacturer’s instructions for each cytokine detection. Briefly, at the end
of incubation time, the cultured cells in 96 well plates were centrifuged to collect the
supernatant and stored at -75 °C until assayed. A monoclonal antibody that specifically
detects cytokine was pre-coated onto a 96 well plate and incubated overnight at 4 °C.
Standard cytokines and samples were pipetted into the wells. The specific cytokine
molecules bound to the immobilized antibody. After washing to remove unbound
substances, an enzyme-linked polyclonal antibody specific to each cytokine was added
into each well. Following this wells were washed and a substrate solution was added
to each well. The color development was measured after adding stop solution using a
microplate reader (Molecular devices, SpectraMax® M series, CA, USA) at a
wavelength of 450 nm. The concentration of cytokines was calculated from the linear
portion of the generated standard curve.

3.2.9 Statistical analysis

Data of representative experiments were expressed as mean * standard
error of mean (SE). The statistical significance of individual treatment was analyzed
by one-way analysis of variance (ANOVA) followed by Dunnett’s multiple
comparison test to compare differences between all groups of data (GraphPad Prism®,
Version 5.0).
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CHAPTER IV
NANOMATERIALS CHARACTERIZATION

4.1 Introduction

NPs have unique properties that are different from bulk (or micron size)
particles (2). For understanding the potential of NPs in their exclusive application, a
deeper knowledge of their structure and characteristics is needed. Characterization is
done by using a variety of different techniques. For characterizing NPs, the parameters
considered include: surface area and porosity, solubility, particle size distribution,
aggregation, hydrated surface analysis, zeta ({) potential, wettability, adsorption
potential, shape, and size (197, 198). Consequently, there are several techniques used
to understand these characterization parameters in NPs. These include electron
microscopy (Transmission Electron Microscopy (TEM) and Scanning electron
microscopy (SEM)), atomic force microscopy (AFM), dynamic light scattering (DLS),
x-ray photoelectron spectroscopy (XPS), powder X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF), ultraviolet-visible spectroscopy,
dual polarization interferometry, nuclear magnetic resonance (NMR), and NPs
tracking analysis for tracking of the Brownian motion (103, 198, 199).

DLS is a technique that is used for measuring the hydrodynamic size, size
distribution, and polydispersity of NPs in colloidal suspensions of the nano- and
submicro-size of particle ranges (200). This technique can determine the distribution
of particles, hydrodynamic size, and agglomeration state of the nanoparticles (201). A
colloidal solution is exposed by a laser beam. Later, DLS can analyze scattered light
intensity modulation that can provide characteristics of particles. Determination of the
agglomeration of nanoparticles is indicated by the level of polydispersity index (PDI).
The PDI value is high if the particles are agglomerated (103, 113, 202). The zeta
potential presents the magnitude of the electrostatic or charge repulsion or attraction

between particles. The range of zeta potential is typical in between +100 mV to -100
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mV. The zeta potential value has been used for prediction of NPs stability in
suspension. In general, NPs with the zeta potential that is higher than +30 mV or less
than -30 mV are normally considered to be stable. The aggregation of particles
suspension with a low zeta potential normally causes by the action of the Van der
Waals force. The zeta potential measurement can help provide the information of
nanoparticle dispersion long-term stability (203-205). SEM is an analytical instrument
that has been most widely used for characterizations of morphology, surface structure,
and size of nanomaterials. This technique based on electron microscopy that offers
several advantages in investigation of particles in nanoscale level (103, 206).

In this chapter, the determination of NPs sizes was done by using DLS
measurement of hydrodynamic size, zeta potential, and PDI of NPs dispersed in
different vehicle media. The characterization of shape and surface structure of NPs
was done by electron microscope techniques (TEM and SEM). The crystalline phase
characterization in 20 geometry of TiO,-NPs and MWCNTSs was characterized by X-
ray diffraction (XRD) technique.

4.2 Materials and methods

4.2.1 Size and shape characterizations

The hydrodynamic sizes of TiO,-NPs and MWCNTSs dispersed in de-
ionized water (DW), PBS, and fetal bovine serum (FBS)-free cell culture media were
measured by a Malvern Zetasizer 3000 (more information on this technique is
presented in Chapter 3 section 3.2.2.1). For TiO,-NPs, the stock solution of TiO,-NPs
at a concentration of 37,500 pg/ml was diluted to 5,000 pg/ml with DW and DMEM
(without serum). The 5,000 pg/ml TiO,-NPs suspension was sonicated for 10 min to
assure the dispersion state. Following this, TiO,-NPs (3 ml) were transferred into a
cuvette for size measurements. For MWCNTS, the suspension’s concentration for size
characterization was 0.1 mg/ml, which was dispersed in 1% FBS plus 0.1% D-glucose
in culture medium. Before measurement, the 1 mg/ml concentration of stock
suspension of MWCNTs was sonicated for 10 min and diluted 10 times with the

appropriate media to become 0.1 mg/ml. The 3 ml of MWCNTSs final dilution (100
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pg/ml suspended in 1% FBS plus 0.1% D-glucose in culture medium or PBS) was
vigorously mixed with a vortex and transferred into a cuvette for hydrodynamic size
measurements. The average hydrodynamic sizes of the suspended particles were
calculated by the instrument software. The sizes and shapes of TiO,-NPs and
MWCNTs were measured by following the approach explained in Chapter 3, section
3221

4.2.2 Zeta () potential and crystalline phase characterization

The zeta potential of TiO,-NPs and MWCNTs was also measured by a
Malvern Zetasizer 3000. The TiO,-NPs suspension was similarly prepared as
described in the size characterization section. The suspension of TiO,-NPs (at
concentration of 5,000 pg/ml) was suspended in DW and DMEM (without serum) and
was directly injected into the capillary cell of a Malvern Zetasizer 3000. The
measurements were carried out three times (at intervals of 30s) for each injection. For
MWCNTS, zeta potential was determined in 3 different types of suspension media: 1)
100% FBS, 2) 1% FBS, 0.1% D-glucose in PBS, and 3) 1% FBS 0.1% D-glucose in
DMEM. The stock suspension was prepared as described in section 4.2.1. The 3 ml of
MWCNTSs (100 pg/ml suspended in 1% FBS plus 0.1% D-glucose in culture medium
or PBS) was vigorously mixed with a vortex and transferred into a cuvette for zeta
potential measurements. The measurements were carried out as explained in Chapter
3, section 3.2.2.2. The crystalline phase characterization was measured by following

the approach explained in Chapter 3, section 3.2.2.3.

4.2.3 Chemical characterization by EDX analysis

Chemical characterization of TiO,-NPs was measured by using EDX of
scanning electron microscopy (SEM, LEO model LEO 1450 VP), as described in
Chapter 3, section 3.2.2.1
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4.3 Results

4.3.1 Shape and size characterization by TEM and SEM
In this study, two different types of nanomaterials: 1) TiO,-NPs (metal
based NPs), and 2) MWCNTSs (carbon based nanomaterials) were investigated.
4.3.1.1 TEM analysis
The morphology and size of both nanomaterials were
examined using TECHNAI 20 TEM. The preparation of TEM samples was carried out
as mentioned in section 4.2.1. TEM micrographs of the TiO,-NPs, and MWCNTs are
shown in figure 4.1.
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Figure 4.1 TEM images of TiO,-NPs (a), and MWCNTSs (b).

TEM micrographs (figure 4.1a) show that TiO,-NPs used in
this study are at the nanoscale level. Their size is around 13.9+1.8 nm. The TEM
image of MWCNTSs (figure 4.1b) shows that they are several microns long with a
tube-like structure that has an average outside diameter of 10-15 nm and length around
1-10 um (data from the supplier).
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4.3.1.2 SEM analysis

Microstructures of NPs were characterized by a scanning
electron microscope (SEM) as illustrated in figure 4.2. TiO,-NPs showed a spherical
shape (Figure 4.2a). The particles were clumped together. This might have resulted
from poor optimization of the sample preparation technique. For example, the
concentration used for preparation was too high. Figures 4.2b and ¢ show the tube-like
structures of MWCNTSs.

Figure 4.2 SEM images of TiO,-NPs (a) and MWCNTSs (b and c).

4.3.2 Zeta potential of TiO,-NPs and MWCNTSs

The zeta potentials of both NPs were measured by DLS. The zeta ({)-
potential of TiO,-NPs in DW was approximately 46 mV. However, the zeta potential
of TiO,-NPs dispersed in culture medium was approximately -3 mV. The surface
charge is one of the major physical properties of the NPs that play a major role in
various applications. It is commonly measured through the zeta ({) potential (30). The
zeta potential of TiO,-NPs dispersed in DW had a strong zeta potential (greater than
30 mV). However, TiO,-NPs dispersed in culture medium had a weak zeta potential
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(between -10 and +10 mV). These ranges can be considered to be neutral. The
decrease of the zeta-potential of TiO,-NPs suspended in the culture medium was due
to the fact that the environment of the culture medium is different from DW. The
absorption of protein in the medium on the surface of TiO,-NPs can occur and the
electrolyte condition of the medium can affect the surface charge of the particles
(207). The PDI is one of the parameters that can be used to determine the distribution
of particles in aqueous solution. The PDI of TiO,-NPs dispersed in DMEM was
similar to the PDI value of TiO,-NPs dispersed in DW; those were 0.38 and 0.37
respectively. The PDI value measured from DLS can use to indicate the size
distribution and the stability of TiO,-NPs (208).

MWCNTs dispersed in 1% FBS plus 0.1% D-glucose showed
agglomeration of the carbon fiber. The PDI of MWCNTSs was quite high (0.72, on a
scale of 0-1). This high PDI value reflects the inhomogeneous size distribution of
MWCNTSs. The zeta potential of MWCNTSs in 1% FBS plus 0.1% D-glucose was -
11.40+0.95 mV and the stability of MWCNTSs dispersed in medium was low.

4.3.3 Structure characterization of TiO,-NPs and MWCNTSs

4.3.3.1 Phases characterization of TiO,-NPs and MWCNTS by
XRD

The bulk crystalline phases of TiO,-NPs were determined
using powder x-ray diffraction (XRD) measurements. XRD can determine the
crystalline phases of particles. The XRD pattern of TiO,-NPs (Figure 4.3) exhibited
strong diffraction peaks at 20 of 25.30°, 37.82°, 48.00°, and 63.32°. These peaks were
described as the crystallographic structure anatase phase (TiO,, JCPDS card #84-
1286). However, diffraction peaks at 25.43° 27.26° 30.76°, 36.14° and 54.23° were
also detected. The presence of these diffraction peaks indicates that the TiO,-NPs were
present in the form of mixed phases. The diffraction peaks can also be assigned to a
mixture of rutile (TiO,, JCPDS card #82-0514) and brookite phases (TiO,, JCPDS
card #76-1936) (184-187). Thus the crystalline phases of the TiO,-NPs used in this

study are the mixed forms of anatase, rutile, and brookite.
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Figure 4.3 The XRD pattern of TiO,-NPs shows the mixture of anatase, rutile and
brookite phases.

In order to determine the XRD pattern of MWCNTSs, the 26
peak positions at 25.9° and 43.2° were used as the characteristic pattern of graphitized

carbon, whose results are reported elsewhere (209-211). The XRD pattern of CNTSs is
shown in figure 4.4
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Figure 4.4 The XRD pattern of MWCNTSs. The characteristic peaks for CNTs at the

positions of 20 = 25.9° and 43.2° were used to analyze the MWCNT
sample.
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4.3.4 EDX characterization of TiO,-NPs

An investigation of the elements of TiO,-NPs was performed. The
corresponding energy dispersive X-ray (EDX) spectral analysis of TiO,-NPs is shown
in figure 4.5. From the spectra, it is shown that the TiO,-NPs composites contain the
peaks of Ti and O, though there are also some impure elements which might have
formed during the preparation procedure. The EDX elemental microanalysis (wt%)
showed that TiO,-NPs contained 41.76% titanium, 55.6% oxygen and 2.58% chloride.
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Figure 4.5 Energy dispersive X-ray (EDX) profile of TiO,-NPs suspended in DW

4.4 Discussion

In this chapter, two types of nanomaterials have been characterized by
using different techniques, which were TEM, SEM, DLS, and XRD to characterize
size, shape, zeta potential, PDI, and crystalline phase of NPs. Both size and shape of
TiO,-NPs and MWCNTSs are different; the size of TiO,-NPs is in nanoscale level with
a spherical shape. The structure of MWCNTSs is a tube-like structure. The crystalline
phases structure of TiO,-NPs was confirmed to be the mixed forms of anatase, rutile,
and brookite. Because of the high reflective index of rutile and anatase phases
presenting in TiO,-NPs, they have been currently used as a pigment to enhance the
brightness of various industrial products and used as a UV light protection in
sunscreen (as described in section 2.2.1). Consequently, the XRD pattern of MWCNTSs
was revealed as the characteristic pattern of graphitized carbon. The characterization

of nanomaterials used in this thesis could provide useful information and more
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understanding of toxic responses mediated by both nanomaterials. As mentioned
previously, the zeta potential is an electrical potential that can be used to indicate the
particle surface charge. It can also be used to specify the stability of nanoparticles in
aqueous medium. The degree of interaction between particle and cell membrane can
rely on the zeta potential of nanoparticles. In this thesis, the zeta potential of TiO,-NPs
suspended in DMEM (without serum added), which normally contains electrolytes
was approximately -3.0 mV, on the other hand, the zeta potential of MWCNTSs
suspended in PBS supplemented with 1% FBS plus 0.1% D-glucose was
approximately -11.4 mV. The different degrees of the zeta potential imply that both

types of NPs may produce different toxic effects.
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CHAPTER V
CYTOTOXICITY AND INFLAMMATORY EFFECTS OF
T102-NPs ON RAW 264.7 CELLS

5.1 Introduction

Macrophages play an important role in the host defense mechanism
especially in the inflammatory process that responds to exogenous substances
including inhaled particles (164, 212). The important functions of the macrophage are
phagocytosis, cytokine secretion, and the production of reactive oxygen species (213-
215). During inflammation, macrophages play a central role in managing many
different immune pathological phenomena, including the overproduction of pro-
inflammatory cytokines and inflammatory mediators such as IL-1p, IL-6, NO, iNOS,
COX-2, and TNF-a (212, 216-218). Depending on the duration of inflammatory
response, inflammation can be divided into two stages as acute inflammation and
chronic inflammation.

