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CHAPTER |

INTRODUCTION

Nanoparticles are objects with all external dimensions in the nanoscale where
the lengths of the longest and the shortest axes of the nano-object do not differ
significantly dimension. Thus, they normally have high surface area to volume ratio.
Nanoparticles have different atom or molecular arrangement leads them to unique
properties [1]. Change of physical properties of nanoparticles cause them to possess
chemical and biological characteristics differently from bulk materials [2]. Some of
them are reactive or catalytic with other substance. Because of these special properties
which are superior than the bulk materials, nanoparticles are incorporated in wide
variety of industries, agricultural, medical and consumer products [3]. Most toxicities of
nanoparticles depend on their size because small particles can distribute into blood
stream and pass more easily through cell membrane of many tissues [4]. Metal
nanomaterials widely used in industrial sectors are nano-gold, nano-silver, nano-

copper, nano-tin, nano-aluminium, nano-nickel, nano-cobalts, etc [3].

Silver nanoparticles (AgNPs) are currently incorporated into many medical
products and textiles because of their antibacterial properties [5]. In addition,
nanoparticles in the form of silver-metal alloy, such as silver-copper nanoparticles

(AgCuNPs) and silver-tin nanoparticles (AgSnNPs) are also used in medical and industrial



products such as medical devices and textile because both copper and tin also have
antibacterial properties as silver [2, 6-8]. Metal alloy nanomaterials are incorporated in
various electronic industrial products and replaced lead in the electronic connecting
circuit [7]. AgNPs and AgCuNPs are usefully incorporated in the conductive ink, printed
conductors for printed RFID (radio frequency identification) applications [8].
Nanoparticles entered into the body from various routes such as skin contact,
inhalation and ingestion [9]. Toxicity of nanoparticles is depended on size, shape,
chemical and physical properties as well as particle aggregation [10]. It is know that
the most common adverse effect of silver is irreversible pigmentation of the skin or
argyria [11]. Toxicity of AgNPs has been conducted both in vivo and in vitro. An in vivo
study demonstrated that AgNPs affected motility rate of zebrafish embryo [12]. In vitro
studies have been performed in various types of cell lines. It was shown that AgNPs
caused toxicity differently depending on the size, surface coating, ion-release from the
nanoparticles as well as the tested cell types [13, 14]. Generation of intracellular
reactive oxygen species (ROS) is the predominant mechanism leading to nanoparticle-
induced toxicity [3], in addition to ROS-independent (cell cycle arrest) toxicity [14].
Toxicities of AgNPs on immune cells were assessed in vitro using different sizes and
coating materials of AgNPs in rat liver cells and macrophage cells [15-17] and cytokine
release from macrophage cells were measured [16]. It was found that toxic effect of
AgNPs was depend on size, surface and type of macrophage cells. Besides no effect

on induction of pro-inflammatory cytokine release from macrophage cells, AgNPs were



shown to inhibit IL-6 release which may explain the anti-inflammatory effect of AgNPs
[19]. Even though there are few studies regarding the toxicity of AgNPs in immune cells,
there is no report regarding toxicity of silver-metal alloy such as AgCuNPs and AgSnNPs.
To obtain more safety information, this study aimed to investigate effects of AgNPs,
AgCuNPs and AgSnNPs on THP-1 and THP-1 differentiated macrophage cells,
representing cells in the immune system.

Objectives

1. To investigate the toxicological effects of AgNPs, AgCuNPs and AgSnNPs on
THP-1 cells and THP-1 differentiated macrophage cells.
2. To investigate the effect of AgNPs, AgCuNPs and AgSnNPs on intracellular ROS
generation and cytokine release in THP-1 cells and THP-1 differentiated
macrophage cells.
Hypothesis

AgNPs, AgCuNPs and AgSnNPs are cytotoxic to THP-1 and THP-1 differentiated
macrophage cells. All three nanoparticles cause intracellular ROS generation and
cytokine release from THP-1 cells and THP-1 differentiated macrophage cells.
Expected benefits

The information regarding toxic effects of AgNPs, AgCuNPs and AgSnNPs on
THP-1 cells and THP-1 differentiated macrophage cells which are the cells in the

immune system.



CHAPTER Il

LITERATURE REVIEWS

1. Nanoparticles (NPs)

Nanoparticles are objects with all external dimensions in the nanoscale where the
lengths of the longest and the shortest axes of the nano-object do not differ
significantly dimension [1]. NPs have been used for several decades in various product
categories, including agriculture, medicine, clothing & textile, cosmetics and food. In
medical aspect, NPs are applied in biomedical devices for various purposes including
treatment, diagnosis, drug delivery, medical device coating and personal health care
[2].

Nanotechnology products can be classified into several categories, such as metals,
metal oxides, carbon, silica and semiconductor nanomaterials. Metal nanoparticles
such as nano-gold, nano-silver, nano-copper, nano-aluminum, nano-cobalt, and others
have been studies for their toxicities. Metal nanoparticles are important industrial
materials and widely used in cosmetics, pharmaceutics, etc. In this study, AgNPs and

Ag-metal alloy such as AgCuNPs and AgSnNPs were investigated for their toxicity.

2. Toxicity of Nanoparticles

Toxicity of NPs has been studied in different systems both in vitro using cell lines

and in vivo of different organisms such as human cell lines, rodent and zebrafish [18-



26]. Different NPs demonstrated different toxic potency, for exam, nano-CuO was
shown to be most potent cytotoxic and cause DNA damage compared with metal-

oxide and carbon nanotube [27]. Mechanisms of toxicity of NPs have been investigated.

An important mechanism of nanotoxicity is ROS generation resulting in the
formation of oxidative stress inside the cells [18]. Generation of ROS also plays an
important role in genotoxicity, thus, leading to mutagenesis, carcinogenesis and aging-
related diseases. Because of their small size, high surface area and high surface
reactivity, thus NPs may cause more production of high level of ROS and more

cytotoxicity and genotoxicity than the bulk-size counterparts.

It has been reported that ROS formation from NPs is dependent on the physical
and chemical properties of the NPs and the testing systems (cell type). Thus factors

that influence the toxicity of NPs are the following:

1. Size and shape of NPs

The smaller particles, the greater tendency to enter the target tissues.

2. Particle surface, charges and surface containing groups

NPs with higher surface positive charges demonstrated greater cytotoxicity and

ROS formation [26].

3. Solubility and particle dissolution

Intracellular solubility of NPs is a determinant affecting NPs induced cytotoxicity [28].

4. Metal ion released fromm metal NPs



For example, Ag” ion is the reactive species leading to AgNPs toxicity.
5. Light activation

Activation by light irradiation, some NPs are excited and reacted with oxygen to

generate ROS and cytotoxicity.

6. Aggregation and mode of interaction with cells
Degree of aggregation affects the level of ROS and cytotoxicity.

7. Inflammation leading to ROS generation
Inflammation effect of NPs can generate ROS resulting in cell apoptosis and cell death
[16].

8. pH of the system
Lower pH might facilitate Fenton reactions to generate hydroxyl radicals, resulting
ROS formation.

3. Nanoparticles and immune system

NPs are engineered for drug delivery to either avoid recognition, improving drug
stability, or to selectively interact with the immune system. Immunosuppression or
immunostimulation of the NPs to the immune system can be either beneficial or
undesirable. Immunosuppression of the NPs is desirable in term of the purpose for
treatment of inflammatory disorder/autoimmune diseases but undesirable for the
adverse effects of myelosuppression and lower body’s response to infection and

cancers. Immunostimulation of NPs is desirable in term of the vaccine efficacy and



antitumor effects but undesirable for the adverse events such as hypersensitivity

reactions and inflammation [29].

The example of immunosuppression of NPs is demonstrated that inhalation of
carbon nanotubes inhibit B cell formation and the production of TGF-B by alveolar
macrophage in mice [30]. The example of immunostimulation of NPs is demonstrated
by the finding that single-wall and multiwall carbon nanotubes increase allergenicity

of egg albumin following administration to mice [31].

4. Silver nanoparticles (AgNPs)
4.1 Applications of AgNPs

AgNPs are among the most commercialized nanoparticles. They have gained
considerable attention in the area of nanotechnology because of their attractive
properties, particularly their ability to protect against a wide range of bacteria, virus,
fungi as well as anti-inflammatory activity [32, 34-41]. AgNPs are incorporated in a large
number of consumer and medical products. Many biomedical applications of AgNPs in

human health care are shown in Figure 1.
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Figure 1 Biomedical applications of silver nanoparticles in human health care [2]

4.2 Synthesis of AgNPs [2]

AgNPs are synthesized by different methods to yield the nanoparticles with
variable sizes, shapes, morphology and stability. The methods can be classified as
physical, chemical and biological systhesis. Physical synthesis comprises
evaporation/condensation and laser ablation techniques. Chemical synthesis by
chemical reduction is the most common method used for AgNPs synthesis. This
method requires silver salt (mostly AgNOs), reductants and stabilizer or capping agents.
The reductants are borohydride, citrate, ascorbate or hydrogen gas. Stabilizers
including surfactants and ligands or polymers (such as polyvinylpyrrolidone,

polyethylene glycol, etc) are used to prevent particle aggregation (Figure 2).



Figure 2 Chemical synthesis of AgNPs [2]

Biological or green synthesis uses eco-friendly reducing and capping agents such as
protein, carbohydrate, various biological systems such as bacteria, fungi, yeast, algae
and plants. Biological synthesis include enzymatic (using NADP reductase) and non

enzymatic reaction using microorganisms or plants (Figure 3).

Non-enzymatical \
induction |

X4

Nanosilver
particle

Figure 3 Biological (or green) synthesis of AgNPs [2]

4.3 Pharmacological effects of AgNPs

AgNPs possess beneficial pharmacological effects including
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1. Antibacterial effects

AgNPs posses antibacterial effects on many gram-negative and gram-positive
bacteria [34]. Its efficacy depends on size, concentration, and shape of the particles. It
is proposed that AgNPs anchor to and penetrate bacterial cell wall, cause structure
change of cell membrane (via free radical formation and subsequently free radical-
induced membrane damage), increase cell permeability leading to cell death [34].

