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February 2017

We certify that we have read this dissertation and that in our opinion it is fully

adequate, in scope and in quality, as a dissertation for the degree of Doctor of

Philosophy.

Bülend Ortaç(Advisor)
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ABSTRACT

BIOLOGICAL APPLICATIONS OF NANOPARTICLES
PRODUCED BY LASER ABLATION METHOD

Canan Kurşungöz

Ph.D. in Materials Science and Nanotechnology

Advisor: Bülend Ortaç

February 2017

Pulsed laser ablation in liquid (PLAL) is a promising top-down approach for

nanoparticle production and it allows production of wide variety of nanoparticles

such as metal, metal oxide, nitride and semiconductor nanocrystals. PLAL has

numerous advantages compared to other nanoparticle production methods such

as successful production of colloidal, pure and contamination-free nanoparticles.

Pulsed laser ablation method was used for the production of a number of different

nanoparticles both in liquids and gas environments. Moreover, both powder

and bulk starting materials were employed for nanoparticle production. In the

context of nanoparticle production and characterization, a systematic study for

indium nitride nanocrystal (InN-NC) production was completed. The road-map

for the production of ultra-smal hexagonall InN-NCs (<5 nm in diameter) was

demonstrated to be produced from InN powder target in ethanol by using PLAL

technique.

A real time nanoparticle exposure setup was designed and developed to

reveal the health risks of laser material processing in the industry. In our study,

adolescent rats were exposed to copper, tin and aluminum nanoparticles (CuNP,

SnNP and AlNP, respectively) in the real-time exposure setup. We aimed to

demonstrate the distribution of nanoparticles in the body by exposing the rats

to the laser material processing environment. For this purpose, we defined the

amount and characteristics of nanoparticles released during material process-

ing by laser ablation. We also showed the effect of nanoparticles on learning-

memory and mood of rats exposed to those nanoparticles via behavioral tests,

electrophysiological and molecular methods. ICP-MS and TEM analysis revealed

the presence of nanoparticles in almost all organs, including different regions of

brain, indicating nanoparticles gained access to systemic circulation by inhalation.

Both behavioral tests and in vivo electrophysiology experiments revealed that 3

months of CuNP, SnNP and AlNP exposure did not lead to any alterations in the

learning and memory process of the rats. In hippocampi collected from rats
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exposed to SnNP and AlNP, the expression levels of NMDA receptor subunits,

namely NMDAR1 and NMDAR2a, were found to be increased, and the protein

levels of NMDAR1 decreased upon CuNP exposure.

On the other hand, the toxicity of nanoparticles produced by pulsed laser

ablation method in liquids was investigated for silver nanoaparticles (AgNPs)

in hippocampal slices and CuNP, SnNP and AlNP nanoparticles in SH-SY5Y

cell line in in vitro conditions. The cellular uptake mechanism of pure AgNPs

was demonstrated as phagocytosis. Furthermore, AgNP led to dose-dependent

toxicity in hippocampal slices. laser ablation is a considerably useful method

for studying nanoparticle toxicity since it provides pure nanoparticles mimicking

the ones encountered in the industry. Finally, it was shown that CuNP, SnNP

and AlNP led to a dose-dependent cytotoxicity in SH-SY5Y cells. Moreover,

it was shown that NMDAR subunits NMDAR1 and NMDAR2a mRNA expres-

sions and NMDAR1 protein levels were altered after CuNP, SnNP and AlNP

administration.

This study showed, for the first time in the literature, that the nanoparticles

produced during the laser material processing in the atmospheric environment

are taken into the body via inhalation. These nanoparticles are distributed to

a number of organs including lung, heart, liver, kidney, testis and so on. More-

over, these nanoparticles were detected in different brain regions, which indicates

the severity of the risk for the people working in these industrial fields. We did

not observe significant alterations in behavioral and electrophysiological evalua-

tions in 3 months. However, in long-term exposures, accumulation of nanopar-

ticles in brain may impose a high risk for dementias and mental disorders since

these nanoparticles are made up of heavy metals which were shown to cause

neurodegeneration.

Keywords: Nanoparticle Generation, Nanotoxicity, Laser Ablation in Liquid,

Laser Ablation in Atmospheric Environment, Laser Material Processing.



ÖZET

LAZER ABLASYON YÖNTEMİYLE ÜRETİLEN
NANOPARÇACIKLARIN BİYOLOJİK

UYGULAMALARI

Canan Kurşungöz

Malzeme Bilimi ve Nanoteknoloji, Doktora

Tez Danışmanı: Bülend Ortaç

Şubat 2017

Darbeli lazer ablasyonu nanoparçacık üretimi için sık kullanılan ve

metaller, metal oksitler, nitritler ve yarı iletken nano kristaller gibi birçok farklı

malzemenin üretilmesi için uygun bir yöntemdir. Darbeli lazer ablasyonunun

diğer nanoparçacık üretim yöntemlerine göre birçok avantajı vardır. Koloidal,

saf ve kontaminasyon içermeyen nanoparçacıkların üretimine olanak sağlaması

avantajlarından birkaçı olarak sayılabilir. Bu yöntem, hem sıvı hem de hava

ortamında çok çeşitli nanoparçacıkların üretilmesi için kullanılmıştır. Ayrıca,

hem toz hem de katı hedefler nanoparçacık üretiminde başlangıç materyali olarak

kullanılabilirler. Nanopartikül üretimi ve karakterizasyonu bağlamında, indiyum

nitrit nanokristal (InN-NC) üretimi için sistematik bir çalışma tamamlandı.

Yapılan çalışmada, küçük, altıgen InN-NC’lerinin (<5 nm) etanolde InN toz

hedefi kullanılarak darbeli lazer ablasyonu yöntemi ile üretildiği gösterildi.

Endüstride lazerle malzeme işlemenin sağlık risklerini ortaya çıkarmak için

gerçek zamanlı bir nanoparçacık maruziyet sistemi tasarlanmış ve geliştirilmiştir.

Çalışmamızda, adölesan sıçanlar gerçek zamanlı maruziyet sisteminde bakır,

kalay ve alüminyum nanoparçacıklara (sırasıyla CuNP, SnNP ve AlNP) maruz

bırakıldı. Sıçanları lazerle malzeme işleme ortamına maruz bırakarak, bu esnada

ortaya çıkan nanoparçacıkların vücuttaki dağılımını göstermeyi amaçladık. Bu

amaçla, bu nanoparçacıkların miktarlarını ve özelliklerini belirledik. Ayrıca, bu

nanoparçacıkların sıçanların öğrenme-bellekleri ve ruh halleri üzerindeki etkilerini

davranışsal testler, elektrofizyolojik ve moleküler yöntemlerle gösterdik. ICP-MS

ve TEM analizleri inhalasyon yoluyla vücuda giren nanoparçacıkların sistemik

dolaşıma ve farklı beyin bölgeleri de dahil neredeyse tüm organlara ulaştığını

ortaya koymuştur. Davranış testleri ve in vivo elektrofizyoloji deneyleri, 3 aylık

CuNP, SnNP ve AlNP maruziyetinin, sıçanların öğrenme ve bellek sürecinde

herhangi bir değişime yol açmadığını ortaya koymuştur. SnNP ve AlNP’ye
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maruz bırakılan sıçanlardan alınan hipokampüs örneklerinde, NMDA reseptör alt

birimleri olan NMDAR1 ve NMDAR2a’nın ekspresyon seviyelerinin arttığı,

CuNPye maruz kalan sıçanların hipokampüs örneklerinde ise NMDAR1’in protein

seviyesinin azaldığı gösterilmiştir.

Öte yandan, sıvılarda darbeli lazer ablasyonu yöntemi ile üretilen

nanoparçacıkların toksisitesi, hippokampal dilimlerde gümüş nanoparçacıkları

(AgNPs) ve in vitro koşullarda SH-SY5Y hücre hattında CuNP, SnNP ve

AlNP nanoparçacıkları için araştırılmıştır. Çalışmamızda, saf AgNP’lerin

hücresel alım mekanizması fagositoz olarak gösterilmiştir. Ayrıca, AgNPnin

hipokampal dilimlerde doz bağımlı toksisiteye yol açtığı belirlenmiştir.

Endüstride saf nanoparçacıklarla karşılaşıldığı için lazer ablasyonu nanoparçacık

toksisitesini

incelemek için oldukça uygun bir yöntemdir. CuNP, SnNP ve AlNP’nin SH-

SY5Y hücrelerinde doz bağımlı bir sitotoksiteye yol açtığı gösterilmiştir. Ayrıca,

NMDAR alt birimlerinin NMDAR1 ve NMDAR2a mRNA ekspresyonlarının ve

NMDAR1 protein seviyelerinin CuNP, SnNP ve AlNP uygulamasından sonra

değiştiği gösterilmiştir.

Bu çalışmada, literatürde ilk defa, atmosferik ortamdaki lazerle malzeme

işleme sırasında üretilen nanoparçacıkların inhalasyon yoluyla vücut içine

alındığı gösterilmiştir. Bu nanoparçacıkların akciğer, kalp, karaciğer, böbrek,

testis de dahil olmak üzere birçok organa ulaştığı gösterilmiştir. Ayrıca,

bu nanoparçacıkların farklı beyin bölgelerinde tespit edilmesi endüstride lazer

ile malzeme işleme alanlarında çalışan kişilerin ne kadar büyük risk altında

olduğunu ortaya koymaktadır. Üç aylık maruziyet sonucunda davranışsal ve

elektrofizyolojik değerlendirmede önemli değişiklikler gözlenmemiştir. Ancak,

bu nanoparçacıklar nörodejenerasyona neden olduğu gösterilen ağır metallerden

oluştuğu için, uzun süreli maruziyetlerde, nanoparçacıkların beyinde birikmesi

demans ve zihinsel bozukluklar için yüksek bir risk oluşturabilir.

Anahtar sözcükler : Nanoparçacık, Nanotoksisite, Sıvı Ortamda Lazer Ablasyon,

Atmosferik Ortamda Lazer Ablasyon, Lazer ile Malzeme İşleme.
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Refik Tuzaklı, Ahmet Sönmez and Orhun Kaya for their encouragement, support,

and deep friendship for all these years. Apart from Ortaç Research Group, the
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Chapter 1

Introduction

Pulsed laser ablation in liquid (PLAL) is a promising top-down approach for

nanoparticle production and it allows production of wide variety of nanoparti-

cles such as metal, metal oxide, nitride and semiconductor nanocrystals [2, 3].

Moreover, PLAL has numerous advantages compared to other nanoparticle pro-

duction methods [4]. It leads to successful production of colloidal, pure and

contamination-free nanoparticles [5, 6]. In this thesis, pulsed laser ablation

was shown to be a suitable method for the production of a number of different

nanoparticles both in liquids and gas environment. Furthermore, both powder

and bulk starting materials were employed for nanoparticle production. In one

of these studies, ultra-small hexagonal InN-NCs (<5nm in diameter) was shown

to be produced from InN powder target in ethanol by using PLAL technique.

Lower laser energy and lower ablation duration were demonstrated to result in

much smaller nanoparticles.

Besides the production and characterization of nanoparticles, the toxicological

effects of them were also represented throughout this study. Nanoparticles were

shown to be produced as a result of various methods applied in industry, and

one of the most important examples of these methods is cutting or drilling of

materials using lasers [7]. As these nanoparticles are able to move freely in the
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air, workers are exposed to these nanoparticles constantly. Materials used in in-

dustry are mostly comprise heavy metals such as nickel and lead, and processing

of these materials causes the release of nickel and lead nanoparticles. Respira-

tion of these nanoparticles by the workers poses a great danger on health of the

workers. Blood brain barrier (BBB) was shown to be disrupted upon nanopar-

ticle exposure, which indicates the potential risk of these nanoparticles in the

industry on central nervous system [8]. Firstly, real time nanoparticle exposure

setup was designed by using a nanosecond laser marking system and rats were

exposed to material processing environment where copper, tin and aluminum

plates were marked for 3 months. To our knowledge, this is the first time in the

literature using this kind of real time exposure setup, mimicking the real indus-

trial working environment, for the investigation of nanoparticle distribution in the

body. At the end of the exposure period, the effect of these nanoparticles on the

learning and memory process were analyzed with behavioral tests, electrophysi-

ology experiments and molecular analyzes. It was shown that CuNP, SnNP and

AlNP were produced in the environment during the marking of respective metal

plates. Both behavioral tests and in vivo electrophysiology experiments revealed

that 3 months of CuNP, SnNP and AlNP exposure did not lead to any alter-

ations in the learning and memory process of the rats. However, it was demon-

strated that N-methyl-D-aspartate receptor (NMDAR) subunits NMDAR1 and

NMDAR2a mRNA expressions were significantly increased in SnNP and AlNP

exposed groups. Moreover, NMDAR1 protein levels were shown to decrease after

CuNP and SnNP exposure compared to controls. It might be concluded that

CuNP, SnNP and AlNP produced during laser materials processing might lead

to changes in mRNA and protein levels of NMDAR after three months of expo-

sure. Although this change was not reflected to the synaptic transmission and

behavior, it might be suggested that in long term exposure there is a high risk to

alter the learning and memory functions, together with neurodegeneration.

Cu, Sn and Al were also analyzed in terms of body distribution after 3 month of

exposure with the real time laser material processing setup. These nanoparticles

were detected in a number of organs throughout the body upon inhalation. The

lack of these elements in the intestine demonstrates that the route of exposure
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was only inhalation, but not digestion. Lungs, the primary target organs after

the inhalation, were detected with the high element concentrations indicating the

accumulation of these nanoparticles in the lungs. The nanoparticles also reached

to a number of organs through systemic circulation, such as heart, liver, kidney,

spleen, and testis. Moreover, nanoparticles were shown to reach a number of

brain parts either by passing through the BBB or via olfactory bulb. The body

distribution results indicate that nanoparticles produced during laser materials

processing might lead to a number of health risks in human upon inhalation.

These significant results reveal the high risk of the nanoparticles generated during

the laser material processing for the people working in these industrial fields.

Besides the risks for a number of organs, detection of these nanoparticles in

different brain parts shows the severity of risk in terms of neurodegeneration and

the apoptosis of neuron cells

On the other hand, the distribution and the toxicity of the pure AgNPs pro-

duced by laser ablation method was also demonstrated in the rat hippocampal

slices. The cellular uptake mechanism of pure AgNPs was demonstrated to de-

pend on their sizes. No AgNPs were detected in synaptic vesicles following stim-

ulation of synaptic vesicular recycling, thus, it was concluded that phagocytosis

is the type of endocytotic pathway that dominates the entry of pure AgNPs

into the hippocampal neurons. Moreover, AgNP led to dose-dependent toxicity

in hippocampal slices. The data provide significant information for the further

cellular and molecular research about the neurotoxicology of nanoparticles since

exposure to silver nanoparticles might result in neurodegeneration. Furthermore,

this study showed that laser ablation is a considerably useful method for study-

ing nanoparticle toxicity since it provides pure nanoparticles mimicking the ones

encountered in the industry.

Finally, the effects of CuNP, SnNP and AlNP exposure were studied on SH-

SY5Y human neuroblastoma cell line for the first time in the literature. It was

shown that these nanoparticles led to a dose-dependent cytotoxicity in SH-SY5Y

cells. Moreover, it was shown that NMDAR subunits NMDAR1 and NMDAR2a

mRNA expressions and NMDAR1 protein levels were altered after CuNP, SnNP

and AlNP administration.
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Chapter 2

Nanoparticle Production with

Pulsed Laser Ablation Method

2.1 Introduction

In this chapter, pulsed laser ablation mechanism will be introduced. The use of

pulsed laser ablation for the nanoparticle production both in the liquid and in the

atmospheric environment will be presented together with experimental results.

2.1.1 Pulsed Laser Ablation Method

When materials are 100 nm or smaller, characteristics due to this nano-scale size

become evident. Due to the changes of physicochemical properties of particles

when they reach to nanoscale dimensions, they exhibit different characteristics

than their bulk counterparts. While these changes allowed the nanotechnology

field to grow rapidly with the wide range of advantages of nanoparticles used in

various fields from electronics to biomedicine, the effects of particles on the human

health are also significantly different than the bulk materials [9]. Nanoparticles,

basically, are examined in two groups. The first group consists of nanoparticles
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produced in laboratory environment for a specific aim, and the second group

consists of nanoparticles generated in the environment or industry incidentally.

Nanoparticles of the first group can be produced by various physical and chemical

methods [10]. One of these methods is the method of nanoparticle production

with pulsed laser ablation. With pulsed laser ablation method, nanoparticles can

be used in different environments, namely solid, liquid and gas. The most impor-

tant advantage of this method is the capability of producing pure nanoparticles as

no chemical agent is used during the production. In other words, this method is

free from any chemical agent, which ensures that nanoparticles can be produced

more simply and more easily compared to other methods. Another advantage

is that a wide variety of materials (namely metals, semiconductors, alloys and

magnetics materials) can be processed with this method to produce nanoparti-

cles. However, the size distribution of the nanoparticles produced by pulsed laser

ablation method is in a wide range from a few nanometers to microns, which

might be accepted as the disadvantage of this method [11].