There are several types of macrophages; some migrate throughout the
body, while others are permanently located in certain tissues. In the case of the lungs,
alveolar macrophages are mainly responsible for phagocytosis and eliminating inhaled
pathogens/foreign materials (215). This macrophage gets involved in the early
inflammation process by engulfing foreign materials and cell debris. Inflammatory
macrophages are transformed from monocytes that are recruited to the site of
inflammation in response to inflammatory chemical mediators (164, 215). Inhalation
of nanoparticles can effect on macrophages and epithelial cells (219, 220). Ultrafine
particles or nanoparticles have a small size; therefore, they can reach the deep part of
the respiratory tract and alveoli (70, 87) and then can be circulated in the body. After
inhalation of ultrafine particles into the lungs, alveolar macrophages are responsible
for the clearance and phagocytosis of those inhaled particles (219, 221-223). However,
excessive uptake of particles may cause harmful effects produced by macrophages,

especially since alveolar macrophages are the primary sources of inflammatory
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cytokine production in the lungs (217). Extensive research in recent years has shown
that the NPs can induce the production of inflammatory response by macrophage cells.
The primary inflammatory cytokines secreted from macrophages are IL-1p, IL-6, and
TNF-a (152, 166, 212, 224-227).

According to the study of NPs inflammation induction in alveolar
macrophages, the underlying mechanisms of pro-inflammatory cytokines released
need to be examined. One of the main mechanisms that is involved in the production
of inflammation is the arachidonic acid (AA) pathway. With this pathway,
cyclooxygenease-2 (COX-2) is a key enzyme that regulates the production of active
lipid called prostaglandins (173). These prostaglandins involve in pain and
inflammation mediation of the immune systems (168, 228). NPs could associate in the
arachidonic acid pathway and could induce inflammation in macrophage cells, as
recently reported by Lee et al. (229). Their results showed the involvement of the
cyclooxygenases (COX) enzyme on cell inflammation and cell growth of RAW 264.7
cells after treatment with MWCNTS. The expression of COX-2 is induced by a variety
of stimuli related to inflammatory response (172, 174, 230) including pro-
inflammatory cytokines production such as tumor necrosis factor-a (TNF-a),
interleukin-1p (IL-1pB), and B-catenin (168, 172, 173, 175, 231-234). Although there
are many studies on how NPs induce inflammation, the involvement of COX-2 in a
critical signaling event for TiO,-NPs in the inflammation of RAW 264.7 cells is still
understudied Therefore, the objectives of this chapter are described follows:

1. To determine the toxicity effects of TiO,-NPs on RAW 264.7 cells.

2. To determine the effects of TiO,-NPs on ROS production in RAW
264.7 cells

3. To evaluate the production of pro-inflammatory cytokine produced by
RAW 264.7 cells after treatment with TiO,-NPs

4. To investigate whether TiO,-NPs can induce COX-2 expression in
RAW 264.7 cells
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5.2 Materials and methods

5.2.1 The preparation of TiO,-NPs

The preparation of TiO,-NPs was explained in Chapter 3, section 3.2.1.
The TiO,-NPs in culture medium were freshly prepared by diluting 5,000 pg/ml of a
suspension stock of TiO,-NPs. The TiO,-NP suspension was mixed well before being

applied to cells.

5.2.2 Cell culture procedure
RAW 264.7 murine macrophage cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% FBS plus 1% antibiotic-

antimycotic. The details of cell preparation were presented in Chapter 3, section 3.2.3.

5.2.3 Cell viability assay

The viability of RAW 264.7 macrophage cells was measured by the
CellTiter-glo® Luminescent assay. More information on this technique has been
provided in Chapter 3, section 3.2.4.2. RAW 264.7 cells at a concentration of 1x10°
cells/well (100 pl) in RPMI 1640 (Nacalai Tesque, Kyoto, Japan) were seeded into a
96-well plate and incubated at 37 °C with 5% CO,. After incubating for 24 h, the old
medium was removed and replaced with 50 pl of fresh medium (without serum). An
equal volume (50 ul) of serum-free medium with different concentrations of TiO,-NPs
(5, 25, 250, and 500 pg/ml) was added into each well. After RAW 264.7 cells were
treated with TiO,-NPs for 24 h, 100 ul of CellTiter-glo® reagent was added to the
treated cells and mixed with an orbital shaker for 2 min. Following this, the 96-well
plate was incubated at room temperature for 10 min. The luminescence was recorded
with an ELISA plate reader at the emission of 542 nm. The blank wells (medium with
each concentration of TiO,-NPs without cells) were also measured to check the
luminescence from TiO,-NPs alone. These values were subtracted from sample values
of this experiment. The values of the cell viability of treated cells were expressed as

percentages relative to untreated cells.
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5.2.4 Intracellular ROS measurement

Intracellular ROS was quantified by measuring the amount of
dichlorofluorescein diacetate molecules oxidized (H,DCFDA) to fluorescent
dichlorofluorescein (DCF). More details of ROS measurement are provided in Chapter
3, section 3.2.5. RAW 264.7 cells were plated onto 96-well plates at a density of
9.5x10° cells/well and incubated overnight in 95% humidified air incubator and 5%
CO,. After incubation, cells were further incubated with 10 pM H,DCFDA for 30
minutes as explained in Chapter 3, section 3.2.5. Then cells were rinsed twice and
treated with TiO,-NPs at concentrations of 25, 250, and 500 pg/ml. Immediately after
treatment, the fluorescence of DCF molecules from the oxidation of dyes was read
using a microplate reader with the set condition shown in section 3.2.5. The DCF
fluorescence intensities were measured at 5, 15, and 30 minutes after treating cells
with TiO,-NPs at various concentrations. The percentage increase of fluorescence
intensity was calculated by the below formula as explained by Subramaniam and Ellis
(190).

. . . . (Ft3o — Fto)
% increase in fluorescence intensity = BT — x 100
0

Where;
Ftso = fluorescence intensity at desirable time (5, 15, and 30 min)

Fto = fluorescence intensity at initiate time (0 min)

5.2.5 Western blotting

RAW 264.7 cells were seeded on 100 mm culture dishes at a density of
6x10° cells/dish and allowed to adhere overnight in a 95% humidified air incubator at
37 °C plus 5% CO,. After incubation, medium was removed and TiO,-NPs at the
concentrations of 25, 250, and 500 pug/ml were added into the cells. After treatment,
the cells were washed three times with cold PBS. Then the exposed cells were
harvested by adding ice-cold lysis buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1%
Triton X-100, 1 mM EDTA, 1 mM NagVO,, 1 mM PMSF, and 1 mM NaF) containing
EDTA-free protease inhibitor cocktail. Equal amounts of protein were loaded and

separated on a 10% SDS-PAGE (total volume 20 ul/well). Next, the proteins were
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transferred to nitrocellulose membrane and followed the approach presented in
Chapter 3, section 3.2.6.2.

5.2.6 Determination of apoptosis cell death

5.2.6.1 DNA fragmentation analysis

RAW 264.7 cells were seeded into cell culture dishes at a
density of 4x10°-6x10° cells/dish (each set of experiment had the same cell number).
Cells were treated with TiO,-NPs at concentrations of 25, 250 and 500 pg/ml. Treated
cells were scraped off, the DNA of cells was extracted and gel electrophoresis was
performed to determine cell apoptosis, following the method written in Chapter 3,
section 3.2.7.1.

5.2.6.2 Flow cytometry analysis of cell death

Double staining of RAW 264.7 cells with the combination of
AnnexinV-FITC and Pl was used to detect membrane integrity. More information on
this technique has been presented in Chapter 3, section 3.3.7.2. RAW 264.7 cells at a
density of 4x10°-6x10° cells/dish (each set of experiment had the same cell number)
were treated with TiO,-NPs at 25, 250, and 500 pg/ml for 24 h. Next, cells were
washed twice with cold PBS and then were suspended in binding buffer to have a final
concentration of 1x10° cells/ml. Thereafter, 100 pl of the cell suspension was
transferred to a 5 ml culture tube. Following this, 5 pl of FITC-Annexin V and 5 pl of
Pl were added into the tube. The mixture of cells and dyes was gently shaken and
dark-incubated for 15 minutes at room temperature. Then, 400 pl of binding buffer
was added to each tube and analyzed by flow cytometry within 1 h. 10,000 total events
of the cells were analyzed by a BD FACSCanto™ flow cytometer using BD
FACSDiva software. Annexin V-FITC and Pl were detected as mentioned in Chapter
3, section 3.2.7.2.
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5.2.7 Cytokine assay

Pro-inflammatory cytokine productions (TNF-a and IL-6) of RAW 264.7
cells were measured using a commercial ELISA kit. More details have been presented
in Chapter 3, section 3.2.8. RAW 264.7 cells were plated onto 96-well plates at a
density of 1x10° cells/well and incubated overnight in 95% humidified air incubator
and 5% CO,. After incubation, cells were rinsed once with serum free medium (for
removing the residue serum) and treated with TiO,-NPs at concentrations of 25, 250,
and 500 pg/ml. After 24 h, the supernatant was collected and centrifuged at 4,000 rpm

for 5 min. The supernatant were stored at -80 °C until usage.

5.3 Results

5.3.1 Effects of TiO,-NPs on cell viability of RAW 264.7 cells

After RAW 264.7 cells were treated with different concentrations of TiO,-
NPs for 24 h, cell viability was determined by CellTiter-glo® assay. The
concentrations of TiO,-NPs used in this experiment were 5, 25, 250, and 500 pg/ml.
The results illustrated that at 24 h post-treatment, cell viability decreased in a dose-
dependent manner (figure 5.1). The viability of cells decreased when the concentration
of TiO,-NPs increased compared to that of untreated cells. The positive control was
prepared by treating cells with ellipticine. As expected, the cell viability decreased
significantly. Cell viability of cells treated with 5 pg/ml TiO,-NPs was similar to that
of the control group. It showed a slightly higher percentage of cell viability than

untreated cells but no significant difference.
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Figure 5.1 Cell viability of RAW 264.7 cells after treatment with different doses of
TiO,-NPs. The ellipticine at a concentration of 0.125 pg/ml was used as a
positive control. *, " Significant difference of cell viability from untreated
cells (control) TiO,-NPs at “p< 0.05 and ~p< 0.001

5.3.2 DNA fragmentation assay of RAW 264.7 cells treated with TiO,-
NPs

The effect of TiO,-NPs on the DNA of RAW 264.7 cells was investigated.
Typical DNA fragmentation, which indicates cell apoptosis, was not observed in
untreated cells (lane 1 of figure 5.2). However, after cells were treated with various
concentrations of TiO,-NPs for 24 h, DNA fragmentation was detected in cells treated
with TiO,-NPs at concentrations of 25, 250, and 500 pg/ml (shown in lanes no. 2-4 of
figure 5.2, respectively). Compared with the results from the viability assay (section
5.3.1), a high percentage of dead cells was found in cells treated with 250 and 500
pg/ml TiO,-NPs. Strong DNA fragmentation was also found at the same
concentrations. Therefore, it can be concluded that TiO,-NPs at 250 and 500 pg/ml

have cytotoxic effects on RAW 264.7 cells via an apoptosis cell death mechanism.
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Figure 5.2 DNA laddering pattern on the agarose gel of RAW
264.7 cells treated with TiO,-NPs for 24 h. RAW 264.7 cells
were treated with different doses of TiO,-NPs without FBS for
24 h (1) untreated cells. (2-4) Cells treated with TiO,-NPs at
concentrations of 25, 250, and 500 pg/ml respectively. (5) DNA
ladder marker. Results are representative of a triple slit

experiment.