2. Antifungal effects

AgNPs possess antifungal effects against 44 strains of 6 fungal species [35]. It is
proposed that AgNPs disrupt cellular membrane and inhibit fungal normal budding
process [36, 37].

3. Antiviral effects

AgNPs possess antiviral effects against HIV-1 [38], hepatitis B virus [39], herpes
simplex virus [40], etc. Inhibition of the initial stage of HIV-1 cycle and inhibition of CD4-
dependent binding, fusion and infectivity are the propose mechanism of AgNPs against
HIV-1 [41].

4. Anti- inflammatory effect

AgNPs alter the expression of pro-inflammatory cytokines such as  TNF-a was
decrease after treated with silver nanocrystalline [42], inhibited production of IL-4, IL-

10 in mouse [43] explaining the anti-inflammatory effect of the nanoparticles.
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4.4 Toxicity of AgNPs

In vitro study

Toxicity of AgNPs have been investigated in various cell types. AgNPs affected
human mesenchymal stem cells by decrease cell viability after incubated with 0.1
pe/mL of albumin-capped AgNPs [44]. In normal human lung fibroblast cells, or human
glioblastoma cells, AeNPs showed genotoxicity at 50 pg/mL and above [45], while
AgNPs capped with albumin demonstrated genotoxic effect at around 2 pg/mL in
mouse peritoneal macrophage cell line [16]. AgNPs capped with polysaccharides
showed toxic effect at 50 pyg/mL in mouse embryonic stem cells and fibroblasts [46].
In addition, AgNPs were studied in epithelial cells such as Human Chang Liver (HelLa)
and A549 cells showing that after treatment with AgNPs the morphology and cell
growth were changed [47, 48]. Lung epithelial cells treated with AgNPs showed
reduction of cell viability and leakage of lactate dehydrogenase (LDH), alteration of
cell cycle distribution, upregulation of apoptotic gene expression and down regulation
of anti-apoptotic genes [48]. AgNPs induced ROS formation in normal human lung
bronchial epithelial cell line (BEAS-2B) [49]. Moreover, AgNPs showed toxic effect on
endothelial cells. In this regard, Kalishwaralal et al [50] found that AgNPs caused
inhibition of cell survival, VEGF-induced cell viability, cell proliferation, and migration
through the activity of caspase-3 and suppression of Akt phosphorylation [50, 51].

AgNPs showed neurotoxic effect in dopaminergic neuronal cell line, PC12 by interfering
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enzymatic function resulting in dopamine depletion [52]. Besides, AgNPs significantly
induce cytotoxicity through activation of caspase-3, oxidative stress, depletion of anti-
oxidant molecules and reduced intracellular calcium levels on cerebellum granule

cells (CGCs) [53].

In vivo study

AgNPs had no effect on zebrafish embryo at low concentration (25 pg/mL) but
showed genotoxic effect when increased the concentration [12]. AgNPs caused
abnormal sperm heads after injection to in mice [54]. Moreover, AgNPs showed
pulmonary toxicity by increasing pro-inflammatory cytokines and ROS generation in
lung [55-57]. In addition, there have been interested reports on oral exposure that
AgNPs or Ag ion were translocated from the gut into the blood, systemically inducing
liver damage [57].

4.4.1 Toxicity of AgNPs in immune cells

AgNPs showed significant toxic effects on the immune cells. For example, murine
peritoneal macrophages exhibited decreased cell viability and nitric oxide (NO)
production after treatment with AgNPs [59]. In addition, U937 cells which are the
monocytic cell lines showed reduction of cell viability, increased ROS generaion and

greater IL-8 production depending on size of AgNPs [60]
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4.4.2 Mechanism of AgNP toxicity

The major toxic mechanism of AgNPs is induction of intracellular ROS. The
overproduction of intracellular ROS can lead to oxidative stress, resulting in cellular
dysfunction [61, 62]. ROS may also induce lipid peroxidation [63-65], DNA-strand break,
modification of nucleic acids [66], modulation of gene expression through activation of
redox-sensitive transcription factors [58, 59], and modulation of inflammatory
responses through signal transcription [67], leading to cell death and genotoxic effects
[65]. Intracellular ROS is associated with biological mechanisms involving mutagenesis,
carcinogenesis and other ageing-diseases in human [3]. On the other hand, ROS-
independent partway is also involved in AgNPs toxicity. Chairuangkitti et al.[14]
reported that AgNPs caused cell cycle arrest in A549 cells. AgNPs increased the
proportion of cells in the sub G-1 phase, caused S phase arrest and down regulation
of the cell cycle associated with the proliferating cell nuclear antigen (PCNA) protein
[14]. Moreover, AgNPs can induce pro-inflammatory cytokine release, such as IL-1, IL-6
and TNF-a as well as IL-1B by activate caspase-1, resulting in inflammation and

cytotoxicity [73].



14

5. Silver copper nanoparticles (AgCuNPs)
5.1 Applications of AgCuNPs

Because copper is cheaper than silver or gold, but has very high conductivity,

AgCuNPs are interested as a replacement metal used in inkjet printing industry [74].

5.2 Toxicity of AgCuNPs

Copper nanoparticles are very toxic to biological system, CuNPs can induce
kidney, liver, spleen and renal toxicity [75]. However, no information regarding toxicity

of AgCuNPs available so far.

6. Silver tin nanoparticles (AgSnNPs)

6.1 Applications of AgSnNPs

SnNPs have been used as an electrical interconnect material in the electronic

packaging instead of lead in the solder because the vapour of lead are very toxic [7].

6.2 Toxicity of AgSnNPs

SnNPs showed no effect on dapthnia magma [78] but report on AgSnNPs
toxicity is limited.

7. Cytokines

Cytokines are small proteins (~5-20 kDa) that are important in cell signaling.
They are released by cells and affect behavior of other cells. They are produced by a

broad range of cells, including immune cells like monocytes, macrophages, B
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lymphocytes, T lymphocytes and mast cells, as well as endothelial cells, fibroblasts,

and various stromal cells [80].

7.1 Proinflammatory cytokines, Anti-inflammatory cytokines and chemokines

Cytokine have an important role in pathogenesis of the diseases and immunity
response to infection. The induction of proinflammatory and anti-inflamsnmatory
cytokines is important to determine whether the immune system is successful in

providing protection against specific pathogenic organism.

Pro-inflammatory cytokines are cytokines that are important in cell signaling
and promoting systemic inflammation. They are produced predominantly by activated
macrophages and are involved in the upregulation of inflammatory reactions. The

examples of pro-inflammatory cytokines are TNF-q, IL-1a and IL-1B (Table 1).

Anti-inflammatory cytokine are series of immunoregulatory molecules that
control the proinflammatory cytokine response. Cytokines act in concert with specific
cytokine inhibitors and soluble cytokine receptors to regulate the human immune

response. The examples of anti-inflammatory cytokines are TGF-g and IL-10.

Chemokines are a family of small cytokines, or signaling proteins secreted by
cells. Their names are derived from their ability to induce directed chemotaxis in
nearby responsive cells; they are chemotactic cytokines. The examples of chemokines

are IL-8 (Table 1), MCP-1 and MCP-2 [80]



Table 1 TNF-q, IL-1p and IL-8 source and activity [80]

Cytokine. MW. Synonyms

Sources

Activity

Tumor necrosis factor
alpha

(TNF-av).

52 kDa. Cachectin, TNF
lisand superfamily
member 2 (TNFSF2).

Monocytes, macrophages, and
other cell types, including
activated T cells, NK cells,

neutrophils, and fibroblasts.

Strong mediator of
inflammatory and
immune functions.
Regulates growth and
differentiation of a
wide variety of cell
types. Cytotoxic for
many types of
transformed and
some normal cells.
Promotes
angiogenesis, bone
resorption, and
thrombotic processs.
Suppresses lipogenic

metabolism.

Interleukin 1 (IL-1).

IL-1a 17.5 kDa, IL-1B 17.3
kDa. Lymphocyte-
activating factor (LAF);
mononuclear cell factor
(MCF); endogenous
pyrogen (EP).

Many cell types, including
monocytes, macrophages,
dendritic cells, NK cells, and
non-immune system cells
such as epithelial and
endothelial cells, fibroblasts,
adipocytes, astrocytes, and

some smooth muscle cells.

Displays a wide
variety of biological
activities on many
different cell types,
including T cells, B
cells, monocytes,
eosinophils and
dendritic cells, as
well as fibroblasts,
liver cells, vascular
endothelial cells, and
some cells of the
nervous system. The
in vivo effects of IL-1

include induction of

16



local inflammation
and systemic effects
such as fever, the
acute phase
response, and
stimulation of
neutrophil

production.

Interleukin 8 (IL-8).

6-8 kDa. Neutrophil
attractant/activating
protein (NAP-1);
neutrophil-activating
factor (NAF); granulocyte
chemotactic protein
1(GCP-1); CXCL8

chemokine.

Many cell types, including
monocytes, macrophages,
lymphocytes, granulocytes,
and nonimmune system cells
such as fibroblasts,
endothelial and epithelial

cells, and hepatocytes.

Chemokine that
functions primary as a
chemoattractant and
activator of
neutrophils; also
attracts basophils and
some subpopulations
of lymphocytes; has

angiogenic activity.