2.1.2 Mechanism of Pulsed Laser Ablation Method

During the ablation of a solid target in a liquid environment, a number of consec-

utive processes are observed. Firstly, as a result of reaching the laser light to the

solid target, the plasma plume is generated. After the plasma plume generation,

it is transformed and condensed. The plasma plume is significantly affected from

the liquid confinement due to its thermodynamic and kinetic properties. The

liquid confinement results in the shock wave formation due to the adiabatic ex-

pansion of the laser-induced plasma at a supersonic velocity in the plasma plume.

The material is removed from the solid target in a continuous manner as a result

of vaporization because of the incoming laser pulse. The shock-wave leads to the

induction of an extra pressure in the laser-induced plasma and it is called plasma-

induced pressure. Meanwhile, the temperature in laser-induced plasma increases.

As a result, the thermodynamic state of the laser-induced plasma changes to the

state with higher temperature, higher pressure and higher density, which allows

the formation of the metastable phases [12].
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Four types of chemical reactions are detected in the laser-induced plasma and

the interface between the liquid and the laser-induced plasma while it is in the

transformation process. The first reaction is observed inside the laser-induced

plasma owing to the high temperature and high pressure state of the laser-induced

high-density plasma and new phase can originate by these chemical reactions

between the ablations from the target. The second reaction occurs inside the

laser-induced plasma, again. This time, the liquid molecules at the interface are

excited and evaporated due to the high temperature and high pressure in the laser-

induced plasma. Therefore, a new plasma from the liquid molecules are formed at

the interface, which is called plasma-induced plasma. The laser-induced plasma

and plasma-induced plasma are mixed and the laser-induced plasma includes a

number of species from the plasma-induced plasma inside. The species generated

from the laser ablation of the target and the species formed due to the excitation

of the liquid molecules are engaged in the chemical reactions in this part. The

third chemical reaction occurs at the interface of the laser-induced plasma and

the liquid due to the high temperature, pressure and density. The forth reaction

is observed inside the liquid when the ablated species from the solid target is

affected by the high pressure of laser-induced plasma. In the chemical reactions

where two species, namely the ones from the solid target and the ones from the

confining liquid, are involved, the generation of new materials in nanoscale by

the combination of the target and the liquid takes place. Finally, the plasma

plume cools down and condenses in the confining liquid in two different ways.

It can either condenses and deposits back on the target solid or condenses and

become dispersed in the liquid by forming nanoscale materials [12]. When we

explain the nanoscale material formation mechanism in detail, we should first

assume the clusters and the surrounding plasma have the same temperature T,

then isothermal nucleation time is given by;

τ =
√

2πmkT× kTγ

ps(T )(∆µ)2)
(2.1)

where m is the mass of a single atom, k is the Boltzmann’s constant, T is

the absolute temperature, γ is the surface energy density of the material, ps(T )
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is saturated vapor pressure of nuclei at the temperature of T, and ∆µ is the

atom chemical potential difference. With the decrease in the nucleation time,

the pressure is elevated. However, the temperature and the nucleation time are

inversely related to each other because of the saturated vapor pressure effect of

nuclei. Thus, the diameter of nanomaterials could be expressed as;

d = V (2τd − τ) + 2r∗ (2.2)

where τd and r∗ are the laser pulse duration and the size of critical nuclei of

the material, respectively. These theoretical calculations were also shown to be

in good agreement with the experimental results [13, 12].

2.2 Nanoparticle Production with Pulsed Laser

Ablation in Liquids

Throughout the thesis study, a number of different nanoparticles (silver, gold,

titanium, MoSe2 and so on)were produced by pulsed laser ablation method in

liquid both from solid and powder targets for different applications [14, 15, 16].

Besides, a recent study was conducted, in which indium nitride nanocrystals were

produced.

The promising optoelectronic properties of Group III nitrides (InN, GaN, AlN)

led to an increasing attention due to their potential applications [17]. Among

them, due to its smallest effective mass, high electron mobility, superior electron

transport properties and direct band gap structure, InN is a promising candidate

for high speed optoelectronic devices, broad-spectrum solar cells, high electron

mobility transistors, near infrared light emitting diodes (LEDs) and high speed

laser diodes [18, 19, 20]. Furthermore, its nontoxic nature and infrared emis-

sion properties enable InN to be used in biological and medical applications [21].

Besides these advantageous properties of InN material, its nanostructures have
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been widely studied due to their different characteristics depending on the di-

mensionality and size, which allow the applications in nanoscale electronic and

optoelectronic devices [22, 23]. InN crystallizes in two different structures; stable

hexagonal (wurtzite) structure and metastable cubic structure. When compared

to hexagonal InN, cubic InN possesses smaller band gap and superior electronic

properties due to its isotropic lattice and lower phonon scattering [24]. However,

the production of cubic InN-NCs is quite a challenging process due to its thermo-

dynamically unstable nature [25]. Previous studies showed a number of techniques

viable for the synthesis of InN-NCs mainly having hexagonal structure. Ambient

pressure and low temperature liquid phase was proposed as a suitable method

for the synthesis of nanoparticles having low decomposition temperatures. It was

shown that wurtzite InN-NCs having 6.2 nm average diameter are successfully

produced using this method. These colloidal wurtzite InN-NCs were post-treated

with nitric acid to get rid of the metallic indium byproduct and finally InN nano-

powder was obtained [26]. Moreover, activated reactive evaporation and nitrogen

plasma annealing methods were proposed for the successful production of wurtzite

InN-NCs and InN nanorods, respectively. It was suggested that the technique is

applicable to produce InN-NCs by using low temperatures from indium nanos-

tructures obtained by different techniques [27]. Xiao et al. demonstrated the

synthesis of 10 30 nm InN-NCs from sulfide precursor using a novel thermal

conversion method at low temperatures and suggested that this method can be

applied for the production of all group III nitrides [28]. The synthesis of wurtzite

InN nanobelts was also performed by using guided-stream thermal chemical vapor

deposition (GSCVD) technique [4]. Qaeed et al. proposed a chemical synthesis

method not requiring high temperatures for large-scale nanoparticle production.

These InN-NCs were shown to be cubic in structure and to have a grain size be-

tween 11.4 and 21.4 nm [29]. On the other hand, rapid thermal ammonolysis was

shown as a method for production of InN-NCs in hexagonal crystal structure [30].

Single crystalline InN-NCs having an average diameter of 15 nm and hexagonal

structure were successfully produced using vapor-liquid-solid process [31]. Fur-

thermore, single-crystalline hexagonal structured InN-NCs having 9.8 36.0 nm

grain size were obtained by the reaction of InI3 and NaNH2 in benzene-thermal

system [32]. In recent years, the most commonly used method is the production
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of nanoparticles in liquids by using pulsed laser ablation. The most important

advantage of this method is that it does not require the use of vacuum systems.

Since nanoparticles are trapped in the liquid, this method is cheaper and easier to

proceed when compared to other methods. In pulsed laser ablation method, high

energy laser beams pulsing with nano- or femtoseconds are focused on materials

inside the liquid and make the material transform to its plasma form, creating

ions and electrons via very high temperatures produced in this liquid environ-

ment or direct ionization of the material itself (Figure 2.1) [33]. As the plasma

form of the material is getting cooler in the liquid environment, nucleation of ions

and electrons yields nanoparticles [34]. Highly pure nanoparticles produced with

this method are used in various fields of nanotechnology field such as sensors,

transistors and biology [35]. As produced nanoparticles are trapped in the liquid

environment, they do not pose any hazard. Our group previously showed that

pulsed laser ablation in liquid (PLAL) is a suitable method for the production of

InN-NCs with hexagonal crystalline structure. Colloidal InN-NCs were produced

in ethanol by ablating the HPCVD-grown InN thin film sample with different

energies using a nanosecond pulsed laser. The average diameter of the produced

InN-NCs was 10 nm [36]. These InN-NCs were shown to have applications such

as a near infrared range photodetector [37] and charge trapping memory cells [38].

However, the starting material was HPCVD-grown InN thin film and the starting

material, either a bulk target or a suspension, affects the final nanoparticle size in

PLAL. It was previously shown that pulsed laser ablation of suspensions results

in much smaller nanoparticle sizes compared to the ablation of bulk target. It

was suggested that the particles in the suspension absorb all the laser energy

since the particles encounter multiple pulses during all the ablation process due

to continuous stirring. On the other hand, the laser energy is absorbed only by

the target in case of ablation of bulk target and results in larger nanoparticles.

Furthermore, the particle size of the nanoparticles at the end of the ablation

process depends on the initial size of the suspended particles [39, 40].

In this study, we aimed to produce ultra-small InN-NCs by using suspension

of micron-sized InN powder in ethanol with PLAL method and, to our knowl-

edge, we reached the smallest nanocrystal size for InN-NCs in the literature. For

9



Figure 2.1: Nanoparticle production setup with pulsed laser ablation method
in liquid. Adapted from [33]

this purpose, we performed series of PLAL processes with different solvents (iso-

propanol, ethanol and water), different laser energies (3 mJ, 4 mJ and 5 mJ) and

different ablation times (up to 300 min). The formation of InN-NCs was con-

firmed by using scanning electron microscope (SEM) and transmission electron

microscope (TEM). Moreover, we used X-ray diffraction (XRD) to confirm the

crystal structure of InN-NCs. Absorption, zeta potential and RAMAN analy-

ses were performed for further characterization of the nanocrystals. We showed

that formation mechanism of InN-NCs was through pulsed laser fragmentation

and melting by analyzing the SEM. We successfully demonstrated the presence

of fragmented/molten particles and nanoparticles in the SEM images. Moreover,

the hexagonal crystalline structure of the powder target was preserved after the

nanoparticle formation. Overall, we proposed a roadmap for the generation of

ultra-small (<5 nm) InN-NCs by combination of PLAL and suspension of micron-

sized target after optimizing the laser parameters such as liquid environment, laser

ablation time, laser energy and applying centrifugation with appropriate time and

speed as a post-synthesis treatment.
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2.2.1 Materials and Method

2.2.1.1 Nanocrystal Synthesis

InN-NCs were generated by using a commercial nanosecond pulsed ND:YLF laser

(Empower Q-Switched Laser, Spectra Physics) operating at 527 nm with a 100

ns pulse duration and 1 kHz repetition rate. InN target was purchased as powder

(Santa Cruz Biotechnology, USA) and 1 mg powder was dissolved in 10 ml of

pure solvent (isopropanol, ethanol and water). To obtain a well dispersed InN-

NC solution, the colloidal nanomaterial solution was continuously stirred by a

magnetic stirrer at 1000 rpm during the laser ablation process. The colloidal

solution was light orange after nanoparticle formation for all experiments. In

all laser ablation procedures, the laser beam was focused on InN solution by

the help of a plano-convex lens with a focal length of 50 mm. The laser power

for the ablation process varied in different processes as 3W, 4W and 5W with

corresponding pulse energies of 3mJ, 4mJ and 5mJ, respectively. As another

parameter to test, different ablation durations starting from 1 min to 300 min

were studied. 15 minutes of centrifugation at 4.000 xg was also performed for two

samples obtained with 3mJ pulse energy (15 and 60 min ablation time) to make

the nanocrystals smaller than 5 nm isolated in high resolution TEM (HR-TEM)

images.

2.2.1.2 Nanocrystal Characterization

Different characterization methods were utilized throughout this study. The high-

resolution transmission electron microscope (HR-TEM) imaging of the InN-NCs

was carried out by using the FEI-Tecnai G2 F30 TEM instrument at an operat-

ing voltage of 300 kV. All samples were prepared by drop-casting the solutions

onto separate carbon-coated TEM grids. Each histogram data were obtained by

counting 100 particles from the TEM images and using Image J Image Processing

and Analysis software. The morphology and the time course of the nanoparticle

generation was monitored by using scanning electron microscope (SEM, Quanta
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200 FEG, FEI Instruments, USA). For the stability analyses, zeta potential mea-

surement was carried out (Malvern Instruments Ltd, Malvern, UK). Absorption

analysis of the InN-NCs was performed in 200 nm 800 nm range (Varian Cary

100 UV/Vis spectrophotometer). To determine the crystalline structure and the

composition of the InN-NCs, X-ray diffraction (XRD) analysis was performed

(PANalytical XPert PRO multipurpose diffractometer, Netherlands). The opera-

tion voltage was 45 kV and the current was 40 mA with a CuK radiation source.

The sample was prepared by depositing and drop-casting the InN-NCs on quartz

substrate. Raman spectroscopy was performed by using a Witec Alpha 300S

Micro Raman spectrometer with a Nd:YAG laser at an excitation wavelength of

532 nm (laser power: 10 mW, laser spot size ≈ 4 m, unpolarized) and a Nikon

100x (N.A. = 0.9) air objective. The integration time was 1.035 second and we

obtained the data in 3.5 hours. The sample was dropcasted onto a Si substrate

with < 111 > orientation.

2.2.2 Results and Discussion

2.2.2.1 Stability issue of InN-NCs in different solvents

Stability of the produced nanoparticles is a challenging issue and PLAL has the

advantage of production of stable nanoparticles even without using any stabiliz-

ers or surfactants [41]. It was shown that the solvent plays a significant role in

the stability of produced nanoparticles with PLAL [42]. Thus, we first aimed

to determine the most appropriate solvent in which InN-NCs is stable. For this

purpose, we used ethanol, isopropanol and distilled water and performed laser

ablation for 30 minutes at 3mJ laser energy. SEM (Figure 2.2a, b, c) and TEM

(Figure 2.2d, e, f) images showed that InN-NCs smaller than 50 nm were suc-

cessfully produced in all of three solvents and no aggregation was observed in

freshly synthesized samples. Although the nanocrystals seem to be aggregated in

TEM figures, they are isolated nanoparticles in the solution. Since drop-casting

method is used in the TEM sample preparation, these nanocrystals prefer to stay

together during evaporation of the solvent. Therefore, the nanocrystals TEM
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images might appear as they are aggregated. On the other hand, zeta potential

measurement of these samples (Figure 2.3) demonstrated that InN-NCs produced

in ethanol has the highest zeta potential value (42.40 ± 1.08 mV) compared to

the InN-NCs in isopropanol and water (37.73 ± 5.38 mV and 35.83 ± 1.48 mV,

respectively). Thus, ethanol was determined as the most appropriate solvent for

InN-NCs to be produced in terms of stability.

Figure 2.2: SEM and TEM images of InN-NCs produced in (a, d) ethanol, (b,
e) isopropanol and (c, f) water. InN-NCs smaller than 50 nm were successfully
produced in all of three solvents.

2.2.2.2 Effects of laser energy and ablation duration on InN-NCs

Laser energy was shown to be a significant parameter for nanoparticle production

with PLAL method, specifically for the size distribution of the nanoparticles [43].

Hence, we focused on the effect of laser energy on the InN-NC particle size.

3 mJ, 4 mJ and 5 mJ laser energies were investigated in 60 minute ablation
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Figure 2.3: Zeta potential graph for InN-NCs produced in ethanol, isopropanol
and water. Zeta potential values were 42.40 ± 1.08 mV, 37.73 ± 5.38 mV and
35.83 ± 1.48 mV for the InN-NCs produced in ethanol, isopropanol and water,
respectively. The most stable InN-NCs were produced in ethanol.

duration. TEM images were obtained for InN-NCs produced with each laser

energy (Figure 2.4 a, b, c) and the average diameter of InN-NCs was calculated

using the histogram data (Figure 2.4 d, e, f). The histogram data were obtained

by measuring the diameters of single isolated InN-NCs from the TEM images.

The smallest mean size of the InN-NCs was observed with in ablation with 3

mJ laser energy (10.84 ± 0.71 nm) while ablation with 4mJ and 5mJ resulted in

16.27 ± 0.68 nm and 16.06 ± 0.59 nm, respectively. Thus, smaller InN-NCs were

obtained by using lower laser energy in ablation procedure. In a previous study,

we showed that the lower pulse energies with nanosecond laser ablation of InN

thin-film led to a decrease in the nanoparticle size distribution but the smaller

nanoparticles were obtained with larger energies [37]. The target material has a

great importance since the laser pulse with higher energy result in much more

ablation process on the solid target while the increase in the energy did not affect

the nanoparticle sizes after a certain value with the continuously stirred sample

powder sample.

It was demonstrated that nanoparticles start to aggregate and precipitate when

the ablation duration increases [44]. Therefore, we used different laser ablation

durations at 3mJ laser energy to optimize the ablation duration and to observe

the formation mechanism of InN-NCs. SEM images were analyzed in terms of

ablation durations (5, 15, 30, 60, 90, 120, 180 minutes) (Figure 2.5 b-h) start-

ing from the InN powder samples consisting of micron sized InN flakes (Figure
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Figure 2.4: TEM images and histogram data of InN-NCs produced with (a, d)
3mJ, (b, e) 4mJ and (c, f) 5mJ laser energies. The average InN-NC diameters
were determined as 10.84 ± 0.71 nm, 16.27 ± 0.68 nm and 16.06 ± 0.59 nm for
the laser energies of 3mJ, 4mJ and 5 mJ, respectively. 3mJ laser energy resulted
in the smallest nanoparticle diameter and narrower size distribution

2.25a). When laser interacted with the InN powder, it caused melting in the

interacted area. On the other hand, increased temperature in the non-interacted

area resulted in formation of nanoparticles and molten particles on the powder

surface as shown in the inset of Figure 2.5b. Nanoparticle production began at

15 minutes ablation duration. The SEM image of 15 min ablated sample clearly

showed that there were also fragmented particles together with molten spher-

ical particles. Furthermore, with increasing ablation durations, firstly micron

particles (powder, fragmented, molten particles) disappeared and nanoparticles

seemed to be decreasing in size. However, the decrease in size led to aggregation

after 60 minutes ablation.
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Figure 2.5: SEM images of InN (a) powder, and nanoparticles after (b) 5 min,
(c) 15 min, (d) 30 min, (e) 60 min, (f) 90 min, (g) 120 min and (h) 180 min
ablation durations.