5.3.3 Investigation of apoptosis/necrosis cell death of RAW 264.7 cells
treated with TiO,-NPs

To confirm and quantify the induction of cell apoptosis by TiO,-NPs, the
investigation of cell apoptosis/necrosis was performed by the double staining of
Annexin V-FITC conjugated with PI. After flow cytometry analysis, untreated cells
showed the percentages of cells in the period of early apoptosis and late
apoptosis/necrosis of 1.18% and 8.40% respectively. RAW 264.7 cells treated with 25
pg/ml TiO,-NPs for 24 h, showed the percentage of cells in periods of early apoptosis
and late apoptosis/necrosis of 2.27% and 13.8% respectively. The increase of cells in
the late apoptosis/necrosis period was also found in cells treated with 250 (19.63%)
and 500 pg/ml (22.27%) TiO,-NPs. At these two concentrations, the percentages of
cells in early apoptosis were 2.13 and 2.67%. The significant difference of cells in late

apoptosis/necrosis was found in cells treated with 500 pg/ml TiO,-NPs.
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Figure 5.3 The effect of TiO,-NPs on cell death stages of RAW 264.7 cells.
Significant difference of cell death stages (* early apoptosis; * late

apoptosis/necrosis) from untreated cells at p< 0.05.

5.3.4 Effect of TiO,-NPs on intracellular ROS induction in RAW 264.7
cells

The generation of ROS by TiO,-NPs was measured from the fluorescence
intensity of DCF molecules after treating cells with TiO,-NPs for 5, 15, and 30 min.
The results showed that a significant change of DCF-fluorescence intensity was not
found in RAW 264.7 cells treated with 25-500 pg/ml TiO,-NPs for 5 min. However,
RAW 264.7 cells treated with 500 pg/ml TiO,-NPs for 15 (p< 0.01) and 30 (p< 0.001)
min showed a significant increase in DCF-fluorescence intensity compared with
untreated cells. At p< 0.01, the induction of DCF-fluorescence intensity in cells treated
with 250 pg/ml TiO,-NPs for 30 min was significantly different from untreated cells

(figure 5.4). These results imply that the exposure time and the high concentration of
TiO,-NPs had an effect on the induction of ROS.
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Figure 5.4 The induction of ROS (detected from DCF-intensities) in RAW 264.7 cells
treated with various concentrations of TiO,-NPs from 25-500 pg/ml for 5,
15, and 30 min. *, 7, 77 Significant difference of ROS production
compared with control at “p< 0.05, ~p< 0.01, ~p< 0.001.

It is well-known that ROS play an important role in apoptosis cell death
(235, 236). From the previous section (DNA laddering assay and flow cytometric
analysis), the results in this thesis showed that TiO,-NPs at 25 pg/ml caused
significant cell toxicity because of the significant decrease of cell viability. Late
apoptosis was also increased when increasing the concentration of TiO,-NPs. The
significant induction of ROS and DNA fragmentation was clearly found in cells
treated with 250 ug/ml TiO,-NPs for 30 min (p< 0.05). At a higher concentration (500
ug/ml) with a lower exposure time (15 min), cells can be enhanced to produce high
ROS levels.

5.3.5 The effect of TiO,-NPs on pro-inflammatory cytokine production

To study the effect of TiO,-NPs on cytokine production of RAW 264.7
cells, the cytokines released in cell culture assay were measured. The release of TNF-a
and IL-6 cytokines was investigated in this study. Tumor necrosis factor-a. (TNF-a)
has a key role in inflammatory response. This cytokine plays a crucial role in the
innate and adaptive immunity, cell proliferation, and apoptotic processes. Increased
concentrations of TNF-a were found in acute and chronic inflammatory conditions.

The cytokine is produced by different kinds of cells, including macrophages,
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monocytes, T-cells, smooth muscle cells, adipocytes, and fibroblasts (237, 238).
Several studies have reported the involvement of TNF-a in NPs-mediated toxicity
(239, 240). However, the molecular mechanism of NPs-mediated inflammation
through TNF-a is still unclear. IL-6 is one of the major mediators of the immune
system involved in an acute-phase response from infection or injury (241, 242).
Moreover, I1L-6 exhibits an important role in an inflammatory response. The evidence
of IL-6 involved in the pathogenesis of chronic diseases was reported (243, 244).

The results of the study in this chapter showed that the production of TNF-
a released from cells treated with 25 pug/ml TiO,-NPs for 24 h increased significantly.
At this concentration, the cell viability also decreased significantly. It has been
reported that the high concentration of TNF-a can cause cell death (245). Therefore,
the increase of TNF-a by treating cells with TiO,-NPs at a concentration of 25 pg/ml
might also be involved in cell death. Other reports of cellular toxicity from
proinflammatory cytokine production were also described by Schmalz et al. (246,
247).

At higher concentrations of TiO,-NPs, the reduction of TNF-a was found.
This might be due to the increase in the number of dead cells after treating cells with
250 and 500 pg/ml TiO,-NPs, resulting in low secretion of TNF-o. The degree of
agglomeration of high concentrations of TiO,-NPs might also be involved (161). As
expected, the positive control, cells treated with LPS (5 pg/ml), showed a high
concentration of TNF-a (figure 5.5). The production of IL-6 in untreated RAW 264.7
cells was much lower than TNF-o. After treating cells with TiO,-NPs at
concentrations of 25 to 500 pg/ml for 24 h, it was revealed that TiO,-NPs had no
significant effect on inducing IL-6 secretion of RAW 264.7 cells. In contrast,
significant production of IL-6 was found in cells treated with LPS (figure 5.6).
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Figure 5.5 Effect of TiO,-NPs at concentrations of 25-500 pg/ml on TNF-a
production of RAW 264.7 cells after treatment with TiO,-NPs for 24 h. "
™ Significantly different from control (untreated cells) at “p< 0.05 and
““p< 0.001. Cells treated with LPS (5 pg/ml) were used as a positive

control.
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Figure 5.6 Effect of TiO,-NPs at concentrations of 25-500 pug/ml on IL-6 production
of RAW 264.7 cells after treatment with TiO,-NPs for 24 h. ™
Significantly different from control (untreated cells) at = p< 0.001. LPS (5
pg/ml) was used to treat cells as a positive control. Only LPS shows a

significant induction of IL-6.



Fac. of Grad. Studies, Mahidol Univ.

Ph.D.(Toxicology) / 59

5.3.6 Effect of TiO,-NPs on COX-2 expression in RAW 264.7 cells

The expression of COX-2 protein, which can be up-regulated during cell
inflammation, was analyzed by Western blot analysis. Compared with untreated cells,
the level of COX-2 expression in RAW 264.7 cells exposed to 250 pg/ml TiO,-NPs
for 24 h increased significantly (p< 0.01). When the concentration of TiO,-NPs was at
500 pg/ml, a significant increase of COX-2 was also found (p< 0.05). Therefor TiO,-
NPs at a concentration of 250 pug/ml were selected to investigate the effect of exposure
time on the induction of COX-2 levels. The results showed that short exposure times
at 1 and 6 h did not have a significant induction of COX-2 expression in RAW 264.7

cells.
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Figure 5.7 Effect of TiO,-NPs at concentrations of 25-500 ug/ml on COX-2
expression in RAW 264.7 cells. (a) COX-2 expression in cells treated with
TiO,-NPs for 24 h. (b) Cells treated with 200 ug/ml TiO,-NPs at various
exposure times (1, 6, and 24 h). Cells treated with LPS (5 ug/ml) were
used as a positive control. The data were normalized with B-actin
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5.3.7 Effect of TiO,-NPs on the inhibition of B-catenin expression in
RAW 264.7 cells

The cytoplasmic protein 3-catenin is a central molecule that plays a key
role in the Wnt signaling pathway (248). This Wnt pathway has been used in an in
vitro model of inflammatory macrophage activation, as reported by George (249). The
study here investigated the expression of B-catenin after treating RAW 264.7 cells
with various concentrations of TiO,-NPs. The expression of [3-catenin was assessed by
Western blot analysis. RAW 264.7 cells were incubated with different doses of TiO,-
NPs (25, 250, and 500 pg/ml) for 24 h. The expression of B-catenin (after normalized
with B-actin) decreased significantly at 250 and 500 pg/ml of TiO,-NPs (figure 5.8a).
Next, the TiO,-NPs at a concentration of 250 pg/ml were chosen to further investigate
the effect of exposure time of TiO,-NPs on cells. After cells were incubated with 250
pg/ml TiO,-NPs for 1, 6 and 24 h, a significant decrease of -catenin expression was
found at 24 h incubation (figure 5.8b). These results demonstrated that the 250 pg/ml
TiO,-NPs reduced p-catenin expression in RAW 264.7 cells.
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Figure 5.8 Effect of TiO,-NPs on the induction of B-catenin expression in RAW 264.7
cells Western blot analyses show p-catenin expressions of (a) cells treated
with TiO,-NPs (25-500 pg/ml) for 24 h and LPS at 5 pg/ml was used as a
positive control. (b) Time course of B-catenin expression in cells treated
with 250 pg/ml TiO,-NPs at 1, 6, and 24 h. Lithium chloride (LiCl) at a
concentration of 10 mM treated for 24 h was used as a positive control.
™ Significantly different from untreated cells (0 h) at “p< 0.05 and ~ p<
0.01 (for graph a) and at “p< 0.05 and p< 0.01 (for graph b).

5.4 Discussion

5.4.1 Effect of TiO,-NPs on cell viability, apoptosis cell death, and
ROS production of RAW 264.7cells

TiO,-NPs at concentrations of > 25 pg/ml caused cell death. Around
15.8% of dead cells were detected after treating cells with 25 ug/ml TiO,-NPs. The
percentage of dead cells increased when the concentration of TiO,-NPs increased. The
recent report of Palomaki et al. (250) indicated that RAW 264.7 cells were sensitive to
TiO,-NPs in a dose-dependent manner. Therefore, the contamination of TiO,-NPs in

the environment and the use of these nanoparticles must be taken into account (251)
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because a high concentration of TiO,-NPs may enter the human body and induce
toxicity.

The primary function of macrophages is well-known. They are responsible
for clearing particles and other foreign pathogens through the phagocytosis process
(223). During the phagocytosis of NPs, macrophage cells commonly go through
different pathways depending on the types of particles. This is accompanied
sequentially by the up-regulated inflammatory production of ROS, RNS, chemokines,
and cytokines (167, 252, 253). All of these events are linked to cell death (214). The
results of this chapter showed a significant toxicity of TiO,-NPs on macrophage cells
that were involved in ROS-mediated cell death through apoptosis. The toxicity of
TiO,-NPs was also reported by Park et al. (22). They found that TiO,-NPs at
concentrations between 5-200 pg/ml induced apoptosis cell death in lung epithelial
cells and toxicity of TiO,-NPs increased in a dose-dependent manner. Jin et al. (21)
also found that TiO,-NPs can generate ROS. The uptake of TiO, particles by alveolar
macrophage cells (NR8383 cells) leading to intracellular ROS generation was reported
by Scherbart et al. (28). Moreover, the association between cytotoxicity and surface
area of TiO,-NPs was recently reported by Xiong et al. (157). Their results indicated
that TiO,-NPs with a large surface area had a higher cytotoxic effect on RAW 264.7

cells than a small surface area.

5.4.2 Effect of TiO,-NPs on the induction of cell apoptosis

TiO,-NPs at a concentration of 500 pug/ml could significantly induce late
apoptosis/necrosis of RAW 264.7 cells (figure 5.3). Kang et al. (33) studied the effect
of TiO,-NPs on apoptosis cell death in human peripheral blood lymphocytes. They
found that two classes of MAPKSs, p38 and JNK were involved in apoptosis cell death
of human lymphocytes induced by TiO,-NPs. Their results showed that the collapse of
mitochondrial membrane potential (MMP) and the early event in the mitochondrial
pathway of apoptosis were induced by TiO,-NPs. Apoptosis cell death in macrophages
induced by nano-sized TiO; particles was also reported by Moller et al. (254). Their
finding showed that murine macrophage (J774A.1) cells treated with ultrafine TiO, for
24 h resulted in the induction of both apoptosis and necrosis cell death. Similar effects

were also observed in white blood cells; in particular, an increase in both early stage
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apoptosis and late apoptosis/necrosis cell death depending on the concentration was
observed. Vamanu et al. (255) studied human histiocytic lymphoma cells (U937)
treated with TiO,-NPs (particle size less than 100 nm) at concentration ranges between
0.005 to 4 mg/ml for 24 and 48 hours. Different stages of apoptosis were observed
after treatment for 24 h where at most concentrations (0.005 to 1 mg/ml), the apoptosis
cell death sign was observed. The necrosis cell deaths were detected only at high
concentrations (2 and 4 mg/ml) after 24 h post-treatment. Producing controversial
results, Goncalves et al. (256) investigated the toxicity of TiO,-NPs on human
neutrophiles. They found the inhibition of apoptosis cell death in neutrophils at
concentrations that were higher than 20 pg/ml. In their case, TiO,-NPs might help
delay apoptosis and prolong the life span of polymorphonuclear neutrophils. Recently,
Wilhelmi et al. (26) reported the interfering effect of TiO,-NPs on RAW 264.7 cells.
There were no apoptotic effects detected in RAW 264.7 cells treated with TiO,-NPs at
concentrations of 10, 40, and 80 pg/cm?® for 4 and 24 h. DNA fragmentation was
detected at the concentrations of 10, 40, and 80 pg/cm? for 24 h of incubation. With
these previously published results, it seems that the roles of TiO,-NPs in the induction
of either apoptosis or necrosis cell death on immune cells need clarification (20).