17
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CHAPTER Il

MATERIALS AND METHODS

3.1 Materials
3.1.1 Nanoparticles

In this study, AgNPs (Cat. No. : 576832, Formular: Ag) coated with
polyvinylpyrrolidone (PVP) have an average size of < 100 nm, containing 99.5% metals
basis. AGCuNPs (Cat. No. : 576824, Formular: CuAg,s) have an average size of < 100 nm,
containing 90-100% silver and 1-2.5% copper. AgSnNPs (Cat. No. : 677434, Formular:
AgSn,s) have an average size of < 150 nm, containing 1-10% silver and 90-100% tin. All

nanoparticles and AgNO; (powder) were purchased from Sigma-Aldrich (MO, USA).

3.1.2 Cells line and Chemicals

Human acute monocytic leukemia (THP-1, TIB-202™) cells were obtained from
American Type Culture Collection (Virginia, USA). Roswell Park Memorial Institute-1640
(RPMI 1640) medium, fetal bovine serum (FBS), glutamine and were from Gibco (NY,
USA). Dimethyl sulfoxide, 0.25% trypsin-EDTA solution, 2’, 7’-dichlorofluorescein
diacetate, phorbol 12-myristate 13-acetate (PMA), hydrogen peroxide solution (H,0,),

and HBSS buffer were from Sigma-Aldrich (MO, USA). Tetrazolium compound [3-(4, 5-
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dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfonyl)-2H tetrazolium (MTS)

was purchased from Promega (WI, USA). Ethanol was obtained from Merck (Darmstadt,

Germany). All other chemicals were of the highest grade available.

3.1.3 Instruments

10.

11.

12.

Theese following instruments were used in this study

10 mm pertri dish, 6-well plate, 96-well plate, and black 96-well plate
(Corning Costar, NY, USA)

Cell culture flask 25 and 75 cm? (Corning Costar, NY, USA)

Centrifuge tube 15, 50 ml (Corning Costar, NY, USA)

Compact inverted microscope (CKX41, Olympus, Tokyo, Japan)

High speed refrigerated micro centrifuge: MX-305 (Tomy, Fremont, CA, USA)
Centrifuge Bechman Allegra® X-15R (Beckman Coulter, CA, USA)

Electron microscopy grids size 100 mesh x 250 pm pitch, copper
(Sigma-Aldrich, St. Louis, MO, Germany)

Elmasonic S30H sonicator (Elma, SG, Germany)

Flow cytometer (FACSAria™Il): BD Biosciences, San Jose, CA, USA
Microcentrifuge tube size 1.5-2.0 milliliter (Eppendorf, Hamburg, Germany)
Micro pipette size 20, 200 and 1,000 microliter (Eppendorf, Hamburg, Germany)
Multi-mode microplate reader: SpectraMax M5, Molecular Devices

(Sunnyvale, CA, USA)



13. Pipette tips size 0.1-10 microliter and 100-1,000 microliter
(Eppendorf, Hamburg, Germany)

14. Spectra/Por® 6 dialysis membrane (Merck, Darmstadt, Germany)

15. Thermomixer (TEM; JEM-2010, Jeol, MA, USA)

16. Zetasizer Nano ZS (Mavern Instrument Ltd, Malvern, UK)

20
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3.2 Methods

The experimental design of this study is demonstrated in Figure 4.

Experimental design

THP-1 THP-1
cells
Characterization cells
- TEM
« DLS Differentiated
. ICP-OES 3 by PMA
yy
Expression
Treated with of CD11b
-+ AgHPs Macrophage Cell
< «  AgCuNPs ¢ cells > morphology
. AgSNNPs and
attachment
\ 4 A

1. Cell viability 2. Effects of NPs to induce 3. Cytokine release

ROS generation

- MTS assay - DCHF-DA assay - TNF-a  (ELISA)
-IL-18 (ELISA)
-1L.- 8 (ELISA)

Figure 4 The experimental design of the study of toxicity of AgNPs, AgCuNPs and

AgSnNPs in THP-1 cell lines and THP-1 differentiated macrophage cells.
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3.2.1 Characterization of AgNPs, AgCuNPs and AgSnNPs (Modified from

McNeil, 2011 [91]; Chairuangkitti et al., 2013 [14])

According to the product information, AgNPs and AgCuNPs have particle size of
less than 100 nm, while AgSnNPs have particle size of less than 150 nm. To confirm
and further clarify the morphology of those nanoparticles, AgNPs, AgCuNPs and
AgSnNPs were dispersed in ethanol at 2 mg/mL, dropped on copper grids and allowed
the solvent to be evaporated at room temperature for 24 h. Then the morphology of
the nanoparticles wasa measured by a TEM. The primary sizes of nanoparticles were
calculated from the average of 100 particles scanned from left to right in 10 fields of

view.

3.2.2 Stability of AgNPs, AgCuNPs and AgSnNPs (Modified from McNeil, 2011 [91];
Chairuangkitti et al., 2013 [14])

To determine the stability of AgNPs, AgCuNP and AgSnNPs, the nanoparticle

were dispersed at the concentration of 2 mg/ml in deionized water using various

sonication times (0, 1, 2, 5, and 10 min), standed at room temperature for 0, 6 or 24 h.

The zeta potential and dynamic light scattering (DLS) were measured using Zetasizer.
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3.2.3 lon release from AgNPs, AgCuNPs and AgSnNPs in deionized water (Modified
from Kittler et al., 2010 [92])

To determine the ions released from AgNPs, AgCuNP and AgSnNPs, 10 mL of 2
mg/mL of each nanoparticle in deionized water was put into the dialysis bag with pore
size of 1 kilo Dalton (kD) and the bag was left in the beaker containing 990 mL of
deionized water for 24 h. The solution outside the dialysis bag was brought to
measured for Ag*, Cu®* and Sn** ion by an inductively coupled plasma optical emission

spectrometer (ICP-OES) (Figure 5).

24 H
Ve L V=
’ Dialysis iy
y membrane - )
. .
| | ° | - - -
. o -
- . - .
O | S
10 mL Solvent Less Pyttt | - A
. *| ‘@e . S
- e ".o le © @ N
0 .. 4 . e . 2+
"'.':'.‘*' | Concentrated e \. '.{ S c
e ,"/ e /! 2
) A solution AR |\ MOk Sn**
U . ® W s 0
[ -

990 mL

Figure 5 Metal ions released from AgNPs, AcCuNPs and AgSnNPs

into deionized water
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3.2.4 Cytotoxicity of AgNPs, AgCuNPs and AgSnNPs on THP-1 cells

Cytotoxicity of the nanoparticles was assessed using MTS assay,
a mitochondrial-based cell viability assay according to the method of O’Toole et al
(2003) [93]. THP-1 cells (5x10* cells/well) were seeded in 96-well plates. After 24 h,
the cell were incubated with AgNPs, AgCuNPs or AgSnNPs at various concentrations (5,
10, 25, 50 and 100 pg/mL) for 24 h. At the end of the treatment period, 10 L of MTS
solution was added to the cells and further incubated for 3 h. The absorbance was
measured at 490 nm using a multifunctional microplate reader (SpectraMax M5) with
respective to the corresponding background of each nanoparticle. The percent cell
viability was calculated from the ratio of the absorbance obtained from each treatment
with respect to the corresponding control without nanoparticles treatment. Each

experiment was performed independently in triplicate.

3.2.5 Intracellular ROS generation by AgNPs, AgCuNPs and AgSnNPs in  THP-1

cells

Intracellular ROS were measured by DCF assay according to the method of
Aranda et al (2013) [94]. THP-1 cells (5x10* cells/well) were seeded in black 96-well
plates. Cells were incubated with 50 uM DCFH-DA in HBSS buffer for 40 mins, washed
twice with PBS followed by incubation with AgNPs, AgCuNPs and AgSnNPs at various
concentrations (5, 10, 25, 50 and 100 ug/mL) for 3 h. H,O, at the concentration of 500

UM in sterile HBSS buffer was used as a positive control [97]. The fluorescent
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compound in form DCF was detected using a SpectraMax M5 microplate fluorometer
at an excitation and emission wavelength of 485 and 528 nm, respectively.
Fluorescence intensity of the treatment groups was compared to those of the control.

Each experiment was performed independently in triplicate.

3.2.6 Induction of THP-1 cells to macrophage cells using phorbol 12-myristate
13-acetate (PMA)

THP-1 cells were differentiated into macrophages using the method of
Daigneault et al (2010) [95], with some modifications. The cells were treated with PMA
at various concentrations (10, 25, 50, 100 and 200 ng/mL) for 72 h. The specific protein
surface marker of macrophage, CD11b expression was detected by flow cytometry and
morphology of the cells was determined by microscopy. The THP-1 differentiated
macrophage cells were trypsinized and resuspended with completed RPMI media, then
centrifuged at 300 g for 5 min, washed twice with cold PBS, followed by Fc block and
incubated at room temperature for 15 min, then washed twice with cold PBS. The
cells were resuspended with cold PBS and stained with CD11b antibody conjugated
with FITC (Cat.No.4225554, BD Pharmingen®) for 30 minutes at room temperature. Cold
PBS of 1 ml was added to the cells, then centrifuged for 5 min and resuspended with
500 pl of cold PBS. Expression of CD-11b was measured using flow cytometry. Fold
increase or change of fluorescence intensity are calculated from the following

equation:



26

Fold increase or change of = Av. PMA-CD11b - Av.PMA-IgG1

fluorescence intensity Av.THP-1-CD11b - Av.THP-1-IgG1

3.2.7 Cytotoxicity of AgNPs, AGCuNPs and AgSnNPs on THP-1 differentiated
macrophage cells

To determine cytotoxicity of AgNPs, AgCuNPs and AgSnNPs in THP-1
differentiated macrophage cells, the macrophage cells (5x10° cells/well) were
incubated with AgNPs, AgCuNPs and AgSnNPs at various concentrations (5, 10, 25, 50

and 100 pg/mL) for 24 h and the experiments were performed as described in 3.2.4.