After a topographical analysis with SEM, TEM images were obtained to eval-

uate the size distribution of the InN-NCs. As depicted in TEM images (Fig-

ure 2.6a-d), we obtained smaller nanoparticles with a narrower size distribution

with increasing ablation duration. This was also confirmed with the aforemen-

tioned SEM analysis. However, after 15 minute ablation, the size distribution

got broader and the mean size of the InN-NCs increased. This might be because

of the fact that the smaller the nanoparticles, the more aggregation is observed.

The micron sized particles were not included in the histogram analysis for 15 min

ablation process.
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Figure 2.6: TEM images of InN-NCs at (a) 15 min, (b) 60 min, (c) 120 min,
(d) 180 min laser ablation durations. As the ablation duration increases, the size
distribution of the InN-NCs increases.

2.2.2.3 Post-synthesis treatment

One of the interesting property of InN-NCs is the optical behavior of nanopar-

ticles produced with different ablation times that lead to different particle sizes.

To analyze the optical properties of InN-NCs, we further determined the absorp-

tion behavior in UV-Vis spectra from 200 nm to 800 nm (Figure 2.7). InN-NCs

demonstrated an increased absorption intensity in two main UV regions (200 nm

and 300 nm) after 15 min ablation time. When the ablation duration increased,

the intensity in the spectra increased since the concentration of the nanoparti-

cles increased. On the other hand, the shoulder of the peak in 300 nm region

became more pronounced after 60 min ablation due to the aggregation of the

nanoparticles. This aggregation led to larger nanoparticle size and a red shift in

the UV-Vis spectra. We further analyzed the optical behavior of nanoparticles

up to 300 min and observed that there was no significant change on the optical

behavior providing the stable particle sizes.
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Figure 2.7: Absorption of InN-NCs produced at different ablation durations.
The intensity throughout the UV region increases with increasing ablation du-
ration. Moreover, the aggregation of InN-NCs after a certain ablation duration,
namely 60 min, leads to a shoulder with a red shift in the peak at around 300
nm (a.u.: arbitrary units in all figures).

Although we were able to obtain the histogram data, much smaller nanopar-

ticles distinguished by TEM images (Figure 2.6) might not be easily detected

in UV-Vis spectra due to the larger nanoparticles. To determine the size and

behavior of these smaller nanoparticles, we used centrifugation technique. For

this purpose, we focused on two different ablation durations, 15 minutes and 60

minutes. After the centrifugation process, we checked the absorption behavior

of the nanoparticles (Figure 2.8a and b). When compared to the samples before

centrifugation, the spectra shifted to UV region demonstrating that centrifuga-

tion process was successful in selecting the smaller nanoparticles. The intensity

also decreased for the InN-NCs produced at 60 min laser ablation duration, which

might be due to the unoptimized centrifugation process. However, zeta potential

analysis (Figure 2.8c) revealed that when the samples were centrifuged, the sta-

bility was conceded since the zeta potential values decreased after centrifugation.

The decrease in the stability is consistent with the previous data indicating that

smaller nanoparticles have the tendency of faster aggregation [45].

Moreover, as discussed previously, the centrifugation of 60 min ablated sample

resulted in a higher zeta potential value when compared to that of 15 min ablated

and centrifuged sample. This is also consistent with the size analysis since 15 min
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Figure 2.8: Absorption of InN-NCs produced at (a) 15 min and (b) 60 min
ablation duration before and after centrifugation. Centrifugation process results
in the elimination of the larger nanoparticles in the colloidal suspension, thus
leading to the disappearance of the peak around 300 nm wavelength. Smaller
nanoparticles display the absorption through the UV region. (c) The zeta poten-
tial values of InN-NCs produced at 15 min and 60 min ablation duration before
and after centrifugation. The zeta potential of InN-NCs produced at 15 min and
60 min ablation duration are 38.5 ± 0.72 mV and 34.36 ± 0.46 mV, respectively.
However, after centrifugation the zeta potential values decreased to 16.66 ± 0.79
mV and 22.03 ± 0.24 mV for the nanoparticles produced at 15 min and 60 min
ablation duration, respectively.

ablation led to much smaller InN-NC sizes and a faster aggregation as inferred

from the zeta potential values. To obtain a more stable colloidal nanoparticle

solution produced by PLAL, it was suggested in some previous studies that sur-

factants and stabilizers can be used [46, 47]. TEM and HR-TEM images were

obtained for 15 minutes and 60 minutes ablated samples (Figure 2.9). TEM data

showed that after centrifugation, much smaller InN-NCs, which were previously

observed as a background, became noticeable due to the disappearance of larger

nanoparticles. Moreover, it was demonstrated with HR-TEM analysis that the

InN-NCs had crystalline structure. Both single crystalline and polycrystalline

InN-NCs were observed in TEM analysis. The HR-TEM image of the single

crystalline InN-NC in the inset of Figure 8c reveals the crystalline lattice fringes

having a lattice spacing of 0.28 nm, corresponding to (002) plane of hexagonal

InN-NC [32, 36, 48]. TEM images from centrifuged samples allowed us to deter-

mine the size of nanoparticles smaller than 5 nm. The histogram analysis (Figure

2.10) showed that we obtained InN-NC smaller than 5 nm in both 15 minutes

and 60 minutes ablated samples.
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Figure 2.9: TEM images of InN-NCs produced at (a) 15 min and (b) 60 min
laser ablation durations. To determine the size of InN-NCs smaller than 5 nm, a
centrifuge process was performed and TEM images of the centrifuged samples of
(c) 15 min and (d) 60 min ablated InN-NCs are represented. The inset images
demonstrate the crystalline structure of InN-NCs. The 0.28 nm lattice fringe
confirms the (002) plane of hexagonal InN-NC.

2.2.2.4 Crystal structure analysis

After the InN NCs were confirmed to be in crystalline form from the HR TEM

images, we studied the crystal structure in detail by using XRD. XRD analysis re-

sults of the powder target, 15 minutes and 60 minutes ablated samples are shown

in figure 2.11. The peaks of 15 minutes and 60 minutes ablated samples at two

theta degrees of 28.92, 31.14, 32.96, 36.10, 43.13, 51.46 and 56.82 indicated that

InN-NCs had hexagonal crystal structure. Moreover, there were In2O3 diffraction

peaks at two theta degrees of 30.38, 32.72, 35.22, 38.93, 54.23 as shown in the

figure. Since we used ethanol as the solvent, In2O3 was generated in the solution

as a byproduct, together with In metal which had a quite small peak at two theta

degrees of 36.10. In2O3 peaks became more intense in the sample ablated for 60

minutes indicating that increased ablation times resulted in more oxidation of

the nanoparticles. The same hexagonal InN peaks also appeared in the XRD
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Figure 2.10: Histogram of InN-NCs produced at (a) 15 min and (b) 60 min.
After centrifugation of (c) 15 min and (d) 60 min ablated InN-NCs, the ones
smaller than 5 nm could be determined.

analysis of the target powder confirming that the process included pulsed laser

fragmentation, thus the crystalline phase of the nanoparticles did not change dur-

ing the production process. Moreover, the molten nanoparticles observed in SEM

images do not seem to be modified in terms of crystal structure, which shows that

melting did not have any effect on the crystallinity of InN-NCs. The XRD peaks

are in a good agreement with the XRD data presented in the literature for the

InN-NCs produced or grown with different techniques [22, 26, 27]. Furthermore,

In metal and In2O3 peaks, except for the one at the 2 theta degree of 30.38, were

also present in the XRD analysis of InN powder suggesting that a purer starting

material consisting of only InN would result in a colloidal InN-NC solution with

less In2O3.

2.2.2.5 RAMAN Investigation

Another characterization method for InN-NCs is the Raman spectroscopy analy-

sis. 15 minutes and 60 minutes ablated samples were analyzed and it was found

that the sharp peaks at 481.68 cm-1 and 479.85 cm-1, respectively, correspond to

E2 mode of the hexagonal InN-NCs (Figure 2.12). The InN-NC RAMAN peaks
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Figure 2.11: XRD analysis of InN powder as the starting material and InN-NCs
after 15 min and 60 min laser ablation process. InN powder was shown to be
consisting of hexagonal InN together with In metal and In2O3. After 15 min and
60 min laser ablation, the hexagonal phase of the nanoparticles did not differ
from the phase of the InN powder, which indicated the formation mechanism was
through fragmentation. Moreover, the intensity of In2O3 peaks increase in 60
min ablated samples when compared to the 15 min samples, implying that longer
ablation durations lead to more oxidation of the sample.

and XRD data confirmed the hexagonal phase of the InN-NCs, which is also con-

sistent with the literature [22, 28]. The peak at 516.46 cm-1 show the RAMAN

spectrum of Si substrate.

2.2.3 Conclusion

We showed for the first time that ultra-small InN-NCs (<5nm in diameter) can be

produced from InN powder target by using PLAL technique. We demonstrated

that lower laser energy and shorter ablation duration result in much smaller

nanoparticles since even if the ablation time increased and the smaller nanoparti-

cles were produced, they tended to aggregate. Hexagonal InN-NCs smaller than

5 nm in diameter were produced in ethanol with optimized ablation conditions

successfully. We showed that PLAL is a suitable technique for production of

InN-NCs, which is a Group III nitride. Thus, other nitrides in the same group
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Figure 2.12: RAMAN spectra of InN-NCs produced at 15 min and 60 min.
Sharp peaks at 481.68 cm-1 and 479.85 cm-1 correspond to E2 mode of the hexag-
onal InN-NCs. The peak at 516.46 cm-1 shows the RAMAN spectrum of Si
substrate, which has a < 111 > orientation.

might be successfully produced with this technique. As an outlook of InN-NC

production with PLAL method, ablation with femtosecond laser pulses might

be studied to overcome the low decomposition temperature disadvantage of InN

material.

2.3 Nanoparticle Production with Pulsed Laser

Ablation in Atmospheric Environment

2.3.1 Introduction

Although a number of nanoparticles were generated by pulsed laser ablation

method in the liquids, it was demonstrated that nanoparticles can also be pro-

duced in air or in vacuum (Figure 2.13) by focusing of laser beams onto materials.

In a study, it was shown that the ratio of laser ablation in air was 100 times greater

than that of in liquid environment, so that the amount of nanoparticles produced

in gaseous environment was a lot higher than the liquid environment [49]. This
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phenomenon reveals the health risk of these nanoparticles for the people working

in laser material processing areas. To our knowledge, no study in the literature

has shown the effects of nanoparticles generated in the air as the byproduct of

laser material processing. Thus, the main aim of this thesis study was to demon-

strate the production of nanoparticles in the atmospheric environment during

laser material processing by mimicking the working environment in the industry

and to evaluate their health risks on rats upon exposure to these nanoparticles.

For this purpose, a material marking laser was purchased and a chamber around

this laser was designed and developed to mimic the working environment.

Figure 2.13: Nanoparticle production setup with pulsed laser ablation method
in the atmospheric environment. Adapted from [49].

2.3.2 Materials and Method

2.3.2.1 Integration of the Laser System

A nanosecond laser marking system was purchased for the processing of metal

plates. For the inhalation experiments, which will be explained in next chapter,

an acrylic cabinet around the laser system was also designed and developed so

that the rats are effectively exposed to the environment where nanoparticles are

produced during the laser material processing. The stability, impermeability and

transparency properties were considered while designing the cabinet. Moreover,
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two different doors were designed for placing and taking out the materials to be

processed and the rats’ cage, respectively (Figure 2.14).

Figure 2.14: The laser cabinet which is integrated to the laser marking system
and which provides the environment for the nanoparticle exposure of rats during
the laser material processing.

The working parameters of the laser system are given in Table 2.1.

2.3.2.2 Optimization of the Nanoparticle Production During Material

Processing

In this study, copper, tin and aluminum plates were determined to be used for

materials processing. In preliminary studies, the laser parameters were optimized

as 1.5 kHz repetition rate, 3W power, 25 mm/sec laser scan speed and 17.25 cm

focal length.

10 ml distilled water was placed into the cabinet to collect and characterize the

nanoparticles, which are predicted to be produced in the environment during

material processing. Scanning electron microscope (SEM) (FEI Quanta 200 FEG)

and energy dispersive X-ray spectroscopy (EDX) were used to characterize these

nanoparticles. For SEM analysis, nanoparticle sample was drop-casted onto the

Si < 111 > wafer.
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Table 2.1: Working parameters of marking laser system.

Laser Type Nd:YAG Diode Laser

Wavelength 1064 nm

Repetition Rate 0-50 kHz

Laser Power 50W

Pulse Duration 100 ns

Pulse Generation Technique Acoustooptic Q Switch

Focus Diameter 0.3 mm

Cooling System Water Cooling

2.3.2.3 The Distribution of Copper Nanoparticles in the Cabinet and

Their Characterization

After determining and analyzing the marking parameters, the distribution of

nanoparticles in the cabinet was evaluated. Moreover, these nanoparticles were

characterized. For this purpose, four beakers with 10 ml distilled water inside

were placed into four different locations in the cabinet. Beaker 1 was placed just

near the marking area, beaker 2 was placed to the area where the rat cage is

planned to be placed. Beaker 3 and beaker 4 were placed into the backside and

front side corners of the cabinet, respectively (Figure 2.15).

Moreover, the Cu element concentration in the distilled water collected in

beaker 2 was determined with Inductively Coupled Plasma Mass Spectrometry

(ICP-MS). For this purpose, 1 ml water sample was dissolved in 7 ml of HNO3.

2.3.2.4 Marking of the Copper, Tin and Aluminum Plate with Laser

System and Characterization of the Plates and Nanoparticles

The marking parameters for the copper plate (18 cm in diameter) were deter-

mined as 10A current, 1.5 kHz repetition rate, 4W power, 25 mm/sec laser scan

speed and 18.5 cm focal length. Moreover, to determine the marking depth of the
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Figure 2.15: Four beakers containing 10 ml distilled water was placed into the
laser cabinet to determine the nanoparticle distribution. The laser worked in
the pre-determined parameters to mark the copper plate and the nanoparticles
collected into the water samples were analyzed.

laser and to make this depth measurable with atomic force microscopy (AFM), a

part of the copper plate was marked for 10 times, it was analyzed with SEM and

the depth was measured with AFM in a 15 µm x 15 µm area.

The copper nanoparticles (CuNP) which were generated during the marking of

copper plate were collected into 10 ml distilled water in a beaker and charac-

terized with X-ray photoelectron spectroscopy (XPS) and transmission electron

microscopy (TEM).

The marking parameters for the tin plate (14 cm in diameter) were determined

as 10A current, 1.5 kHz repetition rate, 4W power, 25 mm/sec laser scan speed

and 18.5 cm focal length. Moreover, to determine the marking depth of the laser

and to make this depth measurable with SEM, a part of the tin plate was marked

for 5 times, it was analyzed with SEM in 45◦. The tin nanoparticles (SnNP),

which were generated during the marking of tin plate, were collected in 10 ml

distilled water in a beaker, placed into the cabinet. SnNP were characterized

with XPS and TEM.

The marking parameters for the aluminum plate (16x14 cm) were determined

as 10A current, 1.5 kHz repetition rate, 4W power, 25 mm/sec laser scan speed
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and 18.5 cm focal length. To determine the marking depth of the laser and

to make this depth measurable with SEM, a part of the aluminum plate was

marked for 20 times, it was analyzed with SEM in 45◦. The aluminum nanopar-

ticles (AlNP), which were generated during the marking of aluminum plate, were

collected in 10 ml distilled water in a beaker, placed into the cabinet. AlNP were

characterized with XPS and TEM.

2.3.3 Results and Discussion

2.3.3.1 The Distribution of Copper Nanoparticles in the Cabinet and

Their Characterization

Four beakers with 10 ml distilled water inside were placed inside the cabinet to

determine the distribution of CuNP in the cabinet. CuNP were shown in beakers

1 and 2, but, no CuNP were demonstrated in beakers 3 and 4. The TEM image

of the CuNP collected from beaker 2 was shown in figure 2.16 and it was shown

that CuNP has crystalline structure.

Figure 2.16: TEM analysis of CuNP in beaker 2. (a) TEM image and (b) the
crystal structure of CuNP.

Besides the CuNP detected in the sample taken from beaker 2, there were also

micron-sized particles, which were demonstrated with the SEM image in figure

2.17a. On the other hand, figure 2.17b reveals that these particles, either nano-

or micron-sized, are copper as a result of EDX analysis.
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Figure 2.17: (a) SEM and (b) EDX analyses of the sample taken from beaker
2. Si element is found in EDX analysis since the substrate in the characterization
is Si wafer.

The distribution profile of nanoparticles generated during laser material pro-

cessing was determined such that they are mainly distributed near the marking

area and the central area, where the rat cage is planned to be placed for the

inhalation experiments.

At the end of two hours marking of copper plate, the concentration of Cu

element in the distilled water was determined as 0.241 µg/g. Moreover, the same

sample was characterized with XPS and the analysis data confirmed that the

CuNP is present in the water sample (Figure 2.18).