ROS generation may also be a key factor leading to cytotoxicity. The
oxidative stress-mediated cytotoxicity and apoptosis cell death of immune and neuron
cells induced by TiO,-NPs have been variously reported in the last few years (17, 257-
260). A key finding of this thesis was that ROS generation in RAW 264.7 cells
increased significantly (when compared with the untreated cells) after treatment with
500 pg/ml of TiO,-NPs for 15 min. The mechanism of TiO,-NPs leading to ROS-
mediated cytotoxicity was reported by Jin et al. (21). After TiO,-NPs were dispersed
in medium solution, the abundance of surface hydroxyl groups were induced large
quantity of superoxide and hydroxyl radicals by electron capture which can recombine
into H,O, in aqueous solution (6, 21, 261). Cells exposed to TiO,-NPs can exhibit
cytotoxicity and genotoxicity by phagocytosis and internalization of TiO,-NPs into the
cytoplasm (262). Jin et al. (21) showed that the toxic effect of NPs was produced by
the generation of ROS and oxidative stress in the mitochondria of healthy cells. After
cells were exposed to TiO,-NPs, ROS was increased at the membrane of mitochondria

without clearance mechanism. This could lead to mitochondrial disruption. In
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addition, the role of ROS-mediated apoptosis and necrosis cell death has been
investigated by several studies (235, 263). Alveolar macrophage cells were treated
with substances that produce oxidants that were though to exclusively cause necrosis
(252). The conclusion here is based on the results of this study showing that the
concentration and exposure time of TiO,-NPs are the major factors that affect on ROS
production.

In this thesis, the investigation of apoptosis cell death induced by TiO,-
NPs in RAW 264.7 cells was conducted. Data from this thesis revealed the presence of
late apoptosis/necrosis stages in cells treated with TiO,-NPs. Furthermore, the
fragmentation of DNA was observed in cells treated with high concentrations (250 and
500 pg/ml) of TiO,-NPs for 24 h. The results showed that TiO,-NPs (250 and 500
pg/ml) could induce oxidative stress in cells at 30 min post incubation. This induction
might involve in the process of apoptosis cell death. The similar incident of TiO,-NPs
mediated cell death was reported by Shukla et al. (154). Overall, TiO,-NPs could
generate ROS in cells resulting in cell apoptosis via two possible mechanisms: 1)
mitochondrial independent pathway or extrinsic pathway (also known as death-
receptor pathway and 2) mitochondrial dependent pathway (235, 264, 265).

With the extrinsic pathway, TNF receptors involve in transmitting the
death signal from the cell surface to inside the cell. The TNF-o could be used to
indicate the extrinsic pathway of apoptotic cells. In mitochondrial dependent apoptosis
or intrinsic pathway, mitochondria play a key role in intracellular integration and
circulation of death signals (266). The promotion of caspase 9 and 8 in this pathway
results in cell apoptosis induction (264, 267). The modulation of oxidative stress is a
major effect of this pathway. It was reported that this apoptotic mitochondrial event is
regulated by Bcl-2 (B-cell lymphoma 2) family proteins. These proteins can be pro-
apoptotic (such as Bax, Bak) and anti-apoptotic (such as Bcl-2, Bcl-X., Bcl-w)
proteins. Therefore, the balance of these 2 types of proteins is important for cell fate.
(266, 268-270). Especially, the activation of Bax and Bak located at the outer
mitochondrial membrane can lead to membrane permeabilization and cause the release
of intracellular proteins such as cytochrome c that has an ability to enhance caspase
activation. It was reported that caspase 9 was activated in macrophages and lead to cell

apoptosis (271).
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5.4.3 Effect of TiO,-NPs on macrophage cell inflammation induction

IL-6 and TNF-o are two key mediators in inflammation and fibrosis that
are produced by macrophages. Both inflammatory cytokines, IL-6 and TNF-a, are
multi-functional cytokines that play a central role in diverse host defense mechanisms
such as acute and chronic inflammatory response (272). For the investigation of the
inflammatory response in macrophage cells induced by TiO,-NPs, the levels of
cytokines released in culture medium were measured by ELISA. The results in figure
5.5 showed that the secretion of TNF-a in culture medium increased significantly 25
pg/ml TiO,-NPs. On the other hand, the secretion of IL-6 in cultured medium was
similar in all treatments (figure 5.6). The effects of TiO,-NPs on the secretion of
inflammatory cytokines from RAW 264.7 macrophage cells has been reported in the
last few years by Kim and Tao (167) and Palomaki et al. (250) Their results exhibited
that TiO,-NPs induced both types of cytokine (IL-6 and TNF-a) production. The
results from Kim and Tao showed that TiO,-NPs (50 pg/ml) significantly induced the
TNF-o from RAW 264.7 cells. This concentration is close to the result found in the
lowest concentration (25 pg/ml) used in this study. The results are similar to those
reported by Morishige et al. (273), who observed the high TNF-a secretion by the
human acute monocytic leukemic cell line (THP-1) when exposed to 100 pg/ml TiO,-
NPs (in the rutile phase) for 24 h. However, at the higher dose (500 pug/ml), the release
of TNF-a is generally declined. The effect of NPs concentration on cytokines
induction might depend on the agglomeration state of the nanoparticles at a higher
concentration. The agglomeration size determined by DLS also showed that the
nanoparticle suspension was found to have a large hydrodynamic diameter; therefore,
they may behave like large particles (micron-sized particles), which show a low
potency of inflammation (161). The low detection of cytokines released in culture
media might result from the interfering effect of TiO,-NPs. As reported by Kobach et
al. (274), cytokines released in culture media may be absorbed on the surface of NPs,
leading to the misinterpretation of in vitro studies (274, 275).

Park et al. (153) studied the mRNA expression of various oxidative stress
and related genes (including IL-6) in the human bronchial epithelial cell line (BEAS-
2B cells). Their results indicated that an increase of IL-6 mMRNA expression was

observed after treating cells with TiO,-NPs at concentrations of 5 to 40 pug/ml for 3 h.
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However, the expression level of the 1L-6 gene decreased after increasing the exposure
time from 3 to 24 h. Park et al. (153) suggested that the decrease of IL-6 expression at
24 h, might be due to the fact that the gene transcription system was disturbed by
TiO,-NPs. This distribution could have induced the generation of ROS. The low
production of IL-6 in cells treated with TiO,-NPs was recently reported by Dekali et
al. (276) 1L-6 secretion was measured after human alveolar epithelial cells (A549) and
human macrophage cells (THP-1) were exposed to TiO,-NPs at concentrations of 2.5
and 39 pg/cm® for 6 h. Their results indicated that TiO,-NPs did not significantly
induce IL-6 release in culture medium of either cell type. Oxidative signaling is also
linked to the up-regulation of the inflammatory response genes, including COX-2.
Federico et al. (277) reported that free radicals might correlate with inflammation
processes in inflammatory response cells.

From results in this thesis (as shown in figure 5.7), it is demonstrated how
the expression of the COX-2 enzyme increased significantly at 250 pg/ml TiO,-NPs
with 24 h exposure. Cyclooxygenase, also known as prostaglandin H synthase, is the
rate-limiting enzyme that converts arachidonic acid into prostaglandin H2,
thromboxanes, and prostacyclins. There are two isoforms of the COX enzyme, they
have been characterized as COX-1 and COX-2. COX-2 protein is an inducible isoform
that can rapidly and transiently induce inflammatory cytokines and various stimuli
(278). In contrast to COX-1, which is expressed in most tissues, COX-2 is detected
during inflammation of inflammatory response cells and some tumor cells (279, 280).
The upregulation of COX-2 expression might be related to various sources (including
ROS). Recently, Sang et al. (281) reported the effect TiO,-NPs on COX-2 enzyme
induction, which could mediate spleen injuries in mice. TiO,-NPs were exposed to
mice by intragastric administration every day for 15, 30, 45, 60, 75, and 90 days at the
concentration of 10 mg/kg BW. Their results indicated that TiO,-NPs significantly
increased the level of COX-2 gene and protein expression in the mouse spleen
following an increase of exposure duration. Moreover, the levels of AP-1 and CRE,
the transcription factors responsible for COX-2 expression, were increased in both RT-
PCR and ELISA analysis. -catenin is a protein that is involved in the Wnt signaling
pathway, which is associated with the proliferation and metabolism of many cancer

cells (282, 283). The Wnt signaling pathway not only plays a critical role in cell
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proliferation and the development of tumors but also plays a distinct role in
inflammation, immunity and apoptosis (249, 283). Figure 5.8 shows how, the levels of
B-catenin in RAW 264.7 macrophage cells after treatment with 250 and 500 pg/ml
TiO,-NPs decreased significantly. The inhibition of [-catenin can occur by the
phosphorylation and ubiquitin-mediated degradation of B-catenin. This mechanism is
associated with the phosporylation of GSK-33 (284, 285). The involvement of [3-
catenin signaling in cancer cell apoptosis was recently reported by Jiang et al. (286).
Their results indicated that the apoptosis cell death of breast cancer cells was
associated with a decreasing f-catenin level.

[-catenin signaling appears to play a positive role in cell survival (249,
283). Deletion of B-catenin or inhibition of Wnt signaling has been shown to induce
apoptosis in several in vivo and in vitro models (287-290). RAW 264.7 cells treated
with high concentrations of TiO,-NPs (250 and 500 pg/ml) can increase the
expression of the COX-2 enzyme and increase apoptosis/necrosis cell death.
Consequently, the inhibition of [3-catenin expression has also been found at high doses
of TiO,-NPs. Therefore, the results in this study can possibly conclude that the
decrease of B-catenin expression in RAW 264.7 cells is involved in the increase of
COX-2 expression and later, in the induction late apoptosis/necrosis cell death.

To summarize, the possible mechanism of cell inflammation mediated by
TiO,-NPs is shown in figure 5.9. The generation of intracellular ROS might be a key
factor for TiO,-NPs mediated cytotoxicity in RAW 264.7 macrophage cells. The
induction of ROS could lead to overexpression of several mitogen-activated protein
kinases (MAPKSs). MAPKSs are divided into three subgroups as ERKs, JNKs, and p38
(291). They can be activated through the phosphorylation process. The activation of
MAPKs may phosphorylate several of signal protein including transcription factors
(such as AP1 and Nf-xB) resulting in regulation of various cellular activities (for
example; proliferation, inflammatory responses, and apoptosis) (17, 163, 167, 174,
238, 256, 281, 292-298). ROS also involve in MAPK activation. However, the
mechanism underlying ROS activate MAPK is still unclear. Some proposed
mechanisms could be 1) Activation of MAPK pathway by ROS through the oxidative
modification of MAP3Ks, which is intracellular kinases involved in MAPK signal
cascade and 2) Activation of MAPK pathway by ROS through the processes of
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inhibition of degradation of MKPs (MAPK phosphatases). This mechanism occurs

after activation of ROS by cytokines, growth factors, and some other stresses (299).
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Figure 5.9 Schematic of the hypothetic pathways of inflammation mediated by TiO,-
NPs in RAW 264.7 cells. (Modified from Bianchi et al. (296)).

5.4.4 Possible cytotoxicity mechanisms from TiO,-NPs in macrophage
cells

Several studies have pointed out that the induction of oxidative stress
molecules by NPs can cause toxicity (17, 145, 295, 300). The mechanisms of
oxidative stress mediated toxicity of NPs are mitochondrial dysfunction and damage
(33, 155, 301), activation of NADPH oxidase system (302), alteration of calcium
homeostasis (303-305), and depletion of antioxidant enzymes (155). In the case of
inhalation, inhaled NPs could activate professional phagocytic cells in the lung. These
cells are a key cell involving in intracellular ROS production. The generation of ROS
can be induced by phagocytosis of macrophages or by stimulation of macrophages

with pathogens (such as bacteria or foreign materials) (306). The results from this
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chapter showed that free radicals containing oxygen molecules were generated by
TiO,-NPs and caused DNA damage, which later mediated cell death as previous
discussion. The possible mechanism or pathway of cell death is summarized in figure
5.10. DNA damage mediated by TiO,-NPs was also reported by Kang et al. (260).
They examined the genotoxicity of TiO,-NPs in human lymphocytes. Their results
indicated that the damage of DNA in human lymphocytes treated with TiO,-NPs was
from ROS generation. Endoproteases called caspases have an important role in
regulating cell death and cell inflammation. It is well-known that caspase-3, -6, -7, -8,
and -9 involve in apoptosis of mammalian cells (307). The apoptosis cell death
induction by TiO,-NPs through the activation of caspases (caspase-3, -8, and -9) were
reported by Kang et al. (33). Their results presented that TiO,-NPs induced apoptosis
through mitochondrial pathway because of changing of mitochondrial membrane
potential (MMP). The decrease of MMP by TiO,-NPs and later lead to apoptosis cell
death was also reported by Hussain et al. (19). They reported that the generation of
ROS could cause MMP reduction resulting in releasing of cytochrome ¢ and activating
of caspase-9 and caspase-3. These incidents lead to DNA fragmentation. The diagram
presents apoptosis induction that could occur by TiO,-NPs in RAW 264.7 cells is
shown in figure 5.10.