3.2.8 Intracellular ROS generation by AgNPs, AgCuNPs and AgSnNPs in THP-1
differentiated macrophage cells

Intracellular ROS levels were measured by the DCF assay. THP-1 differentiated
macrophage cells (5x10* cells/well) were seeded in black 96-well plates and the

experiments were performed as described in 3.2.5.
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3.2.9 Detection of TNF-a, IL-1p and IL-8 cytokine release in THP-1 cells and

THP-1 differentiated macrophage cells after treatment with AgNPs,

AgCuNPs and AgSnNPs (Modified from the method of Lee et al.,, 1993 [96])

Cytokine release were detected by collecting supernatant of THP-1 cells or
THP-1 differentiated macrophage cell after treatment with various concentrations (10,
50 and 100 pg/mL) of AgNPs, AgCuNPs and AgSnNPs for 24 h. To eliminate trace amount
of nanoparticles, the supernatants were centrifuged at 1300 rpm, 25°c, for 5 min. Each
cytokine in the supernatant was detected by using enzyme-linked immunosorbent
assay (ELISA) kits. The Lipopolysaccharide (LPS) 1 ng/mL [98] was used as positive

control.

3.2.10 Statistic analysis

All data were presented as mean + standard deviation (SD). Three independent
experiments were conducted to confirm the reproducibility of the experiments.
Difference among groups was determined by one way analysis of variance (ANOVA)
follow by Dunnett’s test for multiple comparisons using SPSS program version 22.0
(Network license purchased by Chulalongkorn university). The value of p<0.05 was

considered as statistically significant.
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CHAPTER IV

RESULTS

4.1 Characterization of AgNPs, AgCuNPs and AgSnNPs

The morphology and primary size of the nanoparticles were characterized by
TEM. The results demonstrated that all NPs were spherical and primary size (mean
+SEM) of AgNPs were 19.77+1.17 nm (Figure 6, Table A1), AgCuNPs were 50.72+3.72
nm (Figure 7, Table A2) and AgSnNPs were 82.58+3.85 nm (Figure 8, Table A3),

respectively.

Figure 6 TEM image of AgNPs



Figure 7 TEM image of AgCuNPs

Figure 8 TEM image of AgSnNPs

29
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4.2 Stability of AgNPs, AgCuNPs and AgSnNPs

The results from DLS showed that hydrodynamic size of AgNPs and AgCuNPs
were approximately 177 nm and 116 nm, respectively. While AgSnNPs was about 371

nm. (Table 2, Table Ad)

Sonication time selected from NPs 2 mg/ml dispersed in complete RPMI-1640
sonicated in various time (0, 1, 2, 5 and 10 min) observed at 0, 6 and 24 h at room

temperature.

AeNPs before sonication were not well dispersed, they agglomerated on the
solution surface. After sonicated for various times (1, 2, 5 and 10 min), the dispersion
of AgNPs was improved. The suspended nanoparticles were then observed at 0, 6 and
24 h thereafter. The results showed AgNPs at sonication time 5 min were the best
condition according to hydrodynamic size and their appearance after 24 h. For
AgCuNPs, the best condition is 1 min sonication. On the other hand, AgSnNPs showed

a good dispersion without sonication (Table2, Ad).
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Table 2. Hydrodynamic size and sonication times of AgNPs, AgCuNPs and AgSnNPs in

DI water

Title

AgNPs

AgCuNPs

AgSNNPs

Hydrodynamic size

(nm)

mean + SD (n=3)

176.67+7.81

115.73+2.45

370.93+1.46

Optimized
Sonication time

(min)
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Table 3. Nanoparticle suspension after sonication and standing at room temperature

for various times.

Time AgNPs AgCuNPs AgSnNPs
(h)
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4.3 Metal ions released from AgNPs, AgCuNPs and AgSnNPs into deionized water

Metal ions are among the factors affected biological responses and toxicity. In

this study, all nanoparticles were investigated their release of metal ions into DI water

over 24 h of dialysis. The results demonstrated very low amount of silver ion released

from AgNPs (<0.035% w/w) and AgCuNPs (0.285% w/w) (Table 4). Neither silver nor tin
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ions were detectable from AgSnNPs, whereas dissolution of AgNO; in DI water was
96.06% w/w. A moderate amount (9.05% w/w) of copper ion was found to be dissolved

from AgCuNPs (Table 4).

Table 4 lon release from AgNPs, AcCuNPs and AgSnNPs in deionized water

Dissolved Dissolved Dissolved
No. Particles Formula silver ion copper ion tin ion
(mg/L) % (mg/L) % (mg/L) %
1 AgNO 12.2 96.06 - - - -
’ AGNO,
(MW=169.87)
2 AgNPs Ag < 0.007 <0.035 ; - - -
3 AgCuNPs CuAgs 0.057 0.285 1.81 9.05 - -
4 AgSnNPs AgSN s N.D. N.D. - - N.D. N.D.
5 HZO H,0 N.D. N.D. N.D. N.D. N.D. N.D.

N.D.; not detectable
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4.4 Cytotoxicity of AgNPs, AgCuNPs and AgSnNPs on THP-1 cells

Effects of AgNPs, AgCuNPs and AgSnNPs on cell viability were assessed using
MTS assay. The results showed that all nanoparticles had no significant effects on

THP-1 cells, at all concentration used in this study (5, 10, 25, 50 and 100 pg/mL) (Figure

9; Table A5, A6, A7)
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o
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Figure 9 Cytotoxicity of AgNPs, AgCuNPs and AgSnNPs on THP-1 cells assessed by

MTS assay
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4.5 Intracellular ROS generation by AgNPs, AgCuNPs and AgSnNPs in THP-1 cells

Intracellular ROS was detected by DCF assay. The results showed that AgNPs

and AgSnNPs had no effected on THP-1 cells, except for AgCuNPs that generated

intracellular ROS in THP-1 cells at the high concentrations (50, 100 pg/mL). H,O,

solution which was used as positive control caused significant increase of intracellular

ROS as compared to the non-treated control (Figure 10; Table A8, A9, A10)
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Figure 10 Intracellular ROS generation by AgNPs, AgCuNPs and AgSnNPs in THP-1 cells

* P < 0.05 compared with the non-treated control (NT).
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4.6 Induction of THP-1 cells to macrophage cells using phorbol 12-myristate
13-acetate (PMA)

In this study PMA was used to differentiated THP-1 cells into THP-1
differentiated macrophage cells by varying the concentration of PMA (10, 25, 50, 100
and 200 ng/mL) for 72 h. The representation figures of cell morphology before and
after treatment with PMA at 10, 25, 50, 100 and 200 ng/mL were shown in Figure 11,

12, 13, 14, 15 and 16, respectively. The res,u/[tg/showed that at 100 ng/mL of PMA, the

cells demonstrated good mdrghgl;‘ggy éndlattac \ed onto the well plate more than

80% of total cell populatign;""if;d’/iic’

ting one of the macrophage characteristics

(Figure 15). (™

Figure 11 THP-1 cells before treatment with PMA
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Figure 13 THP-1 cells treated with PMA at 25 ng/mL for 72 h
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Figure 15 THP-1 cells treated with PMA at 100 ng/mL for 72 h
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Figure 16 THP-1 cells treated with PMA at 200 ng/mL for 72




40

4.7 Verification of macrophage cells from CD11b expression

To confirm the macrophage characteristics, expression of CD11b, a specific
surface marker of macrophage, was detected using flow cytometry. The results
showed an increase of CD11b after THP-1 cells were treated with PMA at 100 ng/mL

for 72 h (Figure 17).

No Samples | %
average
17-11-18-c-cd11b-1 o 1 7-11-16-PMA-100ng-ml-7:
1 Av. PMA 13.25 -
3% P1
CD11b Se
2 Av.PMA- 0.15
FITC-A FITC-A
lsG1
3 AV.THP-1- | 6.50 o A 11-16c-cd1b-2 o 17-11-16-PMA-100ng-mk-7:
CD11b 5815 1
O L=
4 Av.THP-1- | 0.75
wtowe? et it
I8G1 FITC-A
Fold increase
Intensity =2.28

Figure 17 The expression of CD11b after THP-1 cells were treated with PMA
at 100 ng/mL for 72 h

Fold increase or change of fluorescence intensity are calculated by
13.25 - 0.15 = 13.10

6.50-0.75 5.75
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4.8 Cytotoxicity of AgNPs, AgCuNPs and AgSnNPs on THP-1 differentiated

macrophage cells

The results showed that AgNPs (100 pg/mL) and AgCuNPs (25, 50 and 100
ug/mL) caused significant decrease of cell viability while AgSnNPs at all concentrations

used did not significantly affect cell viability (Figure 18; Table A11, A12, A13).
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Figure 18 Cytotoxicity of AgNPs, AcCuNPs and AgSnNPs in THP-1 differentiated

macrophage cells assessed by MTS assay. * P < 0.05 compared with the

non-treated control (NT).
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4.9 Intracellular ROS generation by AgNPs, AgCuNPs and AgSnNPs in THP-1

differentiated macrophage cells

Similar to the results in THP-1 cells, AgNPs and AgSnNPs did not cause
intracellular ROS generation in THP-1 differentiated macrophages while AgCuNPs
significantly increase intracellular ROS at the highest concentration used in this study

(100 pg/mL) (Figure 19; Table A14, A15, A16).
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Figure 19 Intracellular ROS generation by AgNPs, AgCuNPs and AgSnNPs in THP-1

differentiated macrophage cells. * P < 0.05 compared with the non-treated

control (NT).
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4.10 Detection of TNF-a, IL-18 and IL-8 cytokine release after treatment with
AgNPs, AgCuNPs and AgSnNPs in THP-1 cells and THP-1 differentiated
macrophage cells

4.10.1 TNF-a release

The results showed that all nanoparticles at all concentrations used in this
study (10, 50 and 100 pg/ml) caused significant decrease of TNF-a release from the
THP-1 cells. LPS which was used as a positive control caused significant increase of

TNF-a release from THP-1 cells (Figure 20).