Figure 2.18: XPS analysis of CuNP in beaker 2. The presence of Cu 2p1/2 and
Cu 2p3/2 are shown with the consistence of the literature (ref).
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2.3.3.2 Marking of the Copper, Tin and Aluminum Plate with Laser

System and Characterization of the Plates and Nanoparticles

SEM and AFM analyses of copper plate after 10 times marking are shown in

figures 2.19 and 2.20, respectively. It was determined that the depth of the one

marking step was 160 nm.

Figure 2.19: The laser marked part of the copper plate. The copper plate is
shown as an inset in the figure.

Figure 2.20: (a)Ten times laser marked part of the copper plate and (b) the
AFM analysis of a 15 µm x 15 µm area. It was determined that the depth of the
one marking step was 160 nm.

The pure tin plate with a 14 cm diameter and the marked area on the plate are

shown in Figure 2.21. To be able to determine the marking depth, SEM analysis

was performed and it was found that one time laser marking results in a 71.9 µm

depth (Figure 2.22).

To collect the SnNP samples for further characterization, SEM, XPS and TEM

analyses were performed by using the 10 ml distilled water placed into the cabinet.
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Figure 2.21: (a) Tin plate used in the marking process and (b) the SEM image
of the marked area.

Figure 2.22: To be able to determine the marking depth, the tin plate was
marked for five times and the measurement was performed with an angle of 45◦

with SEM. The depth was calculated from this image and determined as 71.9
µm.

Figure 2.23: (a) TEM image and (b) cyrstaline structure of SnNP generated
during the tin plate marking.
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TEM images demonstrated that the SnNP had a crystalline structure (Figure

2.23). SEM analysis confirmed that the SnNP were spherical in shape (Figure

2.24). In SEM images, it was revealed that micron-sized particles are also present

in the environment, together with the nanoparticles. Moreover, the particles were

confirmed as tin with the XPS analysis and shown in figure 2.25.

Figure 2.24: The SEM analysis of SnNP generated during the tin plate marking.

Figure 2.25: The XPS analysis of SnNP generated during the tin plate marking.
SnO and O peaks were confirmed with the literature.

The pure aluminum plate (16x14 cm) and the SEM image of the marked area

on the aluminum plate are shown in figure 2.26. To determine the marking depth,
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the SEM image with an angle of 45◦ was employed and the depth was measured

as 5.13 µm in a single marking step (Figure 2.27).

Figure 2.26: (a) Aluminum plate used in the laser marking process and (b) the
SEM analysis of the marked area.

For the characterization of AlNP generated during the aluminum plate marking

process, AlNP were collected in 10 ml distilled water in the beaker located in

the same location as the beaker 2 in previous analyses. TEM analysis showed

that AlNPs had crystalline structure (Figure 2.28). It was confirmed that the

nanoparticles are AlNP and its oxide form since the analysis was performed in

distilled water (Figure 2.29).

2.3.4 Conclusion

It was shown that CuNP, SnNP and AlNP were successfully produced in the

environment during the marking of respective metal plates. With the TEM anal-

yses, it was demonstrated that all nanoparticles were crystalline in the structure.

Moreover, a wide range of size distribution was obtained for all the nanoparticles

produced in laser material processing setup. There were nanoparticles smaller

than 10 nm but the particles larger than a few microns were also detectable in

SEM images. This data indicate that laser material processing in the industry

constitutes high risk for the workers since they expose to the nanoparticles with-

out any protective material and we achieved a successful mimicking environment

for the exposure studies, which will be described in the next chapters.
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Figure 2.27: To be able to determine the marking depth, the aluminum plate
was marked for twenty times and the measurement was performed with an angle
of 45◦ with SEM. The depth was calculated from this image and determined as
5.13 µm.

Figure 2.28: (a)TEM analysis and (b) their crystalline structure of AlNP gen-
erated during the laser marking of tin plate.
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Figure 2.29: XPS analysis of AlNP generated during the laser marking of tin
plate. Al and Al2O3 peaks were confirmed with the literature.

2.4 Conclusion

In this chapter, the production of nanoparticles in liquids and in atmospheric

environment was introduced. Firstly, the mechanism of pulsed laser ablation was

defined. A number of nanoparticles were generated throughout this thesis study

and among them, a systematic study, the production of ultra-small InN-NCs, was

presented in detail in this chapter. We showed for the first time that hexagonal,

ultra-small InN-NCs (<5 nm in diameter) can be produced from InN powder

target by using PLAL technique. We also suggested that the laser parameters

are important factors affecting the size distribution of the nanoparticles.

Besides the nanoparticle production by pulsed laser ablation in liquid, the pro-

duction of nanoparticles by pulsed laser ablation in the atmospheric environment

was also described in this chapter. It was demonstrated that both nano- and

micron-sized particles are generated in the environment during the laser material

processing. These nanoparticles were characterized and it was shown that laser

material processing environments have the potential of the health risks for people

working in these fields.
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Chapter 3

Nanoparticle Exposure to Rats in

Laser Material Processing

Environment Mimicking the Real

Industrial Exposure

3.1 Introduction

In the previous chapter, it was investigated that CuNP, SnNP and AlNP were

produced in the environment during laser material processing in the setup de-

signed and developed to mimic the industrial applications. In this chapter, the

effects of these nanoparticles on the learning and memory behavior and the moods

of the rats will be investigated. Firstly, the learning and memory concept will

be introduced in detail and the nanotoxicity concept will be explained. Then,

the experimental setup for the exposure of rats to the laser material processing

environment, the behavioral and electrophysiological experiments and molecular

analyses will be mentioned along with the results and discussion.
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3.1.1 Learning and Memory

3.1.1.1 Hippocampus

Learning can be defined as the process which functions upon getting new informa-

tion. Memory, on the other hand, is retaining this acquired information. Memory

can be categorized as explicit and implicit memory, where someone recalls the

information consciously (e.g. information about the places or people) or uncon-

sciously (e.g. motor skills), respectively. Brain parts responsible for the explicit

memory are temporal lobe, hippocampus, subiculum, and entorhinal cortex while

cerebellum and basal ganglia are responsible for the implicit memory [50].

Table 3.1: Brain areas responsible for different types of learning/memory.
Adapted from [1].

Type of Learning/Memory Brain Areas Involved

Spatial Learning

Hippocampus

Parahippocampus

Subiculum

Cortex

Emotional Memory Amygdala

Recognition Memory
Hippocampus

Temporal Lobe

Working Memory
Hippocampus

Prefrontal Cortex

Motor Skills
Striatum

Cerebellum

Sensory (visual, auditory,tactile) Various cortical areas

Classical conditioning Cerebellum

Habituation Basal Ganglia

A number of brain parts were shown to be significant for the integrity of sev-

eral learning and memory forms as shown in Table 3.1. However, hippocampus

was shown to be playing a significant role in the declarative memory formation.

It was demonstrated for the first time in 1957 that when the hippocampus is

removed bilaterally, the patient suffered from anterograde amnesia, indicating
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the importance of hippocampus in the memory process [51]. A number of neu-

ropsychological studies conducted with the amnesic patients, together with the

functional imaging analyses on the normal human subjects further revealed that

hippocampus is the main brain part for the learning and memory formation pro-

cess [52, 53, 54].

The major neuron type found in the hippocampus is pyramidal cells, which

have a basal dendritic tree and an apical tree extensions. The hippocampus can be

divided into three main regions according to the different characteristics of these

pyramidal cells as CA3, CA2 and CA1 regions [55]. CA3 and CA2 pyramidal

cells display variability depending on their dendritic length, organization and the

location of the cell body [56]. On the other hand, CA1 pyramidal cells are much

more homogenous in terms of their dendrites and they are much smaller than

CA3 cells [57].

The term ”trisynaptic circuit” in the hippocampus was introduced by Andersen

et al. [58]. In this circuit, the excitatory synaptic pathway in the hippocampus

consists of entorhinal cortex (EC), dentate gyrus, CA3 neurons, CA1 neurons and

EC. Through the perforant pathway, which includes the lateral perforant pathway

(LPP) and medial perforant pathway (MPP), the axons of layer II neurons located

in EC reaches to the dentate gyrus. The projections from the dentate gyrus

extend to the pyramidal cells in CA3 region through the mossy fibers. Schaffer

collaterals lead to the transfer of the information from CA3 pyramidal cells to

the CA1 pyramidal neurons, which send the projections back to the EC neurons

located in the deep-layers (Figure 3.1).

The excitatory neurons form a three-layer circuit in the hippocampus. The

input from EC enters the hippocampus via granular cells in dentate gyrus, con-

necting through the mossy fiber synapses to CA3 pyramidal cells. After the

processing to input in CA3 pyramidal cells, the output is sent to Schaffer col-

laterals and then to the CA1 pyramidal cells through the synaptic connections.

CA1 pyramidal cells send the output information to the cortex via subiculum.

Throughout this circuit, the fast excitatory synaptic transmission is mediated
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Figure 3.1: The detailed structure and the neural network of hippocampus.
Adapted from [59]. EC: entorhinal cortex.

by excitatory postsynaptic potentials (EPSPs) flowing through the ionotropic α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) and kainate types of

glutamate receptors to a lesser extent. On the other hand, the slow EPSPs

are mediated by the N-methyl-D-aspartate (NMDA) receptors and certain sub-

types of metabotropic glutamate receptors. Besides the excitatory system, hip-

pocampus is also controlled by an inhibitory system, which is mainly mediated

by γ-aminobutyric acid (GABA)ergic interneurons located in the hippocampus.

Two types of GABA receptors, ionotropic GABAA and metabotropic GABAB,

are responsible for the inhibitory postsynaptic potentials (IPSPs), respectively.

Moreover, some of the metabotropic glutamate receptors are responsible for the

IPSPs rather than EPSPs. Besides, muscarinic and nicotinic receptors also have

roles in the excitatory or inhibitory roles upon binding of different neurotrans-

mitters, such as acetylcholine, noradrenaline, dopamine, serotonin and histamine,

depending on the receptor type [60].

3.1.1.2 NMDA Receptors

NMDA receptors (NMDARs) are glutamate-gated cation channels and they have

a permeability for Ca2+. They have a number of important roles in the central
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nervous system (CNS) such as locomotion, learning, memory, and neuroplasticity.

Thus, alterations in the expression and/or function of NMDAR are found to be

related to a number of neurological disorders and pathological conditions. The

decrease in NMDAR functioning might lead to cognitive defects while overstim-

ulation results in excitotoxicity and neurodegeneration. Thus, NMDARs can be

considered as the significant targets for many CNS disorders such as Hunting-

ton’s, Parkinson’s, and Alzheimer’s diseases, epilepsy, schizophrenia, and mood

disorders [61, 62, 63, 64].

Functional NMDARs in mammals consist of heterotetramers of three different

subunits encoded by three different gene families. These subunits are NMDAR1,

NMDAR2, and NMDAR3 [65, 66, 67]. NMDAR1 subunit is expressed from one

gene while NMDAR2a subunit is expressed from four genes (from A to D) [65].

Also, NMDAR3 gene family includes two genes (A and B) [66]. NMDAR1 is

the essential subunit which are found in all tetramers but NMDAR2 is included

into the structure depending on the age and the location of the neuron. On the

other hand, NMDAR3 subunit has role as negative components in the receptor

structures, which means that NMDAR3, by binding to NMDAR1 and NMDAR2,

reduces the whole-cell current and single-channel conductance [68]. There are

eight different variants of NMDAR1, which is transcribed with alternative splicing

and distributed throughout the different regions of the nervous system [69, 70].

So, there is a huge functional diversity among NMDARs due to the different

splice variants and the composition of the subunits [?]. The studies about the

expression profiles of NMDARs demonstrated that the expression depends on

the cell or the tissue. Moreover, the expression was shown to be regulated by

different physiological, pharmacological, and pathological factors. As the initial

and the most sensitive step, transcription of the NMDAR is the major mechanism

on the gene expression control [71]. The transcription of each NMDAR subunit

is controlled in coordination to the cell or tissue but it is also affected by the

cell type, developmental stage and environmental stimuli [72, 73]. The 5’ end

structures of NMDAR1, NMDAR2a and NMDAR2b with the key elements in

their expression are represented in figure 3.2. A number of cis-acting regulatory

elements with the interaction of transcription factors were shown to be responsible
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for the NMDAR gene expression in different conditions [?].

Figure 3.2: The 5 end structures of NMDAR1, NMDAR2a and NMDAR2b
genes. (a) NMDAR1, (b) NMDAR2a, (c) NMDAR2b. Adapted from [74].

Upon activation of NMDAR, a number of downstream pathways are acti-

vated within the cell. Upon NMDAR activation, Ca2+ influx into the neuron

is observed. Besides, other secondary messenger molecules such as cAMP, dia-

cylglyercol (DAG), and inositol-3,4,5-trisphosphate (IP3), are promoted in the

cell as a result of NMDAR activation and its association to G-protein signal-

ing to adenylate cyclase (AC) and calcium activated phospholipase (PLC). The

promoted secondary messengers trigger the activation of different types of ki-

nases such as cAMP-dependent kinase (PKA) and protein kinase C (PKC).

Calcium release from the internal stores is achieved by the increased intracel-

lular Ca2+ and IP3 (Figure 3.3a). Moreover, NMDAR can activate the transla-

tional elongation processes. The extracellular Ca2+, which entered into the cell
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Figure 3.3: NMDAR Downstream Pathways. (a) Increase in the intracellular
Ca2+, (b) Activation of translational elongation process, (c) regulation of mRNA
maturation Adapted from [?].

upon NMDAR activation, triggers the cAMP-dependent protein kinase (PKA).

eEF2 kinase (CaMKIII) is activated by PKA-dependent phosphorylation Ca2+-

calmodulin complex. After the autophosphorylation of eEF2 kinase (p-eEF2),

the translational elongation is suppressed. This leads to a general protein syn-

thesis suppression in the neuron but it might also lead to the enhancement in

the translation of some mRNAs which has a low translation profile under nor-

mal conditions. eEF2 kinase can be dephosphorylated by protein phosphatase

2A (PP2A) and the translation elongation continues. Thus, NMDAR activation

leads to the promotion of eEF2 kinase suppression pathway as a result of Ca2+

influx (Figure 3.3b). NMDAR activation also results in the regulation of mRNA

maturation with cytoplasmic polyadenylation element-binding protein (CPEB),

which shows the transcriptional control of NMDAR on the gene expression profile

of the neuron (Figure 3.3c) [?].

3.1.1.3 Long Term Potentiation

Long term potentiation (LTP) can be described as the constant increase in the

size of the synaptic component of the evoked response, which can be recorded

from an individual neuron or a neuron population. It is generally induced with

repeated high frequency stimuli [75]. LTP has three major characteristics, namely,

cooperativity, associativity and input-specificity. For the induction, there is a

need for the stimulation having the necessary intensity higher than the threshold.

Any stimulus lower than the threshold would activate a few neurons, which will
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not induce LTP. Thus, LTP show cooperativity property [76]. Moreover, LTP

shows associativity since a weak input can also induce LTP if it is accompanied by

another strong and convergent stimulus [77, 78]. Furthermore, since the stimuli

which are not active during the specific repeated stimuli are not included in

the same pathway, indicating the input-specificity of LTP [76, 79]. These three

characteristics can be explained on the basis of the assumption that a synapse is

potentiated if, and only if, it is active at a time when the dendrite on which it

terminates sufficiently depolarized.

The most important receptor type having a role in LTP induction is NMDA

receptor. When the neuron cell membrane is sufficiently depolarized to discharge

the Mg2+ NMDA channels after the L-glutamate binding to NMDA receptor

to open these channels, LTP induction is observed [80]. Moreover, the perme-

ability of NMDA channels to Ca2+ provides the necessary Ca2+ signal for the

LTP induction [81]. The LTP induction pathway is shown in detail in Figure

3.4. Low-frequency stimulation of Schaffer collaterals results in the formation of

EPSP, mediated by L-glutamate acting on AMPA receptors. After the formation

of EPSP, an IPSP is formed due to the glutamatergic excitation of GABAergic

interneurons. The Cl- permeable ionotropic GABAA receptors are activated and

the early phase of IPSP is observed. On the other hand, GABAB receptors, which

are indirectly coupled to K+ channels, are also activated as a part of the slow

IPSP component. Thus, NMDA receptor cannot contribute to the EPSP at low

frequency stimulation that much due to blocking of the channels with Mg2+ ions

(Figure 3.4a). On the other hand, when a high-frequency stimulation is triggered,

Mg2+ is relieved from the NMDA receptor channel due to strong depolarization

and this removal lead to Ca2+ influx into the cell [60].

The signal transduction pathway for the early phases of LTP is shown in

Figure 3.5. After the Ca2+ influx into the cell through NMDA receptor, the Ca2+

concentration increases by the release from Ca2+/IP3- sensitive stores. Increased

Ca2+ concentration, together with the other protein kinase activators, result in the

phosphorylation of substrate proteins, such as NMDA and AMPA receptors. The

phosphorylated AMPA receptors, which are not inserted into the cell membrane,

are also inserted into the postsynaptic membrane after LTP induction, leading to
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Figure 3.4: The induction of LTP is triggerred by the activation of NMDA re-
ceptors, which is controlled by other ionotropic amino acid receptors. (a) Low fre-
quency stimulation and (b) high frequency stimulation in LTP process. Adapted
from [75].

an increase in AMPA receptor number and synaptic efficiency. While the post-

translational processes are observed in early phase of LTP, the protein synthesis-

dependent mechanism are seen in the late phases of LTP [60].