In figure 5.10, two major pathways of apoptosis (intrinsic and extrinsic
pathway) as discussed previously may involve in apoptosis of cell treated with TiO,-
NPs at concentration 250 and 500 pg/ml. The generation of ROS could damage DNA.
The elevation of ROS levels may lead to the transcription of inflammatory cytokines
(such as TNF-a) in Nf-kB transcriptional pathway as discussed in the section of
inflammation. The TNF-oa molecules might further secrete and bind to their receptors
(TNFR) on cell membrane. Upon stimulation of TNF-o with their receptors may
further activate the apoptotic pathway through the activation of caspases as previous
discussion (17, 19, 20, 31, 154, 155, 300).
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Figure 5.10 The possible mechanism of cell death pathways of RAW 264.7 cells
treated with TiO,-NPs. (Modified from Shukla et al. (154))
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CHAPTER VI
INVESTIGATION OF CYTOTOXICITY EFFECTS OF TiO2-NPs
ON BRAIN TUMORS

6.1 Introduction

Cancer is the most common cause of death in many countries. Central
nervous system (CNS) tumors are an important cause of morbidity and mortality
worldwide (308). Although the primary brain cancers are relatively uncommon
cancers, they are often associated with high mortality rates (309). Gliomas are the
most common primary brain tumors in adults, with an incidence of 3-5 cases per
100,000 populations. Malignant gliomas are defined by the World Health Organization
(WHO) classification as anaplastic gliomas and glioblastomas (GBM) (310).

The treatment of malignant gliomas includes the use of chemotherapeutic
drugs, radiotherapy, and interventional surgery. However, both chemotherapy and
radiotherapy give inconsistent results in terms of prolonging survival and positive
responses to treatment (308). In addition, the candidate drugs for therapy have low
treatment efficiency because of their insufficient access to the central nervous system
(CNS) due to the presence of the blood-brain barrier (BBB) blocking the passage from
blood to the brain (311). Since nanotechnology has expanded its applications to
biomedicine and biomedical areas, this nanotechnology is attractive for the diagnosis
and treatment of malignant gliomas (308). Bouzier-Sore et al. (312) used maghemite
(the magnetic particles) (~ 7.5 nm in size) for tracking the TK-GFP gene (suicide
gene) in microglial cells. Their results indicated that the transfected microglia with the
TK-GFP gene for cell therapy and maghemite NPs for cell tracking are a good
candidate for brain cancer therapy. The benefit of applying NPs is to delivery
therapeutic materials across the BBB without any damage of the barrier. This means
that NPs can pass through the junctions between endothelial cells (313, 314). There
are several routes to transport specific molecules or nanoparticles through the BBB.

These routes are paracellular transport of hydrophilic molecules through the tight
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junction between brain endothelial cell, transcellular lipophilic diffusion, carrier-
mediated transcytosis, and adsorptive-mediated endocytosis. However, the mains entry
routes of NPs to the brain via BBB are adsorptive or receptor-mediated endocytosis
(314). Wu et al. (74) studied the distribution, accumulation, and toxicity of SiO,-NPs
in rats’ brain after intranasal instillation. Their results revealed that the SiO,-NPs at the
size of 15 nm were deposited in striatum and impaired function of the brain. Ze et al.
(73) also reported that TiO,-NPs at sizes between 5 to 6 nm could pass BBB of mice
after intranasal administration. Recently, Shilo et al. (75) have reported that insulin-
targeted gold nanoparticles (INS-GNPs) at the size of 20 nm could across the BBB via
the receptor-mediated endocytosis mechanism. Their results indicated that NPs
integrated with the receptor-mediated endocytosis can be used for brain therapy.

The respiratory tract is the primary route of exposure of inhaled particles
into the body (87, 262). NPs can translocate to all regions of the respiratory tract after
entering the body by inhalation. The possibility of NPs at the sizes of < 155 nm to
enter the brain through an olfactory epithelium and systemic blood circulation was
reported (70, 315, 316). After nanomaterials enter blood circulation, they may
breakdown the tight junctions of endothelial cells and the blood-brain barrier and then
enter the brain. Therefore, the NPs may impact tumor cells in the brain. In this chapter,
the effect of TiO,-NPs on glial tumor cells was investigated. C6 glioma cells were
used as a model cell in this study. If TiO,-NPs could destroy this brain tumor cell, it
would help open a new approach for brain cancer therapy. In contrast, if TiO,-NPs
induce the growth of C6 glioma cells or inflammatory cytokines, the limited use of

TiO,-NPs becomes an area of concern.
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6.2 Materials and methods

6.2.1 Cell preparation
Rat glioma cells (C6 cells) were grown as described in Chapter 3, section
3.2.3.1.

6.2.2 Cell viability assay

The viability of C6 glioma cells was measured by the CellTiter-Glo®
Luminescent assay. More information on this procedure has been provided in Chapter
3, section 3.2.4.2. C6 cells at the concentration of 1x10° cells per well (for 100 pl) in
DMEM/Ham’s F-12 (Nacalai Tesque, Kyoto, Japan) were seeded into 96-well plates
and incubated at 37 °C with 5% CO,. After being incubating for 24 h, the old medium
was removed and replaced with 50 pl of fresh medium (without serum). An equal
volume (50 pl) of serum free medium with different concentrations of TiO,-NPs (25,
125, 250, and 500 pg/ml) was added into each well. After treating C6 cells with TiO,-
NPs for 24 h, 100 pl of CellTiter-glo® reagent was added to the treated cells and
mixed with an orbital shaker for 2 min. The following steps including the incubation
conditions, measurement of the luminescence, and the cell viability calculation were

described in Chapter 5, section 5.2.3.

6.2.3 Western blotting analysis

C6 cells were seeded on 100 mm culture dishes at a density of 2.5x10°
cells/dish and allowed to adhere overnight in a 95% humidified air incubator at 37 °C,
and 5% CO,. After incubation, cell media were removed and TiO,-NPs at
concentrations of 25, 250, and 500 pug/ml were added into the cells. After treatment for
24 h, cells were washed three times with cold PBS. Then the exposed cells were
harvested by adding ice-cold lysis buffer. The lysis buffer preparation and more details

have been presented in Chapter 5, section 5.2.5.
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6.2.4 Determination of apoptosis cell death

6.2.4.1 DNA fragmentation analysis

C6 cells were seeded into 65 mm culture dishes at a density of
1x10° to 1.5x 10° cells/well (the same cell number was used in each set). Cells were
treated with TiO,-NPs at 25, 250, and 500 pg/ml for 24 and 48 h. Treated cells were
scraped off and cell DNA was extracted for running on gel electrophoresis to
determine cell apoptosis, following the method written in Chapter 3, section 3.2.7.1.

6.2.4.2 Analysis of cell cycle and quantification of apoptosis

C6 cells were stained with PI to detect membrane integrity. C6
cells at a density of 1x10° to 1.5x 10° cells/well (each set uses the same cell number)
were treated with TiO,-NPs at 250, 500, and 1,000 pug/ml for 24 h. After the C6 cells
were treated with TiO,-NPs for 24 h, cells were washed twice with ice-cold PBS and
trypsinized by 0.05% trypsin EDTA. Next, the cells were centrifuged at 800 rpm for 5
min at 4 °C. The supernatant was discarded and adjusted the cell concentration to
2x10° cell/100 pl of PBS. Thereafter, 900 pl of 70% ethanol was added into cells and
was gently mixed. Cells were fixed in ethanol overnight at 4 °C and centrifuged again
to collect cell pellets. Cell pellets were suspended in 1 ml of ice-cold PI staining buffer
solution (1 mg/ml of PI dissolved in Ca?*/Mg?* free PBS plus 2% fetal bovine serum).
20 pl of RNAse stock solution (1 mg/ml in PBS) were added and incubated at 37 °C
for 30-45 min in a dark chamber. Cell suspension was transferred to FACs tubes and

analyzed by flow cytometer.

6.3 Results

6.3.1 Effect of TiO,-NPs on cell viability of C6 cells

After C6 cells were treated with different concentrations of TiO,-NPs for
24 h, cell viability was determined by CellTiter-glo® assay. TiO,-NPs concentrations
used in this experiment were 5, 25, 250, and 500 pg/ml. The results demonstrated that
Ti0,-NPs were toxic to C6 cells at all concentrations used in this study. When the

concentration of TiO,-NPs increased, the number of dead cells also increased.
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However, the exposure times of 24 and 48 h showed a similar effect on cell viability

(as shown in figure 6.1).
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Figure 6.1 Cell viability of C6 glioma cells after treatment with different doses of
TiO,-NPs in the range of 25-500 pg/ml. Cells treated with ellipticine
treated at a concentration of 0.5 pg/ml were used as a positive control. ™,
“ Significant difference of cell viability from untreated cells at ~p< 0.01,
and " p< 0.001.

6.3.2 Effect of TiO,-NPs on DNA fragmentation of C6 glioma cells

C6 cells were treated with TiO,-NPs for 24 and 48 h; the typical pattern of
DNA fragmentation was determined by agarose gel electrophoresis and the DNA
bands were detected under UV light. At 24 h post-incubation, DNA fragmentation was
not observed (the data are not shown). However, after C6 cells were treated with TiO,-
NPs for 48 h, the laddering pattern was detected in cells treated with 250 and 500
pg/ml TiO2-NPs (number 4 and 5 of figure 6.2) and a positive control (1,000 uM of
H,0,), as seen in lane number 7 of figure 6.2.
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Figure 6.2 DNA laddering pattern of C6 cells after
treatment with TiO,-NPs for 48 h. C6 cells were treated
with different doses of TiO,-NPs in media without FBS. (1)
DNA ladder marker. (2) Untreated cells. (3-5) Cells were
treated with TiO,-NPs at doses of 25, 250, and 500 pg/ml
respectively. (6-7) Cells were treated with H,O, at doses of
500 and 1,000 upM respectively. These results are

representative of a triple slit experiment.

6.3.3 Effect of TiO,-NPs on cell cycle analysis of C6 cells

To confirm the apoptotic effect of TiO,-NPs (at a high concentration > 250
pg/ml) on C6 cells, cell cycle analysis was performed. After C6 cells were treated with
TiO,-NPs at 250, 500, and 1,000 pg/ml for 24 h, the subGy population of cells
(hypodiploid cells with DNA content less than G; in cell cycle distribution) increased
when the concentration of TiO,-NPs increased. The percentage of hypodiploid cells
was 3.0, 3.2, and 7.8% after exposure to TiO,-NPs at 250, 500, and 1,000 pg/mi
respectively. The most significant difference of subGy cycle was found at the highest
dose of TiO,-NPs (figure 6.3d). Moreover, a significant depletion of Gy/G;
populations was detected at 1,000 pg/ml of TiO,-NPs treatment (figure 6.3f).
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Figure 6.3 The effect of TiO,-NPs on C6 cell cycle profile examined by flow
cytometry analysis after treatment with TiO,-NPs at 250, 500, and 1,000
pg/ml for 24 h. The significant differences of each cell cycle phase from
untreated control group were presented at “p< 0.05 and ~ p< 0.001
compared to the untreated cells.
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The activation of the endonuclease that cleaves DNA into a small fraction
is considered to be a hallmark result of apoptosis. Thus, after staining DNA with Pl
dye, hypodiploid cells with DNA content less than Go/G; in the cell cycle distribution
were counted as apoptosis cells (317, 318). From the results in figure 6.3, we can
conclude that TiO,-NPs at high doses (> 250 pg/ml) have a high potential to induce
fragmentation of DNA of C6 cells.