TNF-a release from the macrophages was much less than that from THP-1 cells,
despite without treatment with nanoparticles (in the non-treated control). Thus, the
effects of nanoparticles on TNF-a release from macrophage cells were not seen, except
for the AgCuNPs at 50 and 100 pg/mL that demonstrated the significant decrease of

TNF-a release as compared to the non-treated control (Figure 21).
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Figure 20 The release of TNF-a from THP-1 cells following treatment with AgNPs,
AgCuNPs and AgSnNPs for 24 h. * P < 0.05 compared with the non-treated

control (NT).
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Figure 21 The release of TNF-a from THP-1 differentiated macrophage cells following
treatment the cells with AgNPs, AgCuNPs and AgSnNPs for 24 h. * P < 0.05

compared with the non-treated control (NT).
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4.10.2 IL-1B release

All nanoparticles used in this study seem not to affect the release of IL-1B from
both THP-1 (Figure 22) and THP-1 differentiated macrophages (Figure 23). The
exception was shown only for AgSnNPs at 10 and 50 pg/ml that demonstrated

significant decrease of IL-1p release from THP-1 cells (Figure 22).
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Figure 22 The release of IL-1B from THP-1 cells following treatment with AgNPs,
AgCuNPs and AgSnNPs for 24 h. * P < 0.05 compared with the non-treated

control (NT).
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Figure 23 The release of IL-1p from THP-1 differentiated macrophage cells following
treatment cells with AgNPs, AgCuNPs and AgSnNPs for 24 h. * P < 0.05

compared with the non-treated control (NT).
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4.10.3 IL-8 release

AgNPs did not affect IL-8 release from THP-1 cells while AgCuNPs and AgSnNPs
at 10 and 50 pg/ml caused significant increase of IL-8 release but not at the highest
concentration (100 pg/ml) (Figure 24). In THP-1 differentiated macrophage cells, all
nanoparticles at all concentrations used in this study caused significant increase of
IL-8 release (Figure 25). LPS which was used as a positive control caused significant

increase of IL-8 release in both THP-1 and macrophage cells (Figure 24, 25).

THP-1 %
2000 - 3646 6657

1500 - .a..;uh.
1000 - "]1-_{-.;51
Wl AgSntey
500 - iﬂ W
0 L_PA_,

NPs concentrations {usfm L'_i

IL-8 (pg/ml)

Figure 24 The release of IL-8 from THP-1 cells following treatment with AgNPs,
AgCuNPs and AgSnNPs for 24 h. * P < 0.05 compared with the non-treated

control (NT).



Macrophage

IL-8 [pgfml)

Q0 T T T T —

NT 10 20 100 LPS

NPs concentrations {pg/mL)

Figure 25 The release of IL-8 from THP-1 differentiated macrophage cells following

E nr

] agrrs
] AqCubFs
B AgsniPs
B LS

treatment the cells with AgNPs, AgCuNPs and AgSnNPs for 24 h.

* P < 0.05 compared with the non-treated control (NT).

49



50

CHAPTER V

DISCUSSION AND CONCLUSION

This study aim to assess the toxic effects of AgNPs, AgCuNPs and AgSnNPs on
THP-1 and THP-1 differentiated macrophage cells. THP-1 is the cell lines of human
monocytes, which are one of the innate immune cells in the circulation and are
normally differentiated to be tissue macrophages that play on important role in innate
immune response. Beside the phagocytic function, macrophages also play a role of
cytokine release and act as one of the antigen presenting cells leading to further induce
the adaptive immune response. Thus, toxic effects of these three nanoparticles
(particularly AgNPs which are used in many aspects of biomedical applications) on the

immune cells are needed to be assessed.

Regarding THP-1 cells, the results demonstrated that all nanoparticles did not
cause significant cytotoxic effect in THP-1 cells over the ranges of concentrations used
in this study. However, intracellular ROS generation was increased in a concentration-
dependent manner in AgCuNPs, but not for AgNPs or AgSnNPs. Elevation of ROS
induced by AgCuNPs within 3 h was likely overcome by cellular defense mechanisms,
as they did not cause cytotoxicity after 24 h of incubation [88]. The difference of

oxidative response among silver and silver-metal nanoparticles is supported by a
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previous study that copper oxide nanoparticles are highly associated with oxidative
stress and up regulation of some heat shock proteins in THP-1 cells [9]. Since AgCuNPs
used in this study contain only small amount of copper (1-2.5%), therefore the
induction of intracellular ROS did not leading to cell death. ROS generation has been
reported as a predominant mechanism of nanoparticle toxicity, and intracellular ROS
is normally used as a crucial indicator to assess various toxic effects from nanoparticles
[9, 14]. ROS independent pathway such as an interference of cell cycle is also involved
[14].

Regarding THP-1 differentiated macrophages, the results demonstrated that
AgNPs and AgCuNPs demonstrated cytotoxic effect at high concentrations. Significant
decrease of cell viability were shown at the concentrations of 100 pg/mL of AgNPs; 25,
50 and 100 pg/mL of AgCuNPs. In contrast, AgSnNPs did not cause any significant toxic
effect at all concentrations used. Significant increase of intracellular ROS generation
was shown only at the concentration of 100 pg/mL of AgCuNPs. Thus, following
treatment with AgNPs and AgCuNPs, the decrease of cell viability were not associated
to the induction of intracellular ROS by the nanoparticles. Again, ROS-independent
pathway may explain these results. Among these three nanoparticles, AgSnNPs did not
show any cytotoxic effect in the range of concentrations used in this study while
AgCuNPs were most toxic. This is because A¢SnNPs contain only 1-10% of Ag and 90-

100% of tin which is less toxic to cells [78] while A¢CuNPs contain 90-100% of Ag and



52

1-2.5% of Cu which is more toxic to cells [27] adding more toxic effect to cell as

compared to exposure to AgNPs.

This study also investigate the influence of AgNPs, AgCuNPs and AgSnNPs on
the release 3 cytokines, TNF-q, IL-18 and IL-8 from THP-1 cells and THP-1 differentiated
macrophages. The results demonstrated that in THP-1 cells, all 3 nanoparticles
significantly decreased the release of TNF-a but only AgSnNPs significantly decreased
the release of IL-1B (at 10 and 50 pg/ml) and both AgCuNPs and AgSnNPs significantly
increased IL-8 (at 10 and 50 pg/ml). Regarding macrophage cells, only AgCuNPs
decreased TNF-a release (at 50 and 100 pg/ml) and all three nanoparticles induced IL-
8 release from these cells. Even through the results are somewhat different among
type of cells as well as the type of metal nanoparticles, these nanoparticles tended
to impair the secretion of pro-inflammatory cytokines such as TNF-a and IL-1B but
increased the release of the chemokine, IL-8. Some previous studies have reported
the interaction of AgNPs with the immune cells or others. Effect of AgNPs on cytokine
release were varied among studies depending upon the different coating types and
cell tested. Castillo et al (2008) [58] demonstrated that tiopronin coated AgNPs
inhibited IL-6 release from RAW246.7 macrophages by TLR2, TLR2/6, TLR3 or TLR9
stimulation whereas Yen et al (2009) [89] found that AgNPs did not affect the release
of IL-1, IL-6 and TNF-a from murine macrophage cell lines. Parnsamut and Brimson

(2015) [87] investigated the effect of AgNPs on Jurkat and U937 cells, the results
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showed that AgNPs decreased TNF-a production by suppressed ERK signaling, that is
known to induce cell proliferation and cell survival. Shin et al (2007) [90] reported that
AgNPs inhibited the release of IL-5, INF-y and TNF-a from peripheral blood
mononuclear cells (PBMCs) while Greulich et al (2009) [101] found that AgNPs inhibited
the release of IL-6 and IL-11 but increase the release of IL-8 from human mesenchymal
stem cell (hMSCs). The findings that all three nanoparticles affected the release of
cytokines even though viability of the cells was not affected indicating that at the
range of particle concentrations used, these nanoparticles only affected the cell
functions without causing cell death in monocytes except at the high concentrations
of AgNPs and AgCuNPs in macrophages. The only IL-8 that seemed to be increased
following nanoparticles exposure could be because IL-8, which was a chemokine that
immune cells particularly macrophages firstly released immediately following foreign
compounds exposure to recruit other cells to the site of exposure before they caused
disruption to other cytokines. The influence of AgNPs to impair the release of
inflammatory cytokines from the immune cells was beneficial in term of safety form
the allergic reactions from exposure to the nanoparticles but was disadvantageous
from the impairment of body immune response to the microbial infections.

In this study, AgNPs, AgCuNPs and AgSnNPs were characterized for their size,
stability and the ion release from the nanoparticles. It was demonstrated that the size

of all three nanoparticles were less than 100 nm verifying that their sizes were in the
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definition range of nano-sized particles (at least one dimension should be less than
100 nm). Stability of the nanoparticles was verified by zeta potential and hydrodynamic
size. When they were suspended in the solution, after sonicated for various times, the
best condition of each nanoparticles were vary, as described in the result session. The
release of ions (Ag, Cu and Sn ions) demonstrated that very small amount of Ag ion
was released from AgNPs and AgCuNPs whereas no Ag ion release was detected from
AgSnNPs. Thus, the subsequent tested effects were contributed from the nanoparticles
themselves not from the Ag ion released from the nanoparticles. Ag ion release from
the AgNPs was shown to the responsible for the toxicity of AgNPs in some studies [102].
However, Cu ion was shown to be released from AgCuNPs. Thus, the more cytotoxic
of AgCuNPs than AgNPs and AgSnNPs may be contributed from the Cu ion beside the

influence from the nanoparticle itself.