Figure 3.5: NMDA Receptor Pathway in Early Phases of LTP. NO: nitric oxide,
AA: arachidonic acid. Adapted from [75].

The ”trisynaptic circuit” defined in the hippocampus and LTP processes me-

diates the cognitive processes of declarative memory. A number of experimental

protocols are performed for determination of LTP and the spatial memory pro-

cess. One of the spatial memory test approaches is Morris water maze, in which

the rodent should find out the hidden platform submerged below the surface of

the water in a tank after releasing from different points of the pool. After a
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number of trials, the animal learns the location of the hidden platform and re-

members it by the help of spatial contextual cues. An intact hippocampus is

responsible for this task. It was shown that when NMDAR is blocked by antago-

nist injections, the animal can find the place of the hidden platform but it cannot

remember its place in the other trial [82]. Moreover, the passive avoidance test,

in which the animal is trained so that it avoids the entrance to a shock-associated

compartment, is used for the determination of the avoidance learning, which is

related to the hippocampal learning procedure [83]. Besides the behavioral tests,

electrophysiology measurements can be performed from the hippocampus. Since

the pyramidal neurons and their dendrites are orderly arranged in CA3 and CA1

regions of hippocampus, electrical field recordings give significant information

about the temporal arrangement of neuronal responses. When Schaffer collat-

erals are stimulated via a stimulating electrode, the action potentials from the

presynaptic fibers are recorded as the small negative potentials with the extracel-

lular recording electrode located in stratum radiatum. A slow negative potential,

which corresponds to population EPSP, is also recorded and it demonstrates the

postsynaptic membrane depolarization. This implies that the stimulation reached

to CA1 neurons from CA3 neurons. When the recording electrode is placed to

the stratum pyramidale, the current in the dendrites is measured and it displays

a positive deflection. One or more action potentials are fired when the depolar-

ization is above the threshold of the pyramidal cells. The recording will include a

negative potential overlapping a positive potential and it is called as population

spike (PS). PS is affected by three different factors; EPSP amplitude, the passive

properties of CA1 pyramidal cell and the inhibition level due to the GABAer-

gic interneurons in CA1 region. The alteration of the PS provides information

about the number and excitability of the neurons contributed to the process in

the hippocampus [60] (Figure 3.6).

3.1.2 Blood-Brain Barrier

Blood-brain barrier (BBB) is an endothelial barrier found in the capillaries sur-

rounding the brain [84]. The endothelial cells in the brain is different from the
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Figure 3.6: EPSP and population spike recordings in the hippocampus.
Adapted from [60].

ones in the peripheral tissues such that they have few endocytotic vesicles and

they are coupled to tight junctions. These two significant properties lead to the

limitation of the transcellular flux and restriction of paracellular flux [85] (Figure

3.7). BBB blocks the entrance of all molecules from blood to brain, except for the

small and lipophilic ones. However, some small or large hydrophilic molecules can

also pass from BBB through active transport [86]. Moreover, there are certain

membrane transport proteins in high concentrations in brain endothelial cells

to allow the passage of essential nutrients, such as glucose and certain amino

acids. Furthermore, there are certain receptor mediated systems for the passage

of macromolecules, such as transferrin receptor [87]. In a number of studies,

it was shown that the disruption of BBB results in the accumulation of blood-

originated neurotoxic proteins in the CNS such as fibrin, thrombin, hemoglobin,

free iron, and/or plasmin. As a result, neuronal toxicity, oxidative stress and/or

detachment of the neurons from extracellular matrix lead to the progressive neu-

rodegeneration in the brain [88, 89, 90, 91].
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Figure 3.7: Blood Brain Barrier. Adapted from [85].

3.1.3 Nanotoxicity

Nanoparticles are produced as a result of various methods applied in industry,

and one of the most important examples of these methods is cutting or drilling of

materials using lasers. The use of lasers for this purpose is getting more common

every day [92]. Laser ablation of materials are frequently used in automobile,

aviation, seafaring and material processing industries [93]. Besides, another ap-

plication of lasers in industry is drilling, which is the removal of the material

where the laser beams are focused [94]. Drilling via laser is defined as a thermal

and ionic process in which the high density laser beams are focused on a sin-

gle point with enough energy to vaporize the material on its way [95]. During

both cutting and drilling of materials with lasers, this thermal process operates

and material leftovers are removed from the area of process. As the removed

particles are nucleated, nanoparticles are produced [7]. As these nanoparticles

are able to move freely in the air, workers are exposed to these nanoparticles

constantly. Materials used in industry are mostly comprise heavy metals such

as nickel and lead, and processing of these materials causes the release of nickel

and lead nanoparticles. Respiration of these nanoparticles by the workers poses

a great danger on health of the workers. Amount of nanoparticles produced by

laser ablation of brass plates for one hour is enough to cover a 1 cm2 surface area

[96]. This demonstrates the supremacy of the amount of nanoparticles exposed

and severity of damage that they bring.

Nanoparticles are environmental pollutants when produced in nature and in

industry. When these nanoparticles are inhaled, they are distributed throughout
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the body after they enter the systemic circulation from the lungs. There are lots

of in vitro studies examining the toxic effects of nanoparticles on cell lines. It was

shown that, nanoparticles cause reactive oxygen species (ROS) in cells, resulting

in disruption of metabolic pathways via oxidative stress [97]. Toxic effects of

nanoparticles on lung cell lines are especially researched to this day [97]. Apart

from lung cell lines, there have been studies on certain cell lines, as well. In one

of these studies, manganese (Mn) and Cu nanoparticles were found to increase

ROS in cells and disrupt dopamine biosynthesis in neuronal cell lines [98]. In

addition, similarly, cadmium selenite (CdSe) and zinc sulphur (ZnS) nanoparti-

cles were shown to decrease catecholamine synthesis in mouse chromaffin cells

[99]. Furthermore, in a study to show effects of nanoparticles on heart tissue in

vitro, titanium dioxide (TiO2) and silisium dioxide (SiO2) nanoparticles caused

rhythm abnormalities in hearts perfused with these nanoparticles [100]. Alu-

minum nanoparticles were also led to the induction of ROS production in human

neuron cell line and decreased the cell survival [101].

As a result of a wide variety of in vivo studies in which rats or mice were

exposed to nanoparticles via various methods, data about in which organs the

nanoparticles accumulate and how they are disposed from the body, was obtained.

In these studies, animals are exposed to nanoparticles via unnatural methods such

as instillation of prepared and commercially available nanoparticles into nostrils

or loading onto aerosol droplets [102]. It was shown that silver nanoparticles

were detected in brain, liver, kidney and olfactory bulb of the rats which were

exposed to the nanoparticles via inhalation [103]. Moreover, similar exposure

studies were performed by using titanium nanoparticles and similar results were

observed [104, 105]. The silver and gold nanoparticles taken into body were

shown to pass the BBB and resulted in various neurotoxic effects in the brain

[106]. Moreover, in the rats exposed to silver, gold and aluminum nanoparticles,

BBB was shown to be disrupted [8]. The gold nanoparticles dropped into the

noses of monkeys were detected in olfactory bulb due to the network of olfacto-

rial neurons [107]. After one day of silver nanoparticle inhalation to the rats, high

concentration of silver nanoparticles were observed in the olfactory nerve, indi-

cating that the passage to central nervous system might be through this route
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[108]. It was indicated that the nanoparticles that reach to brain activate the

microglia and increase the expression levels of proinflammatory cytokines and

chemokines, resulting in the inflammation [109]. The mice exposed to TiO2NPs

displayed an increase in the proinflammatory cytokine levels in the hippocam-

pus, which are associated with neuroinflammation [110]. Moreover, since the

nanoparticles lead to oxidative stress in the cells due to ROS production, the

risk for a number of neurodegenerative conditions emerges such as Parkinson’s,

Alzheimer’s and Huntington’s. When the silver nanoparticles are administered

to mice intranasally, Hmox1 gene expression, which is associated to the oxidative

stress, was shown to increase only in the hippocampus region [111]. These mice

also exhibited impairment in their memory. The rats were exposed to the ex-

haust gas, in which there are a number of nanoparticles, and it was demonstrated

that there are neurotoxic effect in these animals. Moreover, alterations in the ex-

pression levels of NMDAR subunits and kinases and transcription factors in the

downstream pathway of the NMDAR [112]. It was suggested that the neurotoxic

and behavioral effects of the nanoparticles might be related to the type and the

characteristics of the nanoparticles. Zinc oxide nanoparticles were administered

to the rats intraperitoneally for 8 weeks and they exhibited impairment in long

term plasticity and cognitive functions [113]. TiO2 nanoparticles were shown to

have negative effects on the spatial learning and memory behavior of the rats,

which were administered the nanoparticles for 60 days via intragastric route [114].

Gold nanoparticles were administered intraperitoneally to the rats and after 21

days of administration, a decline in the learning and memory processes was ob-

served. Moreover, the nanoparticles were found to be accumulated in the CA1

region of the hippocampus [105]. In two different studies, silver nanoparticles

were administered to rats by dropping to the nose and intraperitoneal injection,

respectively, impairements in the learning and memory of the rats were observed

[115, 116].

Moreover, there are a few human studies related to the nanotoxicity in the

literature. Brains of the people living in Mexico city and exposing to severe

air pollution displayed the accumulation of beta amyloid plaques, which indicate

the Alzheimer disease pathology [117]. Furthermore, in another clinical study, the
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neurophysiological signals were disrupted in the electroencephalography measure-

ments after exposure to exhaust gas for one hour [118].

Copper (Cu) has a number of roles for the normal physiological pathways

in the body, such as the formation of hemoglobin, metabolism of drugs and

carbohydrates, catecholamine biosynthesis and antioxidant defense mechanism

[119, 120]. However, if the concentration of copper in the body surpasses the

biological limit, it might result in a number of adverse effects such as hemolysis,

gastrointestinal problems, and damage to liver and kidney [121, 122]. Copper

nanoparticles (CuNP) and copper oxide nanoparticles are frequently used as lu-

bricants for metallic coating, additives in livestock and poultry feed and poly-

mers/plastics [123]. Moreover, CuNP possess exceptional thermophysical prop-

erties, which result in an increasing interest in electronics applications, such as

electronic chips, heat transfer nanofluids and semiconductors [123, 124]. Besides,

CuNP has an antimicrobial activity against a number of pathogenic microor-

ganism, which makes it a good candidate for antimicrobial agent in biomedical

applications [125, 126, 127]. Although CuNP has a great potential in these appli-

cations, due to the novel characteristics that nanoparticles gain at the nano-size

level, CuNP was shown to exert a number of toxicological effects in vivo when

compared to the bulk copper [128, 129, 130].

Chen et al. (2006) suggested that CuNP (23.5 nm) is more toxic than copper

micron particles (17 µm) in mice since nanoparticles gain access to body via

contact, inhalation and digestion more easily compared to micron sized particles

[128]. Moreover, in the same study, CuNPs were shown to cause pathological

damage in various organs such as liver, kidney, and spleen [128]. Besides these

important organs, central nervous system has a high risk of nanoparticle exposure

since the nanoparticles can reach the brain both by systemic circulation and

through the olfactory bulb via the olfactory mucosa [131, 132]. It was shown that

intraperitoneal (i.p.) injection of CuNP to rats resulted in blood brain barrier

(BBB) disruption and edema formation in the brain [133].

Tin nanoparticles (SnNP) are highly used as corrosion-resistant covering of
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food cans, in metal alloys, photovoltaic materials and next-generation recharge-

able Li-ion batteries [134]. Although it has a number of applications in the fields

that humans can encounter, there are no toxicological studies for SnNP in the

literature.

Aluminum and alumina nanoparticles (AlNP and Al2O3) was reported as one

of the mostly produced nanoparticles in the world [135]. AlNP is widely used

as catalysts [136], in the reinforcement [137], modification of the polymers [138],

functionalization of textile products [139], and waste water treatment [140]. More-

over, AlNPs are proposed to be used in a number of biologicak applications such

as biosensors [141], drug delivery [142], biofiltration and antigen delivery [143].

Since they have a number of different applications, the toxicological studies on

AlNP has a great importance.

It was demonstrated that alumina nanoparticles results in an increase in the

adhesion of activated monocytes in human endothelial cell line. The nanoparti-

cles aggregated in the physiological pH and conditions, resulting in the micron

sized particles. Thus, alumina nanoparticles were shown to have a high risk

for atherosclerosis and cardiovascular disease [144]. Moreover, in another cell

line study, AlNP resulted in a toxicity depending on its chemical composition.

AlNP were shown as more toxic than Al2O3 NP and they significantly affected

the phagocytosis ability of rat alveolar macrophages [145]. Lin et al. (2008)

demonstrated that Al2O3 NPs results in a significant cellular toxicity in a dose

and time dependent manner in human lung epithelial cells. They suggested that

the toxicity might be due to the cell membrane depolarization induced by the

nanoparticles [146]. Nanosized alumina was shown to induce apoptosis and dis-

rupt the spatial learning behavior in mice due to the mitochondrial impairment

[147]. In a study conducted by Shah et al. (2015), the mice exposed to AlNP

displayed the induction amyloid beta accumulation, which is the major sign of

the Alzheimer’s disease. Moreover, neurodegeneration was observed in the cortex

and hippocampus of these animals [148].

As indicated specifically, although there are a number of studies related to

nanoparticle toxicity, most of them are conducted by using cell lines in vitro
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conditions. The in vitro studies, on the other hand, are mainly conducted on the

nanoparticles which are candidates for drug delivery applications. However, there

are no studies assessing the risks of copper, tin and aluminum nanoparticles on

the health of workers working in the industry in laser material processing field.

To our knowledge, for the first time in the literature, a real-time nanoparticle

generation and exposure set up with a material processing laser was designed

and the environment was exposed to the rats in real-time.

3.2 Materials and Method

3.2.1 Animals

Four weeks old 35 male Wistar rats were used for this study. Rats were housed

under a 12-hour light/dark cycle (lights on at 8 a.m.), in a room maintained at

a temperature of 21◦C 2◦C and a humidity of 60% with free access to water

and routine food ad libitum daily. All the experimental procedures were ap-

proved by Hacettepe University Animal Experimentations Local Ethics Board

(B.30.2.2HAC.0.05.06.00/55).

The rats were randomly divided into four groups as CuNP exposure group

(n=9), SnNP exposure group (n=9), AlNP exposure group (n=9) and control

group (n=8). Control group were exposed to same environment (in the same room

with the marking laser system, outside of the cabinet) as the experimental groups

except for the nanoparticle exposure. The nanoparticle exposure was performed

as 2 hours/day for consecutive 3 months for each material. The exposure duration

was determined based on the literature [149, 150]. The exposure setup is shown

in figure 3.8 for the CuNP exposure group. During the exposure periods, rats

were weighed for once a week. They were also followed up for any weight loss,

alteration in food and water consumption, weakness and similar pathologies and

none of the animals showed these types of negative symptoms. The weights of

the rats are represented in Appendix Figure A.1.
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Figure 3.8: The experimental setup where rats were exposed to the laser mate-
rial processing environment.

3.2.2 Behavioral Tests

After the exposure experiments were completed, the rats were subjected to certain

behavioral experiments.

3.2.2.1 Open Field Test

Open field test (OFT) aims to evaluate the locomotor activity, exploration, anx-

iety and recognition of the spatial novelty recognition parameters [151]. A 50 cm

high square glass wall was placed onto a large square black base (45x45 cm size)

in our experiments (Figure 3.9).

The black base led to a contrast with the Wistar rats in the data evaluation

part. A camera was placed 1.5 meter above the base for the recording. The base

was divided into two parts as the 22.5x22.5 cm central part and the side part

outside of the central part. In the experiments, the rats were placed into the

middle of the system as the face is looking against the certain wall for each time.

The rats were allowed to freely explore the chamber for the duration of the test.

The recording for each rat was performed for 60 minutes in 24 hours intervals

for two times. These recordings were evaluated by using Eyesweb Development

Environment (InfoMus, Italy) programme. In the evaluation part, the total dis-

tance moved by the rat and the total time spent in the central part and in the
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Figure 3.9: Open field test setup to evaluate the locomotor activity, exploration,
anxiety and recognition of the spatial novelty recognition parameters of rats after
exposure to CuNP, SnNP and AlNP produced during laser material processing.
A 50 cm high square glass wall was placed onto a large square black base (45x45
cm size) in our experiments. A camera was placed 1.5 meter above the base for
the recording.

side part. The setup was cleaned with 70% ethanol and the base was changed

between each experiment.

3.2.2.2 Elevated Plus Maze Test

Elevated plus maze (EPM) test is a standard method used for the determination

of stress and anxiety level of the animals [152]. The apparatus used in the exper-

iments consists of two sets of opposing arms 15x40 cm extending from a central

region (Figure 3.10).

Two arms are enclosed with 40 cm high walls and the other two arms are open.