6.3.4 Effect of TiO,-NPs on B-catenin and COX-2 expression of C6
glioma cells

In the brain, GSK3 is a downstream component of several signaling
pathways including Wnt-B-catenin signaling (319). Besides that, p-catenin is an
essential component of the Wnt signaling pathway, which is involved in a large variety
of developmental processes and in tumor formation (282, 320, 321). The protein
expression of B-catenin and COX-2 in C6 cells after treatment with different
concentrations of TiO,-NPs for 24 h were detected by western blot analysis. The
protein expression of COX-2 (figure 6.4a) slightly increased but not significantly in
cells treated with 500 and 1,000 pg/ml, but this was not significantly different from
untreated cells. However, the expression of p-catenin dramatically decreased (after
being normalized with the protein expression of -actin) when the concentration of
TiO,-NPs increased as shown in figure 6.4b. Therefore it is not likely that the COX-2
protein has a major role in the toxicity induction of C6 glioma cells treated with TiO,-
NPs. These results revealed that there is no clear relationship between COX-2 and -
catenin expression after treating C6 cells with TiO,-NPs. Since COX-2 expression was
slightly increased, on the other hand, the expression of B-catenin was significant
decrease. However, both COX-2 and B-catenin expressions play an important role in
cells proliferation, cell cycle, and apoptosis in several tumor cell types (234, 283, 322-
324). The further investigation of the relationship between COX-2 and B-catenin in
glioma cells in a future study may provide more information to clarify the mechanism
of cell death.



Fac. of Grad. Studies, Mahidol Univ. Ph.D.(Toxicology) / 79

(@) (b)
CON-2 S —— — — v—— B-ontenin i ——— ——
Bachill o — —— w— Broclil om— — —— —

2.04 1.5+
L & 154 E
gy £ < 1.0
o
£E2 .0 T T £ 2 i
= =1 RV = o=
= 8 - 5 5 =
S = S = 0.5 dkdk
M Eos =g —
g g
0.0 T T T T T U-D T
2 el ] D 2 N el ] 2 D
AL A
TiC; concentration Ti(Q, concentration
(ug/ml) (ug/ml)

Figure 6.4 Effect of TiO,-NPs on the expressions of (a) COX-2, and (b) B-catenin.

Cells were treated with TiO,-NPs (25-1000 pg/ml) for 24 h.
Significantly different from untreated cells at “p< 0.01 and ~ p< 0.001

6.4 Discussion

6.4.1 Cytotoxicity of TiO,-NPs to C6 glioma cells

The results of the present study indicate that TiO,-NPs at concentration
ranges of 25-500 pg/ml can induce toxicity to C6 glioma cells. To further prove that
the TiO,-NPs mediated the toxicity of C6 cells, apoptosis cell death was investigated.
DNA fragmentation was detected in C6 cells after treatment with 250-500 pg/ml of
TiO,-NPs for 48 h. There have been many reports of cell apoptosis induction by TiO,-
NPs. TiO,-NPs seem to be toxic to neuronal cells, especially glial cells (142). It was
reported that 2.5 to 120 ppm TiO,-NPs that had an aggregated sized around 330 nm in
a culture medium could induce ROS, inflammation, and cell apoptosis of microglia
cells (BV2). In 2008, Lai et al. (53) reported the information of cell death in neuronal
cells (U87 cells) after treatment with 1 to 100 pg/ml TiO,-NPs at a size of less than 25
nm for 48 h. Both apoptosis and necrosis were detected in cells after treating TiO,-

NPs at concentrations > 1 pg/ml.
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Oxidative stress has been purported to be a key mediator in TiO,-NPs
induced brain damage in animal models. A recent study by Ze et al. (73) reported that
after intranasal administration of TiO,-NPs to mice for 90 days, lesions in the mice’s
brain were observed. They also indicated that TiO,-NPs induced oxidative stress and
the activation of the oxidative stress-gene, which resulted in lesions in the mice’s
brain. The oxidative stress mediated toxicity in glial cells was reported recently by
Huerta-Garcia et al. (325). They selected C6 glial cells as a model to determine the
effects of TiO,-NPs on brain cells. Their results indicated that C6 cells treated with 20
ng/cm? TiO,-NPs (< 50 nm) for 2, 4, 6, and 24 h produced a strong oxidative stress in
C6 cells. Therefore, as comparing with my results in this thesis, the viability of C6
cells was decreased as a dose dependent manner (shown in figure 6.1). The apoptosis
cell death was confirmed by two different assays: 1) DNA fragmentation assay (in
figure 6.2) and 2) Flow cytometric analysis of cell cycle with propidium iodide DNA
staining (in figure 6.3). With these results and results from studies by others as
mentioned above, TiO,-NPs might generate ROS and lead to cytotoxicity of C6 cells.

Nanoparticles can travel to the central nervous system via two major
routes: olfactory nerves and the blood-brain-barrier (2, 70, 316, 326). Because of their
small size and unusual properties, nanoparticles can pass through the blood brain
barrier and enter the brain (67, 68). After entering to the brain, the surface charge of
Ti0,-NPs may generate either oxidative stress or ROS, causing apoptosis cell death to
neuron cells (142, 257, 258). The oxidative stress and the generation of ROS produced
by TiO,-NPs not only induce apoptosis cell death of neuron cells, but also increase the
permeability of the brain protection mechanism, such as the blood-brain-barrier, which
allows nanoparticles to enter the brain. ROS generation, coupled with the loss of cell
viability, inflammatory cytokine release, and the damaged of DNA, is probably a key
factor that leads to cytotoxicity. The oxidative stress-mediated cytotoxicity and
apoptosis cell death of immune and neuron cells induced by TiO,-NPs have been
variously reported in the last few years (17, 257-260).

The mechanism of TiO,-NPs leading to ROS-mediated cytotoxicity was
reported by Jin et al. (21). After TiO,-NPs dispersion, a large amount of surface
hydroxyl groups has been found by X-ray absorption fine structure spectrometry

(XAFS). Those surface hydroxyl groups can induce superoxide and hydroxyl radicals
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by electron capture, which can recombine into H,O, in aqueous solution (6, 21, 261).
Cells exposed to TiO,-NPs may exhibit cytotoxicity and genotoxicity by phagocytosis
and internalization into the cytoplasm (262). Jin et al. (21) also explained the toxic
effect of nanoparticles produced by the generation of ROS and oxidative stress in the
mitochondria of normal cells, as ROS is generated and neutralized by glutathione and
antioxidant enzymes (such as GPx, SOD, and CAT). After exposure to cells with
TiO,-NPs, ROS increased at the membrane of the mitochondria without a clearance
mechanism, therefore leading to mitochondrial disruption. The apoptosis and necrosis
cell death were initiated through the mitochondrial membrane permeability transition
pore (21, 327). The role of ROS-mediated apoptosis and necrosis cell death has been
investigated by several studies (235, 263). Alveolar macrophage cells were treated
with substances that produce oxidants that were thought to exclusively cause necrosis;
however, ROS can act as signaling molecules to trigger apoptosis under certain
conditions (252). When pro-oxidants overwhelm anti-oxidant defense mechanisms,
oxidative stress occurs. Although the toxicity of TiO,-NPs on glial cells has been
thoroughly studied, the link between oxidative stress and apoptosis cell death has not
been confirmed. In the present study, TiO,-NPs induced cytotoxicity in C6 glioma
cells, as demonstrated by 1) dose-dependent reduction cell viability by CellTiter-Glo®
and trypan blue dye exclusion assay, 2) the evidence of DNA fragmentation as dose-
dependent determined by DNA laddering pattern on the agarose gel, and 3) the
increase of C6 glioma cells in subG, population as dose-dependent. All of the toxicity
determination assays are correlated with the increase of intracellular ROS levels
determined by DCF-florescence intensity (in chapter 5). Therefore the results from
those experiments provided convincing evidence that the mechanism cell death
induced by TiO,-NPs was involved in the increase of intracellular ROS-mediated

apoptosis in glioma cells.

6.4.2 TiO,-NPs decreased p-catenin expression in C6 cells

In this study, the mechanism of how TiO,-NPs induce toxicity of C6
glioma cells was also reported. As shown in figure 6.4, the results in this thesis
demonstrate how, the expression of COX-2 enzyme was different from untreated cells.

An insignificant increase of COX-2 expression was found in cells treated with 1,000
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pg/ml of TiO,-NPs. Cyclooxygenase, also known as prostaglandin H synthase, is the
rate-limiting enzyme that converts arachidonic acid into prostaglandin H2,
thromboxanes, and prostacyclins. There are two isoforms of the COX enzyme that
have been characterized as COX-1 and COX-2. COX-2 protein is an inducible isoform
that can rapidly and transiently induce inflammatory cytokines and a variety of stimuli
(278). In contrast to COX-1, which is expressed in most tissues, COX-2 is not detected
under resting conditions, except for inflammatory response and in some tumor cells
(279, 280). The expression of COX-2 in glioma was reported by Badie et al. (280).
Their study demonstrated the expression of COX-2 in brain tumor cells involved in
brain edema patients. Consequently, COX-2 expression in C6 cells detected in our
study is at normal levels, so the toxicity of TiO,-NPs to C6 cells may be caused by
other mechanisms rather than COX-2. The up-regulation of COX-2 expression might
be related to various sources (including ROS). In his dissertation, Kitz (328) discussed
how the depletion of NAPDH oxidase blocked the expression of COX-2 in rat
mesangial cells, whereas increased Ca®*-dependent mitochondrial ROS production
was associated with prostaglandin production in human chondrocytes.

This thesis also found that the expression of crucial protein B-catenin was
inhibited by the induction of TiO,-NPs. B-catenin is a protein that is involved in the
Whnt signaling pathway. This pathway is associated with the proliferation and
metabolism of many cancer cells (282, 283). The Wnt signaling pathway not only
plays a critical role in cell proliferation and the development of tumors, but also plays
a distinct role in inflammation, immunity and apoptosis (249, 283). In figure 6.4, the
levels of B-catenin in C6 glioma cells after treatment with TiO,-NPs at concentration
ranges of 25-1000 pg/ml were decreased in a dose-dependent manner with a
significant decrease at concentrations of 500 and 1,000 pg/ml. However, the
expression of COX-2 enzyme, was not significantly changed. These data suggest that
TiO,-NPs might effectively impact the Wnt/p-catenin pathways. However, it seems
that there is no association between the expressions of p-catenin and COX-2. The
mechanism of this is not clearly understood and further study would be interesting for

future research.
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CHAPTER VII
INFLAMMATORY EFFECTS OF TIO2-NPS AND MWCNTS IN
ALVEOLAR LAVAGE FLUID OF MICE

7.1 Introduction

Due to an increase of the use of nanomaterials in daily life, the impact of
using NPs on human health has become an area of serious concern. Inhalation is
considered to be the most important and critical exposure route of human exposure to
engineered nanoparticles. These particles have a high deposition efficiency to the
respiratory system after inhalation (5). Therefore, human health can be affected, when
nanomaterials are aerosolized (87). Inhalation of NPs can cause various lung responses
and lead to the development of lung diseases such as chronic bronchitis, chronic
obstructive pulmonary disease (COPD), and pulmonary fibrosis (49, 329). Research
on nanosafety, especially in vivo, is still lacking. The mechanisms behind the
toxicological effects of NPs are still debated; therefore, further investigations of the
toxicity of NPs involved in reactive oxygen species (ROS) the result in oxidative
stress, inflammation and consequent damage to proteins, membranes and DNA are
required (49, 152, 330, 331).

As mentioned previously, NPs have aerodynamic properties that can reach
and deposit in the distal parts of the lungs during inhalation (5, 161). Depending on the
size of NPs, after being deposited to the lungs, the agglomerate/aggregate of NPs may
deposit at the lung surface and interact with lung epithelial cells or lung macrophage
cells. On the other hand, NPs can be distributed from the lungs to other organs (332).
After NPs interact with macrophages, chemotactic signals can be triggered to activate
and attract neutrophils to help clean up the invading particles (138, 227). Once the
particles have been deposited in the lungs, the particles will then initiate an
inflammatory response by interacting with the cells of the immune system. In the case
of high bio-persistence, the particles may cause chronic inflammation and pulmonary

fibrosis (49). Inflammation is a vital process to eliminate pathogens and promote the
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repair of injured tissue (333, 334). However, excessive or persistent inflammation can
contribute to tissue injury and the pathogenesis and exacerbation of diseases, including
inflammatory lung diseases such as chronic obstructive pulmonary disease (227, 335).
Inflammation can be monitored by observing the influx of inflammatory cells,
primarily macrophages and neutrophils, or by measuring markers such as
proinflammatory cytokines, total protein and LDH in the lung fluid after lavaging the
lungs.

Ti0,-NPs have been widely used in various household products including
air and water cleaning, cosmetics, and pharmaceuticals (179). Thus, TiO,-NPs have a
potential to impact daily life. However, before using TiO,-NPs in a form that has a
chance to directly contact humans, an investigation of toxicity in vivo exposure should
be performed. Another type of NPs that has been used a lot recently is carbon
nanotubes (CNT). They are unique carbon-based NPs that have significant
characteristics in size, strength, and surface chemistry (336). In particular, their
length/width (aspect) ratios, reactive surface chemistry, and poor solubility are
noteworthy (337). CNT can be prepared in a multi-walled form (called MWCNTS).
More details are shown in Chapter 2, section 2.2.2. MWCNTSs have shown to have the
capability to induce allergic, inflammatory, and fibrotic pulmonary responses (338).
These effects have associated with significant increases in various pro-inflammatory
cytokines (337, 339).