The THP-1 differentiated macrophage cells used in this study were
differentiated from THP-1 cells using PMA according to the reports from many studies
[95]. This study found that PMA at 100 pg/ml and incubation time of 72 h were the
appropriate conditions for differentiation of THP-1 to macrophage cells, the conditions
which were consistent to the findings of others [3]. Morphology of the obtained
macrophages were checked under light microscope and the surface marker protein,
CD11b was determined using flow cytometry. CD11b was known to be the specific

surface marker protein of macrophage cells [103].
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In conclusion, AgNPs, AeCuNPs and AgSnNPs were investigated for their toxicity
and their influence on intracellular ROS generation and cytokine release in THP-1 and
THP-1 differentiated macrophage cells. All three nanoparticles were not cytotoxic to
THP-1 cells but AgNPs and AgCuNPs decreased cell viability of macrophage cells only
at high concentrations. Intracellular ROS generation was not the solely cause of cell
injury. Regarding the release of three cytokines (TNF-a, IL-18 and IL-8), all three
nanoparticles significantly impaired the release of TNF-a in THP-1 cells but caused
significant increase of IL-8 release in THP-1 differentiated macrophage cells. Cytotoxic
effects and the impact of the nanoparticles on immune functions should be concern
when they are incorporated into the human health products or contaminated into the

environment.



REFERENCES

56



56

REFERENCES

International organization for standardization. Nanotechnologies-terminology
and definitions for nano-object-nanoparticle, nanofiber and nanoplate. ISO/TR
80004-2:2015.10.

Ge L, Li Q, Wang M, Ouyang J, Li X., Xing MM, et al. Nanosilver particles in
medical applications: synthesis, performance, and toxicity. Int J Nanomedicine
2014,9:2399-2407.

Fu P, Xia Q, Hwang HM, Ray P and Yu H. Mechanisms of nanotoxicity: Generation
of reactive oxygen species. J Food Drug Anal 2014;22:64-75.

Lankveld DK, Oomen AG, Krystek P, Neigh A, Jong AT, Noorlander CW, et al. The
kinetics of the tissue distribution of silver nanoparticles of different sizes.
Biomaterials 2010;31:8350-61.

Lima R, Seabra AB and Duran N. Silver nanoparticles: a brief review of
cytotoxicity and genotoxicity of chemically and biogenically synthesized
nanoparticles. J Appl Toxicol 2012;32:867-79.

Gamerith S, Klug A, Scheiber H, Scherf U, Moderegger E and List EJW. Direct ink-
jet printing of Ag-Cu nanoparticle and Ag-precursor based electrodes for OFET

applications. Adv Funct Mater 2007;17:3111-8.



7.

8.

10.

11.

12.

57

Jiang H, Moon KS, Hua F and Wong CP. Synthesis and thermal and wetting
properties of Tin/Silver alloy nanoparticles for low melting point Lead-free

solders. Chem Mater 2007;19:4482-5.

Volkman SK, Pei Y, Redinger D, Yin S and Subramanian V. Ink-jetted
Silver/Copper conductors for printed RFID applications. Mat Res Soc Symp Proc

2004;814:17.8.1-6.

Oberdorster G, Maynard A, Donaldson K, Castranova V, Fitzpatrick J, Ausman K,
et al. Principles for characterizing the potential human health effects from
exposure to nanomaterials: elements of a screening strategy. Part Fibre Toxicol
2005;2:1-35.

Kim DH, Park JC, Jeon GE, Kim CS and Seo JH. Effect of the size and shape of
silver nanoparticles on bacterial growth and metabolism by monitoring optical
density and fluorescence intensity. Bioprocess Biosyst Eng. 2017;22(2):210-7.
Ray PC, Yu H, Fu P. Toxicity and environmental risks of
nanomaterials:challenges and future needs. J Environ Sci Health C Environ
Carcinog Ecotoxicol Rev 2009;27:1-35.

Asharani PV, Wu YL, Gong Z and Valiyaveettil S. Toxicity of silver nanoparticles

in zebrafish models. Nanotoxicology 2008;19:255102-10.



13.

14.

15.

16.

17.

18.

19.

58

Johnston H, Hutchison G, Christensen F, Peters S, Hankin S and Stone V. A
review of the in vivo and in vitro toxicity of silver and gold particulates: Particle
attributes and biological mechanisms responsible for the observed toxicity. J
Toxicol Environ Health B Crit Rev 2010;40:328-46.

Chairuangkitti P, Lawanprasert S, Roytrakul S, Aueviriyavit S, Phummiratch D,
Kulthong K, et al. Silver nanoparticles induce toxicity in A549 cells via ROS-
dependent and ROS-independent pathways. Toxicol In Vitro 2013;27:330-8.
Hussain SM, Hess KL, Gearhart JM, Geiss KT and Schlager. In votro toxicity of
nanoparticles in BRL 3A rat liver cells. Toxicol In Vitro 2005;19:975-83.

Park EJ, Kim Y, Choi K and Park K. Silver nanoparticles induce cytotoxicity by a
Trojan-horse type mechanism. Toxicology In Vitro 2010;24:872-78.

Singh S, Britto VD, Prabhune AA, Ramana OV, Dhawan A and Prasad BLV.
Cytotoxic and genotoxic assessment of glycolipid-reduce and —capped gold
and silver nanoparticles. New journal of Chemistry 2010,34:294-301.

Gonzalez L, Lison D, Kirsch-Volders M. Genotoxicity of engineered
nanomaterials: a critical review. Nanotoxicology 2008;2:252-73.

Carlson C, Hussain SM, Schrand AM, et al. Unique cellular interaction of silver

nanoparticles: size-dependent generation of reactive oxygen species. J Phys

Chem B 2008;112:13608-19.



20.

21.

22.

23.

24.

25.

59

Connor EE, Mwamuka J, Gole A, et al. Gold nanoparticles are taken up by

human cells but do not cause acute cytotoxicity. Small 2005;1:325-7.

Goodman CM, McCusker CD, Yilmaz T, et al. Toxicity of gold nanoparticles
functionalized with cationic and anionic side chains. Bioconjug Chem

2004;15:897-900.

Griffitt RJ, Luo J, Gao J, et al. Effects of particle composition and species on
toxicity of metallic nanomaterials in aquatic organisms. Environ Toxicol Chem

2008;27:1972-8.

He W, Zhou YT, Wamer WG, et al. Mechanisms of the pH dependent generation
of hydroxyl radicals and oxygen induced by Ag nanoparticles. Biomaterials
2012;33:7547-55.

Ozel RE, Alkasir RS, Ray K, et al. Comparative evaluation of intestinal nitric oxide

in embryonic zebrafish exposed to metal oxide nanoparticles. Small

2013;9:4250-61.

Wang S, Lu W, Tovmachenko O, et al. Challenge in understanding size and

shape dependent toxicity of gold nanomaterials in human skin keratinocytes.

Chem Phys Lett 2008;463:145-9.



26.

27.

28.

29.

30.

31.

60

Hoskins C, Cuschieri A, Wang L. The cytotoxicity of polycationic iron oxide
nanoparticles: common endpoint assays and alternative approaches for
improved understanding of cellular response mechanism. J Nanobiotechnol

2012;10:15.

Karlsson HL, Cronholm P, Gustafsson J and Moller L. Copper oxide
nanoparticles are highly toxic: a comparison between metal oxide

nanoparticles and carbon nanotubes. Chem Res Toxicol. 2008;21:1726-32.

Studer AM, Limbach LK, Duc LV, Krumeich F Athanassiou Ek, Gerber LC and et
al. Nanoparticle cytotoxicity depends on intracellular solubility: comparison of
stabilized copper metal and degradable copper oxide nanoparticles. Toxicology
Letters. 2010;197:169-74.

Valko M, Leibfritz D, Moncol J, et al. Free radicals and antioxidants in normal
physiological functions and human disease. Int J Biochem Cell Biol 2007;39:44-

84.

Mitchell LA, Lauer FT, Burchiel SW and McDonald JD. Mechanisms for how
inhaled multiwalled carbon nanotubes suppress systemic immune function in
mice. Nat Nanotechnol 2009;4:451-56.

Nygaard UC, Hansen JS, Samuelsen M, Alberg T, Marioara CD, LavikM. Single-
walled and multi-walled carbon nanotubes promote allergic immune

responses in mice. Toxicol Sci 2009;109:113-23.



32.

33.

34.

35.

36.

37.

38.

39.

61

El-Badawy A, Feldhake D, Venkatapathy R. State of the Science Literature
Review: Everything Nanosilver and More. Washington, DC: US Environmental
Protection Agency; 2010.

Zhong W, Xing MM, Maibach HI. Nanofibrous materials for wound care. Cutan
Ocul Toxicol. 2010;29:143-52.

Kim JS, Kuk E, Yu KN, Kim JH, Park SJ, Lee HJ, et al. Antimicrobial effects of
silver nanoparticles. Nanomedicine. 2007;3(1):95-101.

Kim KJ, Sung WS, Moon SK; Choi JS, Kim JG, Lee DG. Antifungal effect of silver
nanoparticles on dermatophytes. J Microbiol Biotechnol. 2008;18(8):1482-1484.
Nasrollahi A, Pourshamsian Kh, Mansourkiaee P. Antifungal activity of silver
nanoparticles on some of fungi. International Journal of Nano Dimension.
2011;1(3):233-239.

Kim KJ, Sung WS, Suh BK, et al. Antifungal activity and mode of action of silver
nano-particles on Candida albicans. Biometals. 2009;22(2):235-242.

Sun RW, Chen R, Chung NP, Ho CM, Lin CL, Che CM. Silver nanoparticles
fabricated in Hepes buffer exhibit cytoprotective activities toward HIV-1
infected cells. Chem Commun (Camb). 2005;(40): 5059-5061.

Lu L, Sun RW, Chen R, et al. Silver nanoparticles inhibit hepatitis B virus

replication. Antivir Ther. 2008;13(2):253-262.



40.

41.

4z.

43.

44,

a45.

46.