The platform is 75 cm high from the ground. The recordings were performed with

a camera placed to the 2.4 m above the platform. Each rat was placed in the

central area of the maze as facing towards the certain open arm. The movement

of each rat was recorded for 5 minutes in consecutive 24 hours for two times. The

total arm crosses between the open and closed arms and the time spent in the

open arms were determined in the data analysis part. The platform was cleaned

with 70% ethanol after each test.
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Figure 3.10: Elevated plus maze setup to evaluate the stress and anxiety level of
the rats after exposure to CuNP, SnNP and AlNP produced during laser material
processing. The apparatus used in the experiments consists of two sets of opposing
arms 15x40 cm extending from a central region. Two arms are enclosed with 40
cm high walls and the other two arms are open. The platform is 75 cm high from
the ground. The recordings were performed with a camera placed to the 2.4 m
above the platform.
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3.2.2.3 Porsolt’s Forced Swim Test

The forced swim test (FST) is a standard behavioral test used for evaluation of

the behavioral despair related to the depression [153]. The cylindrical tank (45

cm height x 20 cm diameters) made of transparent glass was used for the rat FST

in our experiments (Figure 3.11).

Figure 3.11: Forced swim test setup to evaluate the behavioral despair related
to the depression of the rats after exposure to CuNP, SnNP and AlNP produced
during laser material processing. The cylindrical tank (45 cm height x 20 cm
diameters) made of transparent glass was used for the rat FST in our experiments.
The tank was filled with the water up to 35 cm height from the bottom.

The tank was filled with the water up to 35 cm height from the bottom.

All the experimental procedures were followed and recorded with a camera and

a computer. In the first day, after placing the rat into the water 15 minute

recording was performed. After 24 hours, another 5 minute recording was done.

In the data analysis part, the 5 minute recording in the second day was evaluated

in terms of the immobility duration of the rats.

3.2.2.4 Passive Avoidance Test

Passive avoidance behavior was shown in hippocampal lesions and functional ab-

normalities [154, 83]. The test depends on the innate preference of rodents for the

dark compartment of the passive avoidance test apparatus, and the suppression
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of this innate preference after being exposed to an inescapable foot shock. Thus,

passive avoidance is an adaptive response to a stressful experience that is used

for the evaluation of learning and memory [155]. A two-compartment passive

avoidance apparatus was used for our experiments. The apparatus is divided

into light (26x30x30 cm) and dark compartments (26x30x30 cm) by a wall with

a guillotine door. The bright compartment was illuminated by a halogen lamp

(2800 K 1980 lm). The base of the apparatus consisted of steel rods which were

located in 15 mm gaps (Figure 3.12)

Figure 3.12: Passive avoidance test setup to evaluate the learning and memory
process of the rats after exposure to CuNP, SnNP and AlNP produced during
laser material processing. A two-compartment passive avoidance apparatus was
used for our experiments. The apparatus is divided into light (26x30x30 cm) and
dark compartments (26x30x30 cm) by a wall with a guillotine door. The bright
compartment was illuminated by a halogen lamp (2800 K 1980 lm). The base of
the apparatus consisted of steel rods which were located in 15 mm gaps.

The experiments were conducted in three phases, namely habituation, training

and test. In the first day of the test, the rat was placed into the light compartment

and 5 s after placing the rat, the door was opened. The duration for the rat to

pass to the dark compartment was recorded. If the rat could not pass to the dark

compartment within 300 s, the rat placed to its cage and the test was terminated.

When the rat passed to the dark compartment, the door was closed, and the rat

was placed into its cage. After 5 minutes, training phase started and the same

procedure as in the habituation phase was applied to the rat. However, in this
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phase, when the rat passed to the dark compartment, the door was closed and a

foot shock (square waves of 3 s duration, 50 Hz frequency and 1mA amplitude)

was applied. After the shock, the rat was placed into its cage. The test phase

was conducted after 24 hours and in this phase the rat was subjected to the same

procedure as in the habituation phase. The cut-off was 300 s for test phase.

3.2.3 In vivo Electrophysiology

After behavioral tests were completed, in vivo electrophysiology experiment were

performed as described in Çarçak et al. [156]. Rats were anesthetized with 1.2

g/kg urethane which was injected i.p.. The anesthetized rat was positioned in the

stereotaxic instrument. The rat’s body temperature was kept constant thoruogh-

out the experiment at 37◦C with the help of a homoeothermic blanket control

unit (Harvard Apparatus, USA). Firstly, the skull was exposed with a scalp inci-

sion. Burr holes for the stimulation (bipolar wires, made of tungsten, insulated

except for the tips; 0.5 mm tip separation) and recording electrodes (made of

borosilicate glass) were positioned at the coordinates with reference to bregma

[157]. Stimulation electrodes were placed at fimbria-commissure with coordinates

of 1.4 mm caudal, 0.5 mm lateral to bregma and 3.8 mm ventral from dura. The

field potential recordings were performed from CA1 region. For this purpose,

glass microelectrodes (25 M; sharp borosilicate, filled with NaCl 0.9%) were posi-

tioned at 4.3 mm caudal, 2.3 mm lateral to bregma and 2.2-2.4 mm ventral from

dura. The recording electrode was advanced into the right hippocampus and was

aligned to obtain the maximum response in CA1 pyramidal layer. Furthermore, a

ground electrode was positioned onto the skull in alignment with the cerebellum.

Rectangular pulses with 50 s duration were applied to evoke the field potentials

in every 20 s (S44; Grass Instruments, USA) and the stimulation was performed

from Schaffer collaterals. The evoked field potential responses were amplified

(P16 DC microelectrode amplifier, Grass Instruments), and digitized by using

a data acquisition system (PowerLab/8sp, Australia). Before each experiment,

to be able to assess the excitability of CA1 neurons, the input/output (I/O)

curves in response to stimulation intensities changing between 1 and 15V were
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constructed. By using borosilicate glass electrodes, the hippocampal field poten-

tial recordings were obtained from stratum radiatum and stratum pyramidale of

the hippocampus CA1 region. By using these graphics, the field excitatory post-

synaptic potential (fEPSP) threshold and the maximum values were obtained.

These data were used in the quantitative evaluation of synapse excitability. In

all recordings, the stimulus intensity was adjusted to the value composing the

50% of fEPSP curves. Short term plasticity was evaluated by using paired pulsed

stimuli within interpulse intervals of 201000 ms. Long term synaptic plasticity

was evaluated from the hippocampal long term potentiation (LTP). Besides LTP

induction, CA1 neurons were stimulated in each 20 seconds. After obtaining the

baseline recording from stratum radiatum for 10 minutes, LTP was induced with

high frequency stimuli (3 times of 100 Hz, 1 second stimuli) and the fEPSP were

recorded for the next sixty minutes. The data recordings and evaluation was

performed by using Chart 7 (Powerlab, Autralia) programme.

3.2.4 RNA Isolation from Hippocampus Tissue

The hippocampus tissue from the opposite hemisphere of the brain, where in

vivo electrophysiology was not performed, was isolated from the rats after they

were decapitated with guillotine. The isolated hippocampus tissue was placed

into RNAlater solution for the protection of RNA samples. For this purpose, hip-

pocampus tissue were incubated overnight at 4◦C in RNAlater solution. After the

overnight incubation, the tissues were removed from RNAlater and transferred

into new microcentrifuge tubes. These hippocampus samples were incubated at

-80◦C until the RNA isolation. For the determination of the NMDA receptor

mRNA expression alterations in the hippocampus upon nanoparticle exposure,

the total RNA were isolated. The RNA isolation was performed as described

in the literature [158, 159]. 1x phosphate buffered saline (PBS) (Sigma Aldirch,

Germany) was prepared by dissolving one tablet into 200 ml of distilled water.

Before thawing the tissues removed from -80◦C, 1 ml of PBS was added onto the

tissues. 1X PBS solution had a 7.4 pH value at room temperature and included

phosphate buffer (0.01 M), potassium chloride (0.0027 M), sodium chloride (0.137
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M). Tissue samples were centrifuged at 12.000 x g for 40 seconds to remove the

RNAlater solution penetrated into the tissue samples. At the end of the centrifu-

gation process, tissues were transferred to new tubes and 1 ml of TRI reagent

(Sigma Aldrich, Germany) was added onto each sample. Glass-teflon homoge-

nizer was used to homogenize the tissue samples and this process was performed

on ice. After the homogenization procedure, the samples were incubated at room

temperature for 10 minutes and they were centrifuged at 12.000 x g for 10 minutes

at 4◦C.At the end of centrifugation, the pellet contained the cell debris and it

was discarded. The supernatant was taken to another microcentrifuge tube. Each

sample was vortexed after the addition of 200 µl of chloroform (Sigma Aldrich,

Germany) and they were incubated for 3 minutes at room temperature with the

chloroform. The incubated samples were centrifuged at 12.000 x g for 15 minutes

at 4◦C. Three layers were observed at the end of the centrifugation. Proteins

were in the lower layer; DNA was in the interphase and RNA was in the upper

aqueous phase. For the successful isolation of total RNA free from any protein

and/or DNA contamination, the upper aqueous phase was taken to a new micro-

centrifuge tube carefully. The samples were incubated at -20◦C for 40 minutes

with the addition of 500 µl of isopropanol (Sigma Aldrich, Germany) and 2 µl

of glycogen for each sample. Following the incubation, samples were centrifuged

at 12.000 x g for 25 minutes at 4◦C. At the end of the centrifugation, the su-

pernatant was discarded and the pellet was washed with 1ml of 75% ethanol.

The samples were centrifuged at 7.500 x g for 5 minutes at 4◦C. After the re-

moval of ethanol, 30µl of nuclease free water was added to dissolve isolated total

RNA in the pellet. Finally, the isolated RNA samples were incubated at 65◦C for

10 minutes to eliminate the possible protein or DNA clusters due to RNAlater

to eliminate their interference to subsequent procedures. The concentrations of

the RNA samples were detected with the NanoDrop 2000 (Thermo Scientific,

US). 2 µl of the samples were dropped on to the NanoDrop equipment, and the

concentrations, A260/A280 and A260/A230 ratios were measured by the software

programme of NanoDrop 2000.
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3.2.5 cDNA Preparation

3.2.5.1 Primer Synthesis

The primer design and synthesis was performed according to NCBI gene accession

numbers. The primers were designed as they bypass the intronic sequences, and

as they bind to end of the previous exon and the beginning of the next exon.

Thus, the possibility of these primers to bind to intronic sequences which can be

found in a potential contaminating DNA was eliminated with high specificity. The

selected primers are listed in Appendix Table A.1 with their corresponding the

NCBI accession numbers, oligonucleotide sequences, Tm values, and the volumes

of distilled water to prepare 100 µM stock primers. These primers were both

used for cDNA synthesis, which was performed with gene specific primers, and

the quantitative real time polymerase chain reaction. A 25 µM stock was also

prepared from the 100 µM main stock by adding 75 µl of dH2O to 25 µl of stock

primer. Moreover, a 5 µM working solution was prepared by adding 80 µl of

distilled water to 20 µl of 25 µM stock. 5 µM working primer solution was used

for all the experiments by diluting to desired concentration.

3.2.5.2 cDNA Synthesis

cDNA synthesis was achieved by using the commercailly available RevertAid

First Strand cDNA Synthesis Kit (Thermo Scientific, Germany). The concen-

trations of the RNA samples for cDNA synthesis was adjusted as represented in

Appendix Table A.2. Some RNA samples had lower concentrations, thus, the

final concentrations showed variety during cDNA synthesis part. However, they

were adjusted to equal concentrations in qRT-PCR experiments.

The cDNA synthesis was performed according to the manufacturers protocol.

The reagent volumes used in cDNA synthesis reaction are represented in Table

3.2. When all mixtures were prepared for each sample, they were incubated at

42◦C for 60 minutes and at 70◦C for 5 minutes. Gene-specific primers were used
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for cDNA synthesis to increase the specificity.

Table 3.2: cDNA synthesis reagents

The reagent Volume

Template RNA As in Table 3.2

Gene-specific

Forward Primer (5 µM)
2 µl

Gene-specific

Reverse Primer (5 µM)
2 µl

5X Reaction Buffer 4 µl

RNase Inhibitor 1 µl

10 mM dNTP solution 2 µl

Reverse Transcriptase Enzyme

(M-Mul-V)
1 µl

Nuclease-free water Complete to 20 µl

Total Volume 20 µl

3.2.6 Quantitatve Real Time Polymerase Chain Reaction

(qRT-PCR)

SybrGreen Quantitative RT-PCR kit (Sigma Aldrich, Germany) was used for the

qRT-PCR reactions and the reactions were performed manufacturers instructions.

The reactions were run by using the Corbett Rotor-Gene 6000 (Qiagen, Germany)

and the results were reported with the instrument’s software. To make sure

that the reactions were specific for each gene, melting curves were analyzed in

each reaction. Moreover, all reactions were performed in duplicates. Besides the

samples, each reaction also included no template control. The final concentrations

of all cDNA samples were adjusted to 100 ng final concentration in all qRT-PCR

reactions. The optimized qRT-PCR conditions are represented at the following

table (Table 3.3).
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Table 3.3: Solution volumes and reaction conditions for qRT-PCR

Sybr Green 10 µl Reaction Conditions

Forward Primer (5 µM) 1.6 µl 94◦C 2 min

Reverse Primer (5 µM) 1.6 µl 94◦C 15 sec 30

cycleMgCl{2} 2.4 µl 60◦C 60 sec

cDNA 2 µl melt

Water 2.4 µl 60◦C - 90◦C

Total 20 µl

The threshold cycles (Cts) for each sample were determined after the qRT-PCR

reactions were performed. The expression levels of the NMDAR1 and NMDAR2a

were evaluated relative to GAPDH. For this purpose, the described equation for

the relative quantification in qRT-PCR was used [160]. This equation allows the

calculation even if the efficiencies are not equal in the reactions for the house-

keeping gene and the gene of interest in qRT-PCR experiments:

Ratio =
(Etarget)

∆Ct Gene of Interest (control - sample)

(Ehousekeeping)∆Ct Housekeeping (control - sample)
(3.1)

where Etarget is the reaction efficiency for gene of interest; Ehousekeeping is the

reaction efficiency of housekeeping gene (GAPDH); ∆ Ct is the difference between

the Ct values of the control and samples. This efficiency corrected equation was

used for the calculation of all changes in mRNA expression levels.

3.2.7 Protein Isolation from Hippocampus Tissue

Since NMDA receptor is located on the membrane fraction of the cell, the total

protein isolation from hippocampus tissue was performed by using a commercially

available membrane protein isolation kit and according to the manufacturer’s

procedure (Thermo Scientific, USA). Before the isolation procedure, a commer-

cially available protease and phosphatase inhibitor (Sigma Aldrich, Germany)
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was added to the permeabilization and solubilization buffers. The hippocampus

tissues, stored in RNAlater, were removed from -80◦C and weighed. 4 mL of

cell wash solution was added to approximately 20 mg tissue, vortexed and the

wash solution was discarded. 1 mL of permeabilization buffer was added and the

tissue was homogenized with the glass-teflon homogenizer system on ice. After

obtaining an even homogenization, 1 ml of permeabilization buffer was added

onto the homogenized tissue sample and incubated for 30 minutes on ice with

constant mixing. After the incubation, the solution was centrifuged at 16.000 x

g for 15 minutes at 4◦C to pellet the permeabilized cells. The supernatant, con-

taining the cytosolic protein fraction, was transferred to a new microcentrifuge

tube. Then, the pellet was dissolved in 1 mL of solubilization buffer and in-

cubated for 30 minutes on ice with constant mixing. After the incubation, the

solution was, again, centrifuged at 16.000 x g for 15 minutes at 4◦C. At the

end of the centrifugation process, the supernatant was containing membrane and

membrane-associated proteins. The pellet was discarded. Both cytosolic and

membrane-associated proteins were stored at -20◦C in aliquots until the western

blot analyses.

3.2.8 Determination of Protein Concentrations

Protein concentrations were determined by using the commercially available DC

Protein Assay Kit (Bio-Rad) as described in the manufacturer’s procedure. DC

protein assay kit depends on the reaction of protein samples with an alkaline

copper tartrate solution and Folin reagent. The protein samples react with the

copper in alkaline medium and then, the copper-treated protein reduces the Folin

reagent, as described in Lowry method [161]. The color development is primarily

observed because of the tyrosine and tryptophan residues. Also, cystine, cysteine

and histidine amino acids lead to color development in a lesser extent [161, 162].

The reduction of Folin reagent happens with the loss of 1, 2 or 3 oxygen atoms

and several possible reduced species having a characteristic blue color with a

maximum absorbance at 750 nm and minimum absorbance at 405 nm [162].
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To determine the concentrations of isolated protein samples, firstly, a bovine

serum albumin (BSA) standard was prepared in different concentrations (0.2, 0.4,

0.8, 1.0, and 1.2 mg/ml). Then, the reagent A
′

was prepared by adding 20 µl

reagent S to 1 ml reagent A. 96 well plate was used for the measurement. 5 µl

standard and sample were added to the wells. Then, 25 µl reagent A
′

was added

to each well. After the addition of 200 µl reagent B, the plate was mixed for 5

seconds, incubated for 15 minutes at room temperature and the absorbance was

measured at 750 nm.

3.2.9 Sodium Dodecyl Sulfate Polyacrylamide Gel Elec-

trophoresis (SDS-PAGE)

SDS-PAGE of the proteins was performed by using a 10% polyacrylamide gel

with a Bio-Rad Mini-Protean system (Bio-Rad, USA). The gels were prepared

according to Bio-Rad Cell system manufacturers protocol (Table 3.4). The elec-

trophoresis was performed with a constant voltage of 90 V per gel in 1X running

buffer (Bio-Rad, USA).