In this thesis, the focus will be on in vivo testing for toxicity and
inflammatory responses of two different types of nanomaterials (TiO,-NPs and
MWCNTS). Therefore, the objective of this chapter is to investigate the toxicity effects
and inflammatory responses after intranasal instillation of TiO,-NPs and MWCNTSs

into mice.
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7.2 Materials and methods

7.2.1 Animals and treatments

The preparations of TiO,-NPs and MWCNTSs were explained in Chapter 3,
section 3.2.1. Adult male ICR mice (approximately 7 weeks old), with body weights
ranging from of 25-30 grams, were purchased from the National Animals Center of
Thailand, Mahidol University, Salaya campus, Nakhonpathom. They were housed in
translucent plastic cages with sawdust bedding in the animal room, Faculty of science,
Mahidol University, Bangkok. They were allowed to acclimatize for one week before
use. All animals were maintained in a controlled room with a 12 h light-dark cycle,
temperature 21-22 °C and relative humidity of approximately 50-60%. All animals had
free access to water and food. The use of experiment animals and the experimental
design was approved and carried out by following the protocol of the Animal Care and
Use Committee, Faculty of Science, Mahidol University, Thailand (MUSC54-033-
243).

To determine the toxicity effect of TiO,-NPs and MWCNTS, the animals
were instilled with TiO,-NPs or MWCNTSs suspension through their nostrils. Prior to
instillation, all the mice were anesthetized with intraperitoneal injections of
pentobarbital at the concentrations of 30-50 mg/kgBW. After the mice were deeply
anesthetized (confirmed by the absence of reflexes on the footpad), they were injected
with TiO,-NPs or MWCNTSs. The TiO,-NPs or MWCNTSs and a vehicle control
suspension (50 ul for each mouse) were gradually released into the nostrils using a
micropipette. The rate of injection was carefully adjusted to allow the mice to inhale
the NP suspension without bubbles. The mice were then held for a couple of minutes

until their breathing rates gradually returned to normal.
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The treatments were grouped into five conditions as shown in the

following lists:

Group 1 - Intact control group

Group 2 : Vehicle control group (for TiO,-NPs); mice were treated by intranasal
instillation with PBS 50 pul per mouse

Group 3 : Vehicle control group (for MWCNTS); mice were treated by intranasal
instillation with 1% serum plus 0.1% D-glucose dissolved in PBS 50
pl per mouse

Group 4 . Positive control group; mice were treated with lipopolysaccharide (30
g per mouse)

Group 5-7  : TiO,-NPs Treatment groups; mice were treated by intranasal
instillation with TiO,-NPs suspended in PBS at the concentration of
50, 500, and 1,000 ug/kgBW (50 pl/mouse)

Group 8-10 : MWCNTSs treatment groups; mice were treated by intranasal
instillation with MWCNTSs suspended in 1% serum plus 0.1% D-
glucose dissolved in PBS at the concentration of 50, 500, and 1,000
ug/kgBW (50 pl/mouse)

Treatments
. e—— X
Acclimatization v v 2
for 1 week 0 6 24 (hours)

!

Lavage fluid collection
Figure 7.1 Schematic diagram showing the time course of treatment and sample

collection.
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At the end of the treatment period, all mice were euthanized by
intraperitoneal injection with 50 mg/kg pentobarbital and exsanguinated through the
heart. The trachea was cannulated with a catheter attached to a 1 ml syringe; the lungs
were infused gently with a sterile 0.9% sodium chloride solution (1 ml) and the
solution was drawn back. The lavage process was performed three times. The lavage
fluid was clarified by centrifugation at 1,500 g for 15 min at 4 °C. The total protein,
lactate dehydrogenase (LDH) activity, cytokines, and chemokines were analyzed from
broncho alveolar lavage fluid (BALF).

7.2.2 Protein assay in BAL fluid

The total protein concentration was measured by the Bradford method
(340) using a BioRad Assay Kit (BioRad, Richmond, Ca, USA) according to the
manufacturer’s instruction and read at 595 nm using a spectrophotometer. Bovine

serum albumin (BSA) was used as a standard protein.

7.2.3 LDH level in BAL fluid
Activity of LDH in BAL fluid supernatant was measured by using the
commercially available LDH-Cytotoxicity Assay kit 1l (Abcam, Cambridge, MA,

USA). All processes followed the manufacturer’s instructions.

7.2.4 Cytokine assay

Pro-inflammatory cytokine production (TNF-a, and IL-6) of BAL fluid
was measured using commercially available enzyme-linked immunosorbant assay
(ELISA) kits (eBioscience, San Diego, CA). The ELISA analysis was performed
according to the manufacturer’s instructions. After incubation, the supernatants of all
samples were collected and stored at -75 °C until assay. A monoclonal antibody
specific for each cytokine was pre-coated onto a microplate and incubated overnight at
4 °C. The standard and samples were pipetted into the wells, and any cytokine present
should have bound to the specific immobilized antibody. After removing unbound
substances, an enzyme-linked polyclonal antibody specific to the cytokine was added
to the wells and incubated for 1 h at room temperature. After washing to remove any

unbound antibody-enzyme reagent, a substrate solution was added to the wells. The
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solution was then incubated for 30 min and washed with buffer at least 7 times. The
substrate solution was added to each well and incubated at room temperature. The stop
solution was added after 15 min. The intensity of color development was read at 450
nm with a microplate reader. The amount of cytokine was calculated from the linear

portion of the generated standard curve.

7.2.5 Statistical analysis

Statistical analysis was conducted by using the statistical software
package, GraphPad Prism version 5.0. For more than two experimental groups, the
statistical difference among different groups was first compared using one-way
analysis of variance (one-way ANOVA). Then, the significant difference between
groups was further examined by Dunnett’s Multiple Comparison Test. Values of p<

0.05 were considered to be significantly different.

7.3 Results

After 6 and 24 h of TiO,-NPs and MWCNTSs intranasal instillation, all
mice were euthanized by intraperitoneal injection with 50 mg/kg pentobarbital. Lungs
were lavaged three times with 1 ml of sterile 0.9% sodium chloride solution. The
lavage supernatants were analyzed for total protein, lactate dehydrogenase (LDH)
activity and cytokine levels. The concentrations of cytokines and chemokines
including interleukin IL-1B, IL-6, and tumor necrosis factor alpha (TNF-a) were
measured in the supernatants of BAL fluids. Finally all mice were exsanguinated
through the heart. Lungs, livers, and kidneys were weighed to determine the organ

weight per body of the mice.

7.3.1 Mouse's body and organ weight investigation

Compared to a vehicle control, TiO,-NPs did not affect the body weight
and the organ weigh of the mice. However, the positive control group (treated with
LPS 30 pg/mouse) showed significant differences in the lung weight after treating
mice with LPS for 24 h (Table 7.1).
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Mice treated with MWCNTSs had a similar body weight to the control mice

at both 6 and 24 h. In the case of the lung weight, there was significant increase of the

weight of the 500 pg/kgBW treatment group at 6 h, but at a longer exposure time (24

h) there was no difference. Interestingly, the group of mice treated with a vehicle

control (1% FBS in 0.1% D-glucose) for 6 h had a significant increase in the weight of

the kidney, both left and right, when compared with an intact control. However, at 24

h of treatment, mice in this group had no difference in kidney weight (Table 7.2).

Table 7.1 Changes in relative organ weight and body weight following a single

instillation of TiO,-NPs

Organ Weight (g/100g bodyweight)

Time TiO,-NPs Body weight Kidney
(hours) (Hg/kgBW) (9 Lung Liver
Left Right
Intact control 3572+ 170 113+0.11 566+ 034 081+007 087%0.08
Vehicle control 3543+ 147 119F0.11 5741026 0811002 088%0.04
50 3506+ 1.93 1.23%0.07 5841+ 036 085%+003 090 0.08
° 500 3520+ 143 1194005 591+031 077%£010  0.84%0.08
1,000 3496+ 162 1141009 57541032  077%£005  0.90% 0.09
LPS (30ug/mouse) 3495+ 107 1.2940.11 5981029 080%X007  091%0.05
Intact control 35.00+1.76 1.14 % 0.09 626+ 042 090+005 093%0.10
Vehicle control 3464+ 147 118%0.11 6391+ 074 0851007  0.88%0.09
50 3432+£099 1.25%0.19 6071031 088%009  0.90F 0.06
“ 500 34851047 120X 0.14 6511067 0911+016  0.90% 0.08
1,000 33751+ 150 1.21% 0.09 6.17£040 0801008  0.88% 0.06
LPS (30pg/mouse) 3323+ 1.47 151+0.18" 625+£057 0.81%+0.10  0.90%0.07

Note: 1) Vehicle control was groups that were treated with PBS.

2) Weight of each group was calculated. The data presents the mean value & SD of at least of four

independent experiments.

3) "™"p< 0.001 denotes significant differences between mean values measured in the indicated group

compared to their vehicle control.
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Table 7.2 Changes in relative organ weight and body weight following a single
instillation of MWCNTSs

Organ Weight (g/100g bodyweight)

Time MWCNTSs Body weight -
Kidney

(hours)  (ug/kgBW) ©) Lung Liver
Left Right

Intact control 3572+ 1.70 113+ 0.11 5.66+0.34 081*+007 087%0.08
Vehicle control 3524 +0.91 1.09 %+ 0.06 590+ 018 097%0.16" 1.11+ 017"

6 50 3454+ 0.58 1.21+0.06 6.05+ 038 090FX005 0.97+0.09
500 3447+ 054 126+ 0.09° 625%X044 084007 0.90%0.07
1,000 34.41% 051 1.20 £ 0.09 6.16 X047 090*X005 0.99%+ 0.06

Intact control 3500+ 1.76 1.14+0.09 6.26 X042 090+005 093%0.10
Vehicle control 3434 % 0.25 1.30+0.08 635+ 022 091%£006 094%0.01

24 50 34.15+ 0.94 1.28 £+ 0.09 6.51+0.38 087*X007 0.89%0.07
500 3483+ 1.12 1.28+0.12 6473029 089+009 0091+ 0.04
1,000 33.031+0.86 1.33+0.14 670057 091+0.10 099+ 0.10

Note: 1) Vehicle control was groups that were treated with 1% FBS in 0.1% D-glucose.

2) Weight of each group was calculated in term of mean &= SD of at least of four independent experiments.

3) "p< 0.05 denotes significant differences between mean values measured in the indicated group compared
to their vehicle control.

4)*p< 0.05, *p< 0.001 denote significant differences between mean values measured in the indicated group

compared to their intact control.

7.3.2 LDH from mouse BAL fluid treated with nanoparticles

For the examination of whether TiO,-NPs can cause pulmonary toxicity,
after administration of TiO,-NPs (50 and 500 pg/kgBW) for 6 and 24 h, broncho
alveolar lavage fluid was obtained from mice administered with PBS, TiO,-NPs and
LPS (30 pg/mouse). BAL fluid activity, a marker of cell toxicity, increased
significantly after treating mice with TiO,-NPs for 6 and 24 h. The LDH production of
mice treated with a low dose of TiO,-NPs (50 ug/kgBW) for 6 h was lower than the
ones treated with 500 pg/kgBW TiO,-NPs (figure 7.2a). On the other hand, at 24 h
treatment exposure, significant induction of LDH was found in mice injected with 500
Hg/kgBW TiO,-NPs (figure 7.2b). Mice injected with LPS (positive control mice)

significantly produced LDH compared to control mice.



Fac. of Grad. Studies, Mahidol Univ. Ph.D.(Toxicology) / 91

(@) (b)
6h

~ 250- ours ~ 150 24 hours

S [

= * s

S 2004 S .
53 5 5 1001
2 = 1501 3= T
-2 - S
T2 ITs
= 5 1001 T 3% 5o T

E 50 3

° S

3\, 0 T T T ~ 0 ! ' T

vehicle 50 500 LPS vehicle 50 500 LPS
TiO2-NPs (ug/kgBW) TiO,-NPs (ng/kgBW)

Figure 7.2 The expression of LDH detected in BAL of ICR mice at 6 and 24 h after
intranasal instillation with PBS (as a vehicle control), titanium dioxide
nanoparticles and LPS 30 pg in 50 pul PBS/mouse (as a positive control).
Data are means=+ SE of at least three independent experiments. “p< 0.05
denote significant differences between mean values measured in the
indicated group compared to their vehicle control; as analyzed by one
ways ANOVA/Dunnett’s multiple comparison test (n=3-5).
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LDH released in BAL fluid of mice after intranasal instillation with
MWCNTSs (50 and 500 pg/kgBW) compared to the vehicle control (1% FBS in 0.1%
D-glucose) is shown in figure 7.3 below.
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Figure 7.3 The expression of LDH activity detected in BAL of ICR mice at 6 and 24 h
after intranasal instillation of the 1% FBS in 0.1% D-glucose (as a vehicle
control), MWCNTs (50 and 500 pg/kgBW) and LPS (30 pg in 50 upl
PBS)/mouse (as a positive control). Data represent means + SE of at least
three independent experiments. ~ and ~ represents statistically significant
difference from a control group at p< 0.01 and p< 0.001 respectively (n=3-
5).