62

Baram-Pinto D, Shukla S, Perkas N, Gedanken A, Sarid R. Inhibition of herpes
simplex virus type 1 infection by silver nanoparticles capped with
mercaptoethane sulfonate. Bioconjug Chem. 2009;20(8):1497-1502.

Lara HH, Ayala -Nufiez NV, Ixtepan-Turrent L, Rodriguez-Padilla C. Mode of
antiviral action of silver nanoparticles against HIV-1. J Nanobiotechnology.
2010;8:1.

Nadworny PL, Wang J, Tredget EE, Burrell RE. Anti-inflammatory activity of
nanocrystalline silver in a porcine contact dermatitis model. Nanomedicine.
2008;4(3):241-251.

Shin SH, Ye MK. The effect of nano-silver on allergic rhinitis model in mice. Clin
Exp Otorhinolaryngol. 2012;5(4):222-227.

Hackenberg S, Scherzed A, Kessler M, Hummel S, Technau A, Froelich K| et al.
Silver nanoparticles: evaluation of DNA damage, toxicity and functional
impairment in human mesenchymal stem cells. Toxicol. Lett. 2011;201:27-33.

AshaRani PV, Low Kah Mun G, Hande MP and Valiyaveettil S. Cytotoxicity and
genotoxicity of silver nanoparticles in human cells. ACS Nano 2009;24:279-90.

Ahmed M, Karns M, Goodson M, Rowe J, Hussain SM, Schlager JJ, et al. DNA
damage response to different surface chemistry of silver nanoparticles in

mammalian cells. Toxicol Appl Pharmacol 2008;233:404-10.



a7.

48.

49.

50.

51.

52.

63

Piao M.J., Kang KA., Lee |.K,, Kim H.S., Choi J.Y, et al. Silver nanoparticles induce
oxidative cell damage in human liver cells through inhibition of reduced
glutathione and induction of mitochondria-involved apoptosis. Toxicol Lett.
2011; 92-100.

Lee Y.S, Kim D.W, Lee Y.H., Oh JH,, Yoon S, Choi M.S., et al. Silver nanoparticles
induce apoptosis and G2/M arrest via PKCC—dependent signaling in A549 lung
cells. Arch.Toxicol. 2011;85:1529-40.

Kim, H.R., Kim, M.J,, Lee, S.Y., Oh, S.M. and Chung, KH. Genotoxic effects of
silver nanoparticles stimulated by oxidative stress in human normal bronchial
epithelial (BEAS-2B) cells. Mutat. Res./Genet. Toxicol. Environ. 2011;726:129-35.
Kalishwaralal, K., Banumathi, E, Pandian, S.R.K.,, Deepak, V., Muniyandi, J.; Eom,
S.H., et al. Silver nanoparticles inhibit VEGF induced cell proliferation and
migration in bovine retinal endothelial cells. Colloid Surf. 2009;73:51-57.
Gurunathan, S., Lee, K.J., Kalishwaralal, K., Sheikpranbabu, S., Vaidyanathan, R.
snd Eom S.H. Antiangiogenic properties of silver nanoparticles.Biomaterials
2009;30:6341-50.

Wang J.Y., Rahman M.F., Duhart H.M., Newport G.D, Patterson T.A., Murdock R.C.,
et al. Expression changes of dopaminergic system-related genes in PC12 cells
induced by manganese, silver, or copper nanoparticles. Neurotoxicology

2009;30:926-33.



53.

54.

55.

56.

57.

58.

59.

64

Yin N.Y,, Liu Q., Liu J.Y., He B, Cui L., Li Z.N. et al. Silver nanoparticle exposure
attenuates the viability of rat cerebellum granule cells through apoptosis
coupled to oxidative stress. Small 2013; 9:1831-41.

Ordzhonikidze CG, Ramaiyya LK, Egorova EM and Rubanovich AV. Genotoxic
effects of silver nanoparticles on mice in vivo. Acta Naturae 2009;3: 99-101.
Sung JH, Ji JH, Park JD, Yoon JU, Kim DS, Jeon KS, et al. Subchronic inhalation
toxicity of silver nanoparticles. Toxicol. Sci 2009;108: 452-61.

Hyun JS, Lee BS, Ryu HY, Sung JH, Chung KH and Yu . Effects of repeated silver
nanoparticles exposure on the histological structure and mucins of nasal
respiratory mucosa in rats. Toxicol. Lett. 2008;182: 24-28.

Ji JH, Jung JH, Kim SS, Yoon JU, Park JD, Choi BS, et al. Twenty eight-day
inhalation toxicity study of silver nanoparticles in Sprague—-Dawley rats. Inhal.
Toxicol 2007; 19: 857-71.

Castillo P.M., Herrera J.L., Fernandez-Montesinos, R., Caro C., Zaderenko A.P.
Mejias, J.A, et al. Tiopronin monolayer-protected silver nanoparticles modulate
IL-6 secretion mediated by Toll-like receptor ligands. Nanomedicine
2008;3:627-35.

Shavandi Z., Ghazanfari T. and Moghaddam K.N. In vitro toxicity of silver
nanoparticles on murine peritoneal macrophages. Immunopharmacol.

Immunotoxicol. 2011;33: 135-40.



60.

61.

62.

63.

64.

65.

65

Park J., Lim D.H., Lim H.J,, Kwon T., Choi J.S., Jeong, S., et al. Size dependent
macrophage responses and toxicological effects of Ag nanoparticles. Chem.
Commun 2011;47:4382-84.

Prasad R.Y., Mcgee JK,, Killius M.G., Suarez D.A., Blackman C.F., DeMarini D.M.,,
et al. Investigating oxidative stress and inflammatory responses elicited by silver
nanoparticles using high-throughput reporter genes in HepG2 cells: Effect of
size, surface coating, and intracellular uptake. Toxicol. in Vitro 2013;27:2013-
21.

Glisa A.R. Skoglund S., Wallinder 1.O., Fadeel B. and Karlsson H.L. Size-
dependent cytotoxicity of silver nanoparticles in human lung cells: The role of
cellular uptake, agglomeration and Ag release. Part. Fibre Toxicol 2014;11:1.
Sahu S.C., Zheng J.W., Graham L., Chen L. lhrie, J. Yourick J.J., et al. Comparative
cytotoxicity of nanosilver in human liver HepG2 and colon Caco2 cells in
culture. J. Appl. Toxicol. 2014;34:1155-66.

Jiao ZH,, Li M., Feng Y.X,, Shi J.C., Zhang J., and Shao B. Hormesis effects of
silver nanoparticles at Non-Cytotoxic doses to human hepatoma cells. PLoS
ONE 2014; 9:2102564.

Suliman YA, Ali D., Alarifi S., Harrath AH., Mansour L. and Alwasel, S.H.

Evaluation of Cytotoxic, Oxidative Stress, Proinflammatory and Genotoxic Effect



66.

67.

68.

69.

66

of Silver Nanoparticles in Human Lung Epithelial Cells. Environ. Toxicol.
2015;30:149-60.

Jeong J.K,, Gurunathan S., Kang M.H., Han J.W.,, Das, J., Choi, Y.J., et al. Hypoxia-
mediated autophagic flux inhibits silver nanoparticle-triggered apoptosis in

human lung cancer cells. Sci. Rep. 2016;6:21688.

Nishanth R.P., Jyotsna R.G., Schlager J.J.,, Hussain S.M. and Reddanna, P.
Inflammatory responses of RAW 264.7 macrophages upon exposure to
nanoparticles: Role of ROS-NFkB signaling pathway. Nanotoxicology 2011;5:502-
16.

Frattini A., Pellegri N., Nicastro D. and Sanctis O.D. Effect of amine groups in the
synthesis of Ag nanoparticles using aminosilanes. Mater. Chem. Phys.
2005;94:148-52.

Deepak V., Umamaheshwaran P.S., Guhan K., Nanthini R.A., Krithiga B., Jaithoon
N.M.H., et al. Synthesis of gold and silver nanoparticles using purified URAK.

Colloid Surf. 2011;86:353-58.

70. Jena P., Mohanty S., Mallick R., Jacob B. and Sonawane A. Toxicity and

antibacterial assessment of chitosan-coated silver nanoparticles on human

pathogens and macrophage cells. Int. J. Nanomed. 2012;7:1805-18.



T1.

72.

73.

74.

75.

76.

7.

67

Suresh AK,, Pelletier D.A,, Wang W., Moon J.-W., Gu B., Mortensen N.P., et al.
Silver nanocrystallites: biofabrication using shewanella oneidensis, and an
evaluation of their comparative toxicity on gram-negative and gram-positive

bacteria. Environ. Sci. Technol. 2010;44:5210-15.

Kaur J. and Tikoo K. Evaluating cell specific cytotoxicity of differentially charged

silver nanoparticles. Food Chem. Toxicol. 2013;51:1-14.

Murphy A., Casey A., Byrne G., Chambers G., and Howe O. Silver nanoparticles
induce pro-inflammatory gene expression and inflammasome activation in

human monocytes. J. Appl. Toxicol. 2016;36: 1311-20.

Grouchko M., A. Kamyshny, and S. Magdassi, Formation of air-stable copper—
silver core—shell nanoparticles for inkjet printing. Journal of Materials Chemistry.
2009; 19(19):3057-62.

Privalova LI, Katsnelson BA, Loginova NV, Gurvich VB, Shur VY, Valamina IE and
et al. Subchronic toxicity of copper oxide nanoparticles and its attenuation with

the help of a combination of bioprotectors. Int J Mol Sci. 2014;15:12379-406.
Chen X. and Schluesener H, Nanosilver: a nanoproduct in medical application.
Toxicology letters. 2008;176(1):1-12.

Jiang H, Moon K, Hua F, and Wong C. P. Synthesis and thermal and wetting

properties of tin/silver alloy nanoparticles for low melting point lead-free

solders. Chemistry of Materials. 2007;19(18):4482-85.



78.

79.

80.

81.

82.

83.

84.

85.