Table 3.4: SDS-PAGE gel preparation

Resolving Gel Stacking Gel

Resolver A 3 ml

Resolver B 3 ml

Stacker A 1 ml

Stacker B 1 ml

10 % Ammonium persulfate 30 µl 10 µl

TEMED 3 µl 2 µl
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3.2.10 Western Blot

Proteins were transferred to a PVDF membrane for 30 minutes at 1.3mA/cm2

in semi-dry blotting system (Bio-Rad, USA) using a semi-dry blotting system

(Cleaver Scientific Ltd, UK). After the transfer, the membrane was blocked for

1 h with 5% skim milk in Tris buffered saline - Tween 20 (TBS-T) at room

temperature. After rinsing for 10 min with TBS-T for three times, the membrane

was incubated with the corresponding primary antibody at a dilution of 1:1000 in

TBS-T containing 5% skim milk overnight at 4◦C. The membrane was rinsed for

10 min for three times with TBS-T and incubated with anti-rabbit IgG-alkaline

phosphatase in TBS-T containing 5% skim milk for 1 h at room temperature. The

membrane was then washed with TBS-T and developed with substrate (EMD

Millipore, USA).

3.2.11 Statistical Analysis

All the data are represented as mean ± SEM. For the statistical analysis of

behavioral tests and electrophysiology measurements, one-way ANOVA was used.

The one-way ANOVA analysis was further assessed with post-hoc Tukey test. For

the mRNA expression and protein level analyses unpaired, two-tailed Student’s

t test was used. p<0.05 was considered as statistically significant.

3.3 Results and Discussion

3.3.1 Behavioral Tests

3.3.1.1 Open Field Test

The locomotor activity, exploration and recognition of the spatial novelty recog-

nition parameters were evaluated with OFT. As a result of this test, in terms of

66



the total distance moved and the time spent in the central area, there were no

statistically significant difference between the CuNP, SnNP or AlNP group when

compared to control group (Figure 3.13 a and b, respectively). While CuNP and

AlNP group moved less than control group and spent less time in the central

part when compared to control group, this difference did not reach to a statis-

tical significance. It can be inferred that the locomotor activity of CuNP and

AlNP groups have a tendency to decrease, while the locomotor activity of SnNP

is likely to increase after 3 months of nanoparticle exposure. It was shown that

acute administration of silver nanoparticles (s.c.) did not affect the locomotor ac-

tivity of rats tested in OFT [163]. The rats exposed to particulate matter smaller

than 2.5 µm for five days in a mobile trailer exposure system displayed increased

anxiety-like behavior by spending less time in the center when tested with OFT

[164]. Exposure of rats to zinc oxide nanoparticles, on the other hand, did not

affect the exploratory behaviors and did not lead to anxiety-related behaviors in

rats [165]. When the time spent in the center is considered in this study, CuNP

and AlNP treated groups were demonstrated to spend less time in this area com-

pared to control group. This might indicate the anxiety like behavior of these

animals. However, it was suggested that OFT is not a primary anxiety test but

it might be used as the initial screen of anxiety [166]. Thus, elevated plus maze

test was performed to measure the level of anxiety in these nanoparticle treated

animals.

3.3.1.2 Elevated Plus Maze

EPM was performed to determine the stress and anxiety level of the rats after

CuNP, SnNP and AlNP exposure. In EPM, when the time spent in the open arm

for the nanoparticle exposed groups is compared to the control group, AlNP group

showed a statistically significant increase (***p<0.001) (Figure 3.14a). Although

CuNP group, also, spent more time in the open arms than control group, the

difference is not statistically significant. The time spent in the open arms and

the number of entry to open arm indicate the decreased anxiety-like behavior

in elevated plus maze [167]. It might be speculated that AlNP group show less
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Figure 3.13: CuNP, SnNP and AlNP produced during the laser material pro-
cessing did not alter the locomotor activity of rats exposed to these nanoparticles.
There is no statistically significant difference between the CuNP, SnNP or AlNP
group when compared to control group in terms of (a) total distance moved and
(b) time spent in the central part. However, the decrease in the time spent in
the central area in CuNP and AlNP exposed rats might indicate the increased
anxiety like behavior in these rats.

anxiety-like behavior compared to control. On the other hand, in total arm

crosses data, there is no statistically significant difference between any of the

nanoparticle exposed group and the control group, in accordance with the OFT

results (Figure 3.14b). In the literature, there are anxiety studies upon exposure

to different nanoparticles. One such study showed that exposure to particulate

matter smaller than 2.5 µm did not lead to anxiety-like behaviors in rats tested

with elevated plus maze [164]. Similarly, silver nanoparticle exposure did not

result in anxiety in rats [163]. On the other hand, it was shown that TiO2

injection led to a decrease in the time spent in the open arms and in the number

of crosses, indicating their increased anxiety behavior, compared to control [168].

Furthermore, nanoscale particulate matters were collected from vehicular gases

and mice were exposed to these particles in aerosols. The study demonstrated

that these vehicular-derived nanoparticles did not cause the anxiety in mice [169].

In this study, it was also demonstrated that CuNP, SnNP and AlNP did not result

in anxiety like behavior in rats exposed to these nanoparticles. Moreover, AlNP

exposed rats displayed decreased anxiety in EPM compared to control group.
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Figure 3.14: CuNP and SnNP did not lead to anxiety of rats exposed to these
nanoparticles while AlNP resulted in a decrease in anxiety behavior of the rats
after exposure. (a) Time spent in the open arms and (b) the total arm crosses
were evaluated in the EPM test for each group. AlNP group spent statisti-
cally significantly more time in the open arms when compared to control group
(***p<0.001), which indicates that AlNP exposure led to decrease in the anxiety.
No statistically significant difference was detected in the total arm crosses.

3.3.1.3 Porsolt’s Forced Swim Test

Porsolt’s FST was performed for the evaluation of behavioral despair in the rats

after CuNP, SnNP and AlNP exposure. For this purpose, the immobility duration

of the rats was analyzed [170]. None of the nanoparticle exposed groups demon-

strated statistically significant difference when compared to control group (Figure

3.15). However, CuNP and AlNP groups showed less immobility behavior when

compared to control group. In the literature, there are not much studies about

the effects of nanoparticles on behavioral despair and depression-like behavior. It

was shown that zinc oxide administration led to positive changes in forced swim

test of the rats, which had high immobility durations before the administration

[165]. In this study, on the other hand, no significant change was observed after

CuNP, SnNP and AlNP exposure in the rats compared to control group in terms

of immobility duration. Thus, it might be concluded that CuNP, SnNP and AlNP

exposure did not result in the depression-like behavior in nanoparticle exposed

rats.
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Figure 3.15: CuNP, SnNP and AlNP produced during the laser material pro-
cessing did not result in behavioral despair in the rats exposed to these nanopar-
ticles. Although CuNP and AlNP groups showed less immobility than controls,
there is no statistically significant difference in any of the nanoparticle exposed
groups when compared to control group.

3.3.1.4 Passive Avoidance Test

Passive avoidance test was performed for the evaluation of learning and memory in

rats after CuNP, SnNP and AlNP exposure. The latency period in the test phase

was evaluated. None of the nanoparticle exposed groups demonstrated difference

when compared to control groups in terms of latency duration in the light com-

partment (Figure 3.16). Ghaderi et al. (2015) demonstrated that subcutaneous

silver nanoparticle injections to rats, similarly, did not affect their performance

in passive avoidance test [163]. It was demonstrated that the offsprings of the

rats which were administered TiO2 in pregnancy via gavage, displayed altered

memory at the 48th hour of passive avoidance test [171]. Moreover, intraperi-

toneally injected gold nanoparticles were shown to cause an impairment in the

memory ability of the rats [105]. In our study, on the other hand, it was shown

that CuNP, SnNP and AlNP did not alter the learning and memory of the rats

after three months of exposure.

It was shown that CuNP, SnNP and AlNP did not affect the learning memory

ability of the exposed rats. However, there are some minor changes in their mood

compared to control group, as shown by OFT, elevated plus maze and forced
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Figure 3.16: CuNP, SnNP and AlNP produced during the laser material pro-
cessing did not affect the learning and memory process of the rats exposed to these
nanoparticles. None of the nanoparticle exposed groups demonstrated statisti-
cally significant difference when compared to control groups in terms of latency
duration in the light compartment.

swim test.

3.3.2 In vivo Electrophysiology

In vivo electrophysiology is one of the methods for the evaluation of hippocampal

learning. Since the pyramidal neurons and their dendrites are orderly arranged in

CA3 and CA1 regions of hippocampus, electrical field recordings give significant

information about the temporal arrangement of neuronal responses. Here, the

basic synaptic transmission from CA3 to CA1 region of hippocampus was deter-

mined. After stimulating the ventral hippocampal commissure, population spike

amplitudes in stratum pyramidale did not show any difference between CuNP,

SnNP and AlNP groups when compared to control group (Figure 3.17a). Sim-

ilarly, EPSP slopes and population spike amplitudes were evaluated from the

recordings taken from CA1 stratum radiatum. Although there is a tendency to

decrease in the EPSP slope, there is no statistically significant difference between

the nanoparticle exposed groups and the control group (Figure 3.17b). Both

EPSP slopes and population spike amplitudes reveal the basic synaptic transmis-

sion from CA3 region to CA1 region of the hippocampus, in this experimental
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procedure. More specifically, these data provide information about both the

presynaptic neurotransmitter release and postsynaptic receptor response [172].

Thus, it can be suggested that CuNP, SnNP and AlNP did not affect the synap-

tic transmission in CA1 region of the hippocampus, indicating no alteration in

the number and excitability of the neurons in this region.

Figure 3.17: CuNP, SnNP and AlNP did not affect the synaptic transmission
in CA1 region of the hippocampus of the rats after exposure to these nanopar-
ticles. (a) Population spike and (b) EPSP slope amplitudes from the recordings
taken from CA1 stratum pyramidale and stratum radiatum, respectively, after
stimulating the ventral hippocampal commissure. Both EPSP slope and popula-
tion spike amplitude did not show statistically significant difference between the
nanoparticle exposed groups and the control group.

On the other hand, paired-pulse facilitation gives information about the

activity-dependent short-term synaptic plasticity and it is detected when two

stimuli are delivered to presynaptic fibers in very short time interval[173]. Af-

ter stimulating the ventral hippocampal commissure, recordings from CA1 stra-

tum radiatum were also evaluated in terms of the ratio between EPSP slopes

which were induced with two stimuli with different interpulse intervals in be-

tween (Figure 3.18a). Moreover, the ratio of population spike amplitudes were

analyzed in the same situation (Figure 3.18b). Neither of the nanoparticle ex-

posed groups showed statistically significant difference than the control group in

terms of (EPSPs2)/(EPSPs1). Therefore, it can be inferred that no facilitation

was observed in CA1 region of the rats exposed to CuNP, SnNP and AlNP.
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Figure 3.18: CuNP, SnNP and AlNP did not result in any facilitation in CA1
region of hippocampus of the rats exposed to these nanoparticles. (a) Ratio
of the EPSP and (b) ratio of population spike amplitudes from the recordings
taken from CA1 stratum pyramidale and stratum radiatum, respectively, after
stimulating the ventral hippocampal commissure. Neither of the nanoparticle
exposed groups showed statistically significant difference than the control group
in terms of (EPSPs2)/(EPSPs1).

Finally, LTP analysis was performed to evaluate the hippocampal learning

and memory process. LTP was induced by stimulating the ventral hippocampal

commissure with a high frequency stimulation (HFS). The data were normalized

by taking the ratio of the EPSP slopes after the induction and before the in-

duction. The recording was taken from the CA1 stratum radiatum. CuNP and

AlNP groups were induced less than the control group in a statistically significant

manner (**p<0.01); but in the long term no statistically significant difference was

observed (Figure 3.19). Thus, it can be inferred that copper, tin and aluminum

nanoparticle exposure did not affect the long-term memory process in nanoparti-

cle exposed rats. These data are also consistent with the passive avoidance test

data, indicating no alteration in the memory process.

Previously, it was demonstrated that intraperitoneal CuO nanoparticle injec-

tion to rats for consecutive 14 days led to a decrease in EPSP slopes obtained

from CA1 region of the hippocampus, indicating that CuO nanoparticles nega-

tively affected the synaptic transmission [174]. In this study, although there is
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Figure 3.19: CuNP, SnNP and AlNP exposure did not affect the long-term
memory process in nanoparticle exposed rats. CuNP and AlNP groups were in-
duced less than the control group in a statistically significant manner (**p<0.01);
but in the long term no statistically significant difference was observed.
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a tendency for decrease in EPSP slope in CuNP treated group, it did not reach

to statistical significance. Moreover, silver nanoparticles were administered to

rats as nasal drops and EPSP was shown to significantly decrease compared to

control group. Thus, the LTP measurement also showed a decrease in long term

potentiation in silver nanoparticle exposed group [115]. On the other hand, in-

traperitoneally injected ZnO nanoparticles were shown to enhance the long term

potentiation in rats [175]. It was shown in this study that CuNP, SnNP and AlNP

did not affect the synaptic transmission, number and excitability and the facil-

itation of the neurons in CA1 region of the hippocampus. Moreover, there was

no significant difference between the nanoparticle exposed groups and the control

group in terms of LTP analysis, indicating that these rats had intact learning and

memory process after 3-months of nanoparticle exposure. The exposure routes

in the literature are generally through injections or nasal drops. Thus, the expo-

sure dose might be much higher than the dose inhaled throughout this real time

exposure experiment. Therefore, the dose of the nanoparticles reaching to the

hippocampus might not be enough to alter the synaptic transmission patterns.

3.3.3 RNA concentrations

Concentrations of isolated RNA samples and A260/A280 and A260/A230 were de-

termined as described previously. The results are represented in the Appendix

Table A.3. RNA concentrations were displayed in ng/µl. The values of A260/A280

values between 1.80 - 2.00 indicate the purity of RNA, which is free from DNA

contamination. The results indicate that the isolated RNA samples do not con-

tain contaminants and they are pure.

3.3.4 Protein concentrations

Concentrations of isolated proteins from the rats hippocampus tissues were de-

termined with DC Protein Assay and the concentrations are presented in Table

Appendix table A.4.
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3.3.5 Fold changes in the expression levels of NMDAR1

and NMDAR2a genes and NMDAR1 protein levels

The calculation of the fold change was performed as relative to the housekeeping

gene, GAPDH, for both control and nanoparticle exposed groups according to

the efficiency corrected equation 2.1. The differences in the gene expressions are

depicted in Fig.3.20 and 3.21 for NMDAR1 and NMDAR2a genes, respectively,

as bar graphs.

Although CuNP exposure did not lead to a statistically significant change

in NMDAR1 expression, both SnNP and AlNP resulted in an increase in the

expression level (***p<0.001). CuNP exposed group demonstrated a decrease

to 0.63 ± 0.30, while SnNP and AlNP showed an increase by 3.42 ± 0.19 and

3.24 ± 0.46 fold in NMDAR1 expression. Similarly, SnNP and AlNP exposures

resulted in a statistically significant increase in NMDAR2a expression (23.18 ±
3.67, **p<0.01 and 20.88 ± 4.23, ***p<0.001, respectively. CuNP exposure did

not affect the expression level of NMDAR2a compared to control group (1.09 ±
0.01).

CuNP and SnNP resulted a decrease in NMDAR1 protein levels to 0.44 ±
0.11 and 0.59 ± 0.07 fold compared to control group, respectively (**p<0.01 for

both groups). (Figure 3.22). However, NMDAR1 protein levels did not show a

statistically significant decrease in AlNP exposed group (0.84 ± 0.06).

NMDAR1 subunit is the obligatory subunit of NMDAR and together with

either or both the NMDAR2a and the NMDAR2b subunit, they constitute the

functional NMDAR [176]. The number and the type of NMDAR2 subunits affect

the allosteric modulation by polyamines and the ligand affinities [177]. Thus,

we wanted to check the expression changes in NMDAR1 upon CuNP, SnNP and

AlNP exposure. NMDAR is one of the most important targets for the heavy

metal toxicity [178]. NMDARs have recognition sites for a number of ligands

which can be both endogenous and exogenous. These ligands might be divalent

metal cations and they might exert toxic effects on these receptors [178, 179]. The
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Figure 3.20: CuNP exposure did not lead to a statistically significant change
in NMDAR1 mRNA expression. However, both SnNP and AlNP resulted in an
increase in the mRNA expression level of NMDAR1 in hippocampus of the rats
after exposure to these nanoparticles. Although CuNP exposure did not lead to
a statistically significant change in NMDAR1 expression detected by qRT-PCR,
both SnNP and AlNP resulted in an increase in the expression level (***p<0.001).
CuNP exposed group demonstrated a decrease to 0.63 ± 0.30, while SnNP and
AlNP showed an increase by 3.42 ± 0.19 and 3.24 ± 0.46 fold in NMDAR1
expression.