The level of LDH released in BAL fluid after instillation with MWCNTSs
for 6 h increased significantly in mice treated with MWCNTs (50 and 500 pg/kgBW).
However, the LDH level in mice treated with 50 ug/kgBW was higher than that of
those with 500 pg/kgBW. The reason for this is unclear. At 24 h exposure, the LDH
level in BAL fluid showed a significantly high level in mice treated with 500
pHg/kgBW MWCNTSs. These results showed a similar direction as found in mice

treated with TiO,-NPs using the same concentrations and exposure times.
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7.3.3 Changes in total protein level in BAL fluid

The level of total protein in BAL fluid was measured by Bradford protocol
as described in the previous section. At 6 h post TiO,-NPs instillation, a significant
increase of total protein in only the BAL fluid was found at 500 pg/kgBW TiO,-NPs.
This means that at a short exposure time, the 50 pg/kgBW TiO,-NPs had no impact on
inducing proteins. In contrast, at 24 h post TiO,-NPs instillation, total protein level in
BAL fluid slightly increased in a dose-dependent manner, but no statistical significant
difference from vehicle and intact controls was observed (figure 7.4)
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Figure 7.4 The expression of total protein contents in BALF of ICR mice at 6 and 24
h post-instillation with PBS (as a vehicle control), TiO,-NPs (50 and 500
ng/kgBW) and LPS 30 pg/mouse (as a positive control). ~Significantly
different from vehicle control group at ~p< 0.01 (n=3-7).
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The protein levels in BAL fluid after treatment with MWCNTSs increased
dose-dependently. Significant differences from the vehicle control were revealed at

500 pg/ml in both time points (figure 7.5).
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Figure 7.5 The expression of total protein contents in BALF of ICR mice at 6 and 24
h post-instillation with PBS (as a vehicle control), MWCNTSs (50 and 500
ng/kgBW) and LPS 30 upg/mouse (as a positive control). ~, ~,

Significantly different from vehicle control group at “p< 0.05, ~ p< 0.01

“"p<0.01 (n=3-7).

7.3.4 Pro-inflammatory cytokine released in BAL fluid

The levels of TNF-a released into BAL fluid of mice that were treated
with TiO,-NPs (50-500 pug/kgBW for 6 and 24 h) slightly increased in dose dependent
manner but no significant difference from the vehicle control was observed. In

contrast, the releases of IL-6 were similar in all treatments (in figure 7-6).
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Figure 7.6 The production of TNF-a (a,b), and IL-6 (c,d) in BAL fluids of ICR mice
intranasally instilled with PBS (as a vehicle control), TiO,-NPs at
concentrations 50 and 500 pg/kgBW and LPS (30 pg in 50 ul PBS)/mouse
(as a positive control) for 6 and 24 h. Levels of TNF-o and IL-6 were
measured in BAL fluids at 6 and 24 h post-instillation. ~ p< 0.001 denoted

a significant difference compared to a vehicle control group (n=3-7).

TNF-o and I1L-6 released in BAL fluids after instilling mice with
MWCNTSs for 6 and 24 h increased in a dose-dependent manner; however, there was
no significant difference of both cytokine expressions observed in mice BAL fluids
excepting for the ones treated with MWCNTS at a concentration of 500 pg/kgBW
MWCNTSs at 6 h post-instillation (figure 7.7). At 24 h post instillation, the IL-6 levels
in BAL fluids of all treatment conditions were similar to the vehicle control. The
reason for this is unclear. The induction of IL-6 secretion in BAL fluid of mice after
intratracheally administration with MWCNTS has been reported by Inoue et al. (337).
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Their results showed the induction of IL-6 expression in the BAL fluid after repeating

exposure with a low dose of MWCNTS (50 pg/body).
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Figure 7.7 TNF-a (a,b) and IL-6 (c,d) productions in BAL fluids. ICR mice were
administered through intranasal instillation with 1% FBS in 0.1% D-
glucose (as a vehicle control), MWCNTSs at concentrations 50 and 500
Hg/kgBW and LPS 30 pg/mouse (as a positive control). Levels of TNF-a
and IL-6 were measured in BAL fluids at 6 and 24 h post-instillation. ™

Significantly different from a vehicle control group at ™ p< 0.05 (n=4-8).
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7.4 Discussion

The purpose of this chapter was to investigate the effect of two different
types of nanomaterials in regard to their inflammatory responses in mice. TiO,-NPs
and MWCNTs with the same concentrations at 50 and 500 pg/kgBW were instilled in
the lungs of mice via intranasal instillation; the inflammation was assessed at 6 and 24
h post exposure. The acute toxicity and inflammatory profiles of the two types of
TiO,-NPs and MWCNTSs were almost similar. The expression of LDH levels was
strongly induced at 6 h post-exposure. However, at 24 h post-exposure, the levels of
LDH released in BAL fluids of mice treated with TiO,-NPs and MWCNTS increased
significantly only at the applied concentration of 500 pg/kgBW. The factors that
induce the inflammatory response of the low solubility particles (such as TiO,-NPs
and MWCNTS) in vivo were explained by Roursgaard et al. (341). They found that the
agglomeration state, the vehicle and the route of exposure were the most important
factors affecting inflammation and toxicity of the NPs in vivo. They also suggested
that the agglomerate size of NPs in vehicles might affect the clearance efficiency and
deposition in the lungs. The reasons behind this phenomenon were also described: the
hydrodynamic size and surface area of nanoparticles measured in solvent vehicles was
different when measured in dry powder or in the aqueous state (such as dissolved in
de-ionized water). When particles were suspended in vehicles, the agglomeration
might have occurred from the interactions of particles and other components in the
vehicle. When the concentrations of TiO,-NPs were increased in the solvent vehicle,
the agglomeration size also increased. If the sizes are in a range that is suitable for
phagocytosis and de-agglomeration does not occur in the lungs, then the clearance
mechanisms and the toxic responses of large particles (micro-sized particles) are
different from those of small size particles (31, 341).

In this study, the effects of TiO,-NPs and MWCNTs on inflammatory
response induction in vivo were investigated. Inflammatory cytokines, such as IL-6
and TNF-a, that play a central role in host defense and are involved in a variety of
chronic diseases when overexpressed in vivo (243, 244, 342) were measured. My in
vitro study (in Chapter 5) showed that RAW 264.7 cells treated with different doses of
TiO,-NPs did not induce IL-6 production. Similarly, BAL fluids of treated mice had
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no significant induction of IL-6 levels after treatment with TiO,-NPs for 6 and 24 h. In
contrast, several studies have reported that TiO,-NPs are involved in IL-6 induction
(159, 179, 343-345). The impact of NPs on mediating proinflammatory cytokine
responses was discussed by Veranth et al (346). A high concentration of insoluble
particles, especially nanosized particles, can interfere with ELISA measurements.
Kobayashi et al. (180) studied the toxicity of TiO,-NPs intratracheally instilled in rats.
Their results indicated that the inflammatory effects of TiO,-NPs depend on the size
and agglomeration state of NPs after instillation. Similarly, with our results, at 6 and
24 h post-instillation, the signs of cytotoxicity found in BAL fluids (LDH levels)
increased significantly in mice treated with 500 pg/ml TiO,-NPs for 24 h without any
effects on organ weights, and only a small increase of TNF-a was found. This implies
that there is no clear relationship between the cytotoxic signals and organ weights of
mice treated with TiO,-NPs at different doses and exposure times.

The inflammatory response induced by inhaled MWCNTS is considered to
have potential of lung fibrosis. In this study we have demonstrated that MWCNTSs (24
h, 500 ng/kgBW) significantly induced LDH and total protein. At 6 h exposure with
the same concentration, the effect is unclear. This may be due to the exposure time
being too short for the particles to circulate into the lungs and the body. Han et al.
(185) reported that an increase of inflammatory cytokines (TNF-a and IL-1B) in BAL
fluids was found after 1 day of injecting 20 or 40 ug MWCNTS in 40 ul PBS into mice
by oropharyngeal aspiration. Muller et al. (182) measured the contents of TNF-a in
rat’s lavage fluid after CNTSs intratracheal instillation. Their results showed that TNF-
a levels at 60 days after exposure decreased. It seems the exposure time is also a vital
factor of inflammatory response of insoluble particles. The potential adverse health
effects occurring after MWCNTSs exposure were also reported by Wang et al. (338).
Their results showed that the expressions of cytokine (IL-33), chemokine (CCL3 and
CCL11) and protease production (MMP13) were high and promoted the inflammatory
and fibrotic changes in the lungs.

In summary, the results of this study indicated that TiO,-NPs and
MWCNTSs could induce cytotoxicity and inflammation in vivo. The summary of
toxicity induced by TiO,-NPs and MWCNTSs in mice’s lungs is shown in figure 7.8.

However, their effects depend on the concentration and exposure time of these NPs.
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Total proteins, LDH, and
pro-inflammatory cytokine
(TNF-o and IL-6) inductions
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Figure 7.8 Illustration of TiO,-NPs and MWCNTSs induces inflammation and
cytotoxicity in lung lining surface cells and lung macrophage cells.
(Modified from Kocbach (347)).
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CHAPTER VIII
CONCLUSIONS

The present study focused on the investigation of toxicity and inflammatory
responses of NPs in vitro and in vivo. Two types of NPs, TiO,-NPs and MWCNTSs, were
selected to have their toxicities investigated. Two different cell lines (RAW 264.7
murine macrophage cells and C6 rat glioma cells) were used in this thesis for in vitro
study while mice were used for in vivo study.

After characterizations of TiO,-NPs and MWCNTSs, these particles were
applied in vitro and in vivo. It was found that TiO,-NPs at concentrations > 25 pg/ml
induced toxicity in RAW 264.7 and C6 cells. In RAW 264.7 cells, TiO,-NPs had a
potential to induce cell apoptosis as confirmed by the determination of DNA
fragmentation and the measurement of phosphatidylserine (PS) translocation to the
outer leaflet of the cell’s plasma membrane. The mechanism of TiO,-NP action on
cytotoxicity in RAW 264.7 cells could be the oxidative stress mediated inflammatory
response and subsequent cell death. The release of TNF-o found in cells might be
associated with the induction of the COX-2 enzyme expression and the down-
regulation of a central molecule in the Wnt signaling pathway.

In the case of C6 cells, the fragmentation of DNA was also found after
cells were treated with TiO,-NPs with the same concentrations as in RAW 264.7 cells.
The results from the DNA fragmentation assay revealed that at high concentration
ranges (250 to 500 pg/ml), TiO,-NPs induced cell death. The increase of hypodiploid
cells in the sub-Gy population after staining cells with propidium iodide also supports
that high concentration range of TiO,-NPs is toxic to C6 cells. These results indicate
that TiO,-NPs at the size of 13.9+1.8 nm and at the above concentrations could induce
apoptosis cell death in C6 glioma cells. The down-regulation of B-catenin was also
found in glioma cells treated with TiO,-NPs. This implies that the down-regulation of
B-catenin might be involved in the induction of cytotoxicity in C6 cells. With these

results, there is a possibility of using TiO,-NPs in brain cancer therapy. However,
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more investigations on mechanism details and side effects of applying TiO,-NPs in
brain cancer therapy are needed in future studies.

The investigation of in vivo toxicity in mice showed that the intranasal
instillation of TiO,-NPs and MWCNTs negatively affected the health of mice.
Generally, pulmonary edema and pulmonary cell damage can be indicated by
elevation of total protein levels and LDH in mice’s BAL fluid. This thesis
demonstrates that mice treated with TiO,-NPs and MWCNTs (for 24 h) at
concentrations of 500 pug/kgBW could induce the release lactate dehydrogenase (LDH)
in bronchoalveolar lavage fluid. The significant induction of LDH in mice treated with
TiO,-NPs and MWCNTSs for 6 h at low concentrations but not at high ones might
relate to the solubility of particles. Therefore, both concentration and exposure time
have an impact on increasing LDH production. In the case of protein content, it seems
that the concentrations of particles have a major effect on protein content induction.
The induction of LDH and protein content in BAL fluid may lead to pulmonary
diseases. There was no significant induction of proinflammatory cytokines (TNF-a
and IL-6) in BAL fluid of mice treated with TiO,-NPs. However, IL-6 in mice treated
with MWCNTSs (500 pg/kgBW) for 6 h was significantly increased. This implies that
at the same concentration of particles MWCNTSs can induce more adverse effects than
TiO2-NPs.

Overall, for the effects of TiO,-NPs and MWCNTS in in vivo systems, the
results in this thesis showed that at the same concentrations and conditions used for
treating mice, MWCNTSs cause more toxic effects than TiO,-NPs do. The results can
help users to consider the use of these two NPs as ingredients in daily life products.
Since the NPs used in this thesis are low dispersing NPs, many researchers have tried
to develop more suspended TiO,-NPs and MWCNTSs in media solution. In the future,
the effect of the same type of NPs with different properties is worthy of further

investigation.
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