68

Ziksari M, Shariati F and Ramezanpoor. Toxicity effect of nano-Tin on Daphnia
magma. Adv Environ Biol. 2014;577-81.

Kallaur AP, Oliveira SR, Colado Simao AN, Delicato de Almeida ER, Kaminami
Morimoto H, Lopes J, et al. Cytokine profile in relapsing-remitting multiple
sclerosis patients and the association between progression and activity of the
disease. Mol Med Rep 2013;7(3):1010-20.

Kindt J.T., Osborne B.A. and Goldsby RA. Kuby Immunology, 6™ ed. New
York:Freeman plublishing; 2013.

Bhattacharjee S. DLS and zeta potential-What they are and what they are not?
J Control Release. 2016;337-51.

Taurozzi J.S. and Hackley V.A. Preparation of Nanoparticle Dispersions from
Powder Material Using Ultrasonic Disruption. J Res Natl Inst Stand Tachnol.
2012; 6-15.

Balantrapu K and Goia DV. Silver nanoparticles for printable electronics and
biological applications. J Mater Res. 2009;24:2828-36.

Drake PL and Hazelwood KJ. Exposure-related health effects of silver and silver
compound: a review. Ann Occup Hyg 2005;49:575-85.

Wijnhoven SWP, Peijnenburg WJGM, Herberts CA, Hagen WI, Oomen AG,
Heugens EHW, et al. Nano-silver-a review of available data and knowledge gaps

in human and environmental risk assessment. Nanotoxicology 2009;3:109-38.



86.

87.

88.

89.

90.

91.

69

Johnston HJ, Hutchison G, Christensen FM, Peters S, Hankin S and Stone V. A
review of the in vivo and in vitro toxicity of silver and gold particulateds: particle
attributes and biological mechanisms responsible for the observed toxicity. Crit
Rev Toxicol 2010; 40:328-46.

Parnsamut C and Brimson S. Effects of silver nanoparticles and gold
nanoparticles on IL-2, IL-6, and TNF-Ol production via MAPK pathway in
leukemic cell lines. Genet Mol Res 2015; 14(2):3650-68.

Kasai S, Shiku H, Torisawa Y.S., Noda H, Yoshitake J, Shiraishi T, et al. Real-time
monitoring of reactive oxygen species production during differentiation of
human monocytic cell lines (THP-1). Analytica Chimica Acta 2005;549:14-19.
Yen, H. J,; Hsu, S. H. & Tsai, C. L. Cytotoxicity and immunological Response of
gold and Silver Nanoparticles of Different Sizes. Small 2009;15:1553-61.

Shin, S. H.; Ye, M. K; Kim, H. S. & Kang, H. S. The effects of nano-silver on the
proliferation and cytokine expression by peripheral blood mononuclear cells.
Int Immunopharmacol 2007;13:1813-18.

McNeil SE. Challenges for nanoparticles characterization. In:McNeil SE, editor.

Characterization of nanoparticles intended for drug delivery. 1* ed. NY: Humana

Press. 2011;9-16.



92.

93.

94.

95.

96.

97.

70

Kittler S, Greulich C, Diendorf J, Koller M and Epple M. Toxicity of silver
nanoparticles increase during storage because of slow dissolution under release

of silver ions. Chem. Mater. 2010;22:4548-54.

O’Toole S, Sheppard B, McGuinness E, Gleeson N, Yoneda M and Bonnar J. The
MTS assay as an indicator of chemosensitivity/resistance in malignant
gynaecological tumours. Cancer Detect Prev. 2003;27:47-54.

Aranda A, Sequedo L, Tolosa L, Quintas G, Burello E, Castello J and Gombau L.
Dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay: a quantitative method
for oxidative stress assessment of nanoparticle-treated cells. Toxicol In Vitro.
2013;27:954-63.

Daigneault M, Preston J, Marriott H, Whyte M and Dockrell D. The identification
of markers of macrophage differentiation in PMA-stimulated THP-1 cells and
monocyte-derived macrophage. PLoS One. 2010;5:e8668.

Lee S, Liu W, Dickson D, Brosnan C and Berman J. Cytokine production by
human fetal microglia and astrocytes. J Immunol. 1993;150:2659-67.

Droge W. Free radicals in the physical control of cell function. Physical Rev.

2001;82:47-95.



71

98.Song M and Phelps DS. Interaction of surfactant protein A with
Lipopolysaccharide and regulation of inflammatory cytokines in the THP-1

monocytic cell line. Infect Immun. 2000; 68:6611-17.

99. Zhang Y, Shi L, Mei H, Zhang J, Zhu Y, Han X, et al. Inflamed macrophage
mocrovesicles induce insulin resistance in human adipocytes. Nutr Metab.

2015;12:21.

100. Karlsson HL, Cronholm P, Gustafsson J and Moller L. Copper oxide
nanoparticles are highly toxic: a comparison between metal oxide nanoparticles

and Carbon nanotubes. Chem Res Toxicol.2008;21:1726-32.

101. Greulich C, Klittler S, Epple M, Muhr G and Koller M. Studies on the
biocompatibility and the interaction of silver nanoparticles with human

mesenchymal stem cells (hMSCs). Langenbecks Arch Surg. 2009;394:495-502.

102. Greulich C, Braun D, Peetsch A, Diendorf J, Siebers B, Epple M and Koller M.
The toxic effect of silver ions and silver nanoparticles towards bacteria and
human cells occurs in the same concentration range. RSC Advances.
2012;2:6981-7.

103. Socinski MA, Cannistra SA, Sullivan R, Elias A, Antman K, Schnipper L and et al.
Granulocyte-macrophage colony-stimulating factor induces the expression of

CD11b surface adhesion molecule on human granulocytes in vivo.

Blood.1988;72:691-7.



AWIANTAUAUIINY 1A Y
CHuLALoNGKORN UNIVERSITY

72



AWIAINTAUNNIINY 1A D
CHuLALONGKORN UNIVERSITY

73



AWIAINTAUNNIINY 1A D
CHuLALONGKORN UNIVERSITY

74



AWIAINTAUNNIINY 1A D
CHuLALONGKORN UNIVERSITY

75



AWIAINTAUNNIINY 1A D
CHuLALONGKORN UNIVERSITY

76



AWIAINTAUNNIINY 1A D
CHuLALONGKORN UNIVERSITY

T



78

VITA

Miss Patamaporn Monprasit was born on August 4, 1983 in Rayong. She received her

B.Sc in Pharm from the Faculty of Pharmacy, Huachiew Chalermprakiet University in 2006.



	THAI ABSTRACT
	ENGLISH ABSTRACT
	ACKNOWLEDGEMENTS
	CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF ABBREVIATIONS
	CHAPTER I
	INTRODUCTION
	CHAPTER II
	LITERATURE REVIEWS
	1. Nanoparticles (NPs)
	2. Toxicity of Nanoparticles
	3. Nanoparticles and immune system
	4. Silver nanoparticles (AgNPs)
	4.1 Applications of AgNPs
	4.3 Pharmacological effects of AgNPs
	4.4 Toxicity of AgNPs

	5. Silver copper nanoparticles (AgCuNPs)
	5.1 Applications of AgCuNPs
	5.2 Toxicity of AgCuNPs

	6. Silver tin nanoparticles (AgSnNPs)
	6.1 Applications of AgSnNPs
	6.2 Toxicity of AgSnNPs

	7. Cytokines
	7.1 Proinflammatory cytokines, Anti-inflammatory cytokines and chemokines


	CHAPTER III
	MATERIALS AND METHODS
	3.1 Materials
	3.1.1 Nanoparticles
	3.1.2 Cells line and Chemicals
	3.1.3 Instruments

	3.2 Methods
	3.2.4 Cytotoxicity of AgNPs, AgCuNPs and AgSnNPs on THP-1 cells
	3.2.5 Intracellular ROS generation by AgNPs, AgCuNPs and AgSnNPs in   THP-1 cells
	3.2.6 Induction of THP-1 cells to macrophage cells using phorbol 12-myristate 13-acetate (PMA)
	3.2.7 Cytotoxicity of AgNPs, AgCuNPs and AgSnNPs on THP-1 differentiated
	macrophage cells
	3.2.8 Intracellular ROS generation by AgNPs, AgCuNPs and AgSnNPs in THP-1
	differentiated macrophage cells
	3.2.9 Detection of TNF-α, IL-1β and IL-8 cytokine release in THP-1 cells and
	THP-1 differentiated macrophage cells after treatment with AgNPs,
	AgCuNPs and AgSnNPs (Modified from the method of Lee et al., 1993 [96])
	3.2.10 Statistic analysis


	CHAPTER IV
	RESULTS
	4.1 Characterization of AgNPs, AgCuNPs and AgSnNPs
	4.2 Stability of AgNPs, AgCuNPs and AgSnNPs
	4.3 Metal ions released from AgNPs, AgCuNPs and AgSnNPs into deionized water
	4.4 Cytotoxicity of AgNPs, AgCuNPs and AgSnNPs on THP-1 cells
	4.5 Intracellular ROS generation by AgNPs, AgCuNPs and AgSnNPs in THP-1 cells
	4.6 Induction of THP-1 cells to macrophage cells using phorbol 12-myristate
	13-acetate (PMA)
	4.7 Verification of macrophage cells from CD11b expression
	4.8 Cytotoxicity of AgNPs, AgCuNPs and AgSnNPs on THP-1 differentiated
	macrophage cells
	4.9 Intracellular ROS generation by AgNPs, AgCuNPs and AgSnNPs in THP-1
	differentiated macrophage cells
	4.10 Detection of TNF-α, IL-1β and IL-8 cytokine release after treatment with
	AgNPs, AgCuNPs and AgSnNPs in THP-1 cells and THP-1 differentiated
	macrophage cells

	CHAPTER V
	DISCUSSION AND CONCLUSION
	REFERENCES
	VITA