Figure 3.21: SnNP and AlNP exposures resulted in a statistically significant
increase in NMDAR2a expression in hippocampus of the rats after exposure to
these nanoparticles. SnNP and AlNP exposures resulted in a statistically signifi-
cant increase in NMDAR2a expression (23.18 ± 3.67, **p<0.01 and 20.88 ± 4.23,
***p<0.001, respectively. CuNP exposure did not affect the expression level of
NMDAR2a compared to control group (1.09 ± 0.01).
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Figure 3.22: CuNP and SnNP resulted a decrease in NMDAR1 protein levels in
hippocampus of the rats after exposure to these nanoparticles. CuNP and SnNP
resulted a decrease in NMDAR protein levels to 0.44 ± 0.11 and 0.59 ± 0.07 fold
compared to control group, respectively (**p<0.01 for both groups). However,
NMDAR1 protein levels did not show a statistically significant decrease in AlNP
exposed group (0.84 ± 0.06).

effect of the divalent cations were shown to be dependent on NMDAR2 subunit

of NMDARs [180]. Mg2+ and Zn2+ have significant physiological roles through

interaction with NMDAR and this makes it possible to classify other divalent ions

as Mg2+like (voltage-dependent) or Zn2+like (voltage-independent) [181]. There-

fore, NMDAR2a expression was also analyzed in this study. Cu, Sn and Al are

also divalent cations and although they are in nanoparticle form in the exposure,

they might also be ionizing in the tissues. Cu2+ was shown to inhibit NMDAR

activity [182]. In this study CuNP did not affect the expression of NMDAR1 and

NMDAR2a significantly, but it decreased the NMDAR protein level in a statis-

tically significant manner, which might be related to the inhibition of receptor

activity. Although there are no studies about the effect of Sn on NMDAR in the

literature, again being a divalent cation, Sn might affect the receptor expression

and protein levels. The increase in the NMDAR1 expression might be the feed-

back mechanism to elevate the decreased NMDAR1 protein levels. Aluminum, on

the other hand, was shown to alter the downstream pathway of NMDAR [183].

Thus, it might be inferred that AlNP, by disrupting the downstream cellular
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pathways of NMDAR, might lead to increase in the gene expression of NMDAR1

and, as a result, a stable protein level. It was shown that NMDAR1 and NM-

DAR2a are differentially expressed in different regions of hippocampus, such as

CA1, CA3 and dentate gyrus [184]. In this study, the synaptic activity outputs

were recorded from CA1 region but RNA and protein isolation were performed

from whole hippocampus tissue. This might be the reason why there is an al-

teration in mRNA and protein levels of NMDAR subunits but no change in long

term potentiation. It might also be suggested that, other subunit NMDAR2b

might be affected after nanoparticle treatment which might be the limiting fac-

tor in NMDAR protein levels, resulting in the NMDAR1 protein levels in the

membrane were decreased.

3.4 Conclusion

For the first time in the literature, the real time nanoparticle exposure setup

was developed to mimic the industrial environment for the determination effects

of nanoparticles on the rats’ learning and memory process. Both behavioral

tests and in vivo electrophysiology experiments revealed that 3 months of cop-

per, tin and aluminum nanoparticles exposure did not lead to any alterations

in the learning and memory process of the rats. However, AlNP led to a de-

crease in the anxiety like behavior of the rats exposed to these nanoparticles.

Thus, it can be concluded that AlNP resulted in a mood change in these an-

imals. Moreover, it was demonstrated that NMDAR subunits NMDAR1 and

NMDAR2a mRNA expressions were significantly increased in SnNP and AlNP

exposed groups. Moreover, NMDAR1 protein levels were shown to decrease after

CuNP and SnNP exposure compared to controls. It might be concluded that

CuNP, SnNP and AlNP produced during laser materials processing might lead

to changes in mRNA and protein levels of NMDAR after three months of expo-

sure. Although this change was not reflected to the synaptic transmission and

behavior, in long term exposure there is a high risk to alter the learning and

memory functions, together with neurodegeneration.
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Chapter 4

Localization and Body

Distribution of Nanoparticles

4.1 Introduction

As described in chapter 3, a real-time exposure set-up with laser marking sys-

tem was designed and the nanoparticles were administered to the rats in this

environment for the first time in the literature. Besides reaching to brain, these

nanoparticles are predicted to reach a number of organs in the body via circula-

tion. Although there are studies showing the body distribution of the nanopar-

ticles upon different exposure routes, the experimental setup mimicking the real

time industrial environment was used for the first time in this thesis study. In-

haled particles, nano and micron sized particles, were shown to pass to the cir-

culation from lungs [185]. The fate of the particles taken into the body through

inhalation and their accumulation in the respiratory tract depends on the size of

the particles [186, 187]. It was determined that large particles, which are 530 µm

in size, show their effects in nasopharyngeal region. Smaller particles (1-5 µm)

were shown to be accumulated in tracheobronchial region. However, nanoparticles

reach into the alveolar region, where the elimination mechanisms are not sufficient

[188]. Although respiratory tract has different structural and functional methods
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to deal with inhaled particles, these mechanisms are not sufficient for the high

doses of the inhaled particles [189, 190, 191]. The inhaled nanoparticles might be

eliminated from the lung but it requires a long time. Moreover, the interaction

of the nanoparticles to the cells results in the adverse effects in the lung [191].

The elimination mechanism of the lung for inhaled particles is through alveolar

macrophage-mediated clearance but it might not be successful for the nanopar-

ticles, which macrophages lead them to get closer to the alveolar epithelium and

get into the bloodstream [192, 193]. If the nanoparticles aggregate in the tissue

and form larger particles, they can be recognized by alveolar macrophages and

eliminated by phagocytosis [194]. Thus, nanoparticles gain access to the target

organs by passing to bloodstream from the lung alveolar epithelium and might

exert their toxic effects [10]. As introduced in chapter 3, CNS is protected by the

BBB and nanoparticles were shown to pass BBB and reach to different parts of

the brain in a number of studies [106, 8]. In this study, by using a novel exposure

setup for the fist time in the literature, the rats were exposed to the CuNP, SnNP

and AlNP and we determined the body distribution of these nanoparticles in rat

organs and plasma samples.

4.2 Materials and Methods

4.2.1 Removal of the Organs

After completing the in vivo electrophysiology experiments, the rats were sacri-

ficed with a guillotine while the rats are still under the urethane anesthesia. The

trunk blood was collected right after they were sacrificed. The skull was opened

and the brain was removed. The frontal cortex, hippocampus, occipital lobe,

hindbrain, and cerebellum samples were collected in the artificial cerebrospinal

fluid (ACSF) buffer at 0◦C. Then, lung, heart, kidney, spleen, adrenal glands,

and testis samples were also removed. While the samples for TEM analysis were

kept in the 2.5% gluteraldehyde solution, the samples for ICP-MS analysis were

stored at -80◦C. Moreover, the hippocampus sample from the other hemisphere
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was removed. This sample was further kept at at 4◦C overnight in RNAlater

solution (Qiagen, Germany). The samples were removed from the solution by the

forceps and passed into a new microcentrifuge tube to be stored at -80◦C until

RNA and protein isolation processes.

4.2.2 TEM Analysis of the Tissue Samples

All the tissue samples were fixed in 2.5% gluteraldehyde for 24 hours. Then, the

samples were washed in Sorensons Phosphate Buffer (SPB, pH: 7.4), postfixed

in 1% osmium tetroxide. After this step, the samples were re-washed with SBP

to reach the dehydration step. The samples were dehydrated by using increasing

concentrations of alcohol (25%, 50%, 75% and pure alcohol). Then the tissues

were washed with propylene oxide twice and embedded the media which was pre-

pared by mixing 1:1 propylene oxide and epoxy resin embedding material. The

samples were incubated in this mixture for 1 hour and at the end of this incuba-

tion period, the same amount of epoxy resin embedding material was added to

the mixture and the ratio of the mixture was increased to 1/3. The samples were

incubated in the rotator overnight in this mixture and the preparation for the

embedding part was completed. By embedding the samples into plastic capsules

with the epoxy resin embedding material, the samples were incubated in 60C

incubator for 48 hours. At the end of 48 hours, the samples were taken out of the

incubator and semi-thin sections about 2 m in thickness were cut with ultrami-

crotome (LKB-Nova, Sweden). Semi-thin sections were stained with methylene

blue and examined by an Optiphot (Nikon, Japan) light microscope to determine

the area to be sectioned further. After trimming procedure of these semi-thin

sections, ultrathin sections at a thickness of 60 nm were taken by ultramicro-

tome, collected on copper grids, stained with uranyl acetate and lead citrate, and

examined with a transmission electron microscope (JEOL JEM 1200 EX, Japan).
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4.2.3 ICP-MS Analysis of the Tissue Samples

The tissue samples stored at -80◦C were weighed and approximately 250 mg tis-

sue sample for used in the analysis. The weighed tissue samples were placed into

polytetrafluoroethylene (PTFE) microwave tubes and 8 ml concentrated HNO3

was added onto the sample. The tissues were homogenized in the tissue diges-

tion microwave oven at 180◦C, 45 bar pressure for 35 minutes. All the chemical

reagents used in ICP-MS analysis were high-purity grade solvents. HNO3 was

purchased from Sigma Aldrich, Germany and hydrochloric acid (HCl) was pur-

chased from Merck, Germany. The internal calibration standard was bismuth

(Bi) at a concentration of 10 ppb. All of the standards were purchased from High

Purity Standards, USA. The water used in all ICP-MS procedures was deionized

water with 18 MΩcm. The ICP-MS analysis was performed by internal standard

correction and standard curve formation for each of the elements. The samples

were diluted to 1:50 with 2% HNO3 for copper measurement, 1:12.5 with 5%

HNO3 and 5% HCl for tin and 1:25 with 1% HNO3 for aluminum. The mea-

surement was performed with the ICP-MS equipment from Thermo-Scientific,

USA.

4.3 Results and Discussion

TEM analyses revealed that CuNP, SnNP and AlNP reached to a number of

organs. The summary of the organs in which nanoparticles were detected are

listed in Table 4.1. Moreover, TEM images of control tissues and the tissue

samples collected from CuNP, SnNP and AlNP exposed rats are demonstrated in

appendix figures B1-B12. TEM images revealed that all the nanoparticles were

distributed in both extracellular matrix and in the cytoplasm of the cells. This

indicates that CuNP, SnNP and AlNP were taken into the cells, which might be

a risk for the toxicity of these nanoparticles in specific tissues.

To confirm the the TEM images, quantification of the elements in organs

was performed with ICP-MS analysis. The quantitative results are represented
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Table 4.1: Distribution of CuNP, SnNP and AlNP in rats’ organs according to
TEM results. The presence of nanoparticles is indicated with the ”X” sign in the
table.

Sample CuNP SnNP AlNP

Heart X X

Lung X X X

Kidney X X X

Adrenal Glands X X X

Liver X X

Testis X X X

Spleen X X

Intestine

Hippocampus

Cerebellum X X

Hindbrain X

Frontal Cortex X X

Occipital Lobe X

in appendix table B1. Copper concentrations increased significantly in heart

(*p<0.05), lung (****p<0.001), liver (**p<0.01) and frontal cortex (*p<0.05) (Fig-

ure 4.14). Although not statistically significant, copper concentration increased

in testis, spleen, cerebellum, hindbrain and occipital lobe. Since copper has a

number of roles in the body for the normal physiological pathways [119, 120], as

described previously in chapter 3, control tissues also exhibited certain levels of

copper.

Tin, on the other hand, normally is not present in the body and after SnNP

exposure, tin element was detected in all the tissues analyzed although there

are tissues tin increase is not statistically significant (Figure 4.16). Similarly,

aluminum was detected in all of the investigated tissues, except for the olfactory

bulb (Figure 4.17). Besides, only copper was found significantly higher in plasma

among three elements (Figure 4.18). Tin and aluminum plasma concentrations in

SnNP and AlNP exposed rats were similar to that of control group. The plasma

aluminum concentration in the control group is consistent with the literature
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Figure 4.1: Cu element concentration in the tissues of CuNP exposed rats.
Cu element was shown to be increased in heart (*p<0.05), lung (****p<0.0001),
liver (**p<0.01) and frontal cortex (*p<0.05) in a statistically significant manner.
Testis, spleen, cerebellum, hindbrain and occipital lobe copper concentrations also
increased.
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[195].

Figure 4.2: Sn element concentration in the tissues of SnNP exposed rats.
Sn element was shown to be increased statistically significantly in all of tissues
analyzed except for the heart and hipocampus (*p<0.05, **p<0.01, ****p<0.0001).
Although not statistically significant, the Sn concentration increased also in heart
and hippocampus tissues.

In the ICP-MS analyses, it was demonstrated that all of the three nanoparticles

are distributed throughout the body to various organs. There are some differences

between the TEM data and ICP-MS data since although a number of slices are

prepared and investigated in TEM analyses there might be some part of the

tissues where nanoparticles cannot be detected. Thus, TEM data is considered

as the supportive data of ICP-MS analysis.

In this study, it was demonstrated that CuNP, SnNP and AlNP generated

during laser material processing were taken into the body of rats exposed to this

environment via inhalation. More significantly, it was shown that these nanopar-

ticles are distributed to a number of organs such as lungs, heart, liver, spleen,

testis and so on, together with a number of brain regions. In the literature, there

are some studies investigated the body distribution of nanoparticle which were

administered to animals through different routes. Figure 4.15 describes the poten-

tial routes. De Jong et al. (2008) injected gold nanoparticles to the tail vein of the
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Figure 4.3: Al element concentration in the tissues of AlNP exposed rats. Al ele-
ment was shown to be increased statistically significantly in all of tissues analyzed
except for the testis (*p<0.05, **p<0.01, ***p<0.005, ****p<0.0001). Although
not statistically significant, the Al concentration increased also in testis.

Figure 4.4: Cu, Sn and Al element concentrations in the plasma of CuNP,
SnNP and AlNP exposed rats, respectively. Cu element was found to be increased
statistically significantly when compared to control group (***p<0.001).
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Figure 4.5: Potential routes of nanoparticles upon exposure. Adapted from
[196].

rats and they showed the size-dependent body distribution of the nanoparticles.

They detected the smallest nanoparticles in blood, heart, lungs, liver, spleen, kid-

ney, thymus, brain, and reproductive organs of the rats [197]. TiO2 nanoparticles

were included in the drinking water of the mice and it was revealed that there is

a significant increase in the cytokine expression in peripheral blood, suggesting

the systemic distribution of nanoparticles throughout the body [198]. In a study

conducted with the whole-body exposure set-up, TiO2 in aerosols were exposed

to mice for 10 days as the subacute exposure. It was demonstrated that there was

a significant inflammatory response in the lungs of the exposed mice [199]. Silver

nanoparticles administered to rats through oral gavage for 28 days were detected

in liver, kidney, lungs, muscles, brain, plasma, small intestine and stomach [200].

In another study comparing the silver nanoparticles and silver ions, when silver

nanoparticles were administered to rats by oral gavage for 28 days, on the other

hand, the nanoparticles were detected in testis, kidney, brain, lung and blood of

the animals [201]. The rats, which were exposed to silver nanoparticles through

inhalation for 6h/day, 5 days/week for 13 weeks, were examined in terms of body

distribution of the nanoparticle and silver nanoparticles were detected in liver,
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kidneys, olfactory bulb, brain, lungs and whole blood [116]. Moreover, orally ad-

ministered silver nanoparticles were detected in rats’ testes, kidneys, liver, brain,

lungs, stomach and blood [202].

Upon inhalation, lung was shown to be the first target organ for the nanopar-

ticles to reach and result in inflammatory reactions [203]. In this study, it was

shown that CuNP, SnNP and AlNP were distributed to a number of target or-

gans such as heart, liver, kidney, testis. Moreover, there is a high concentration

of nanoparticles detected in the lung tissue. Since laser material processing led

to a wide range of size distribution, it might be inferred that larger nanoparticles

might have accumulated in the lung tissue while smaller ones reached to blood-

stream and to the target organs. On the other hand, only Cu was shown in the

plasma, but all Sn and Al were transferred to the organs. Since the nanoparticles

might be transferred to the target organs via circulation, it is not surprising to

detect increased Cu, Sn and Al concentrations in the heart. Liver, on the other

hand, was shown to be one of the most preferential organ for the nanoparticle ac-

cumulation since hepatocytes are highly perfused with the blood [204]. Moreover,

since spleen and liver are the organs in the reticuloendothelial system, there is a

high chance for nanoparticles to get into these tissues [205]. On the other hand,

the nanoparticles detected in the kidney might again be due to renal clearance of

nanoparticles from the bloodstream [206]. Furthermore, in a number of studies,

it was shown that inhalation and other routes of nanoparticle exposure led to the

disruption of male reproductive functions by reaching to testis after passing the

testis-blood barrier and affecting the testosterone synthesis and sperm produc-

tion [207, 208]. Moreover, since there is no significant increase in intestine for all

of the exposed nanoparticles compared to control, the exposure route was only

through inhalation but not digestion. One of the striking findings of this study is

that Cu, Sn and Al were detected in a number of brain regions. The nanoparticles

might reach to the brain either by disrupting the BBB or through the olfactory

bulb. Cu and Sn were detected in olfactory bulb while no Al was observed in

this region. Al might either only reach to brain through the circulation and BBB

or it might surpass and not accumulated in the olfactory bulb. By reaching to

different brain parts, these nanoparticles would affect a number of pathways in
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central nervous system and they might lead to neurodegeneration and apoptosis

of neurons upon accumulation.

4.4 Conclusion

The material processing laser setup, which is mimicking the industrial working

environment, was used to expose the rats to nanoparticles generated during the

material processing. To our knowledge, this is the first study in the literature

in which a real time exposure setup was used and the body distribution of these

nanoparticles were investigated. Cu, Sn and Al were detected in a number of

organs of the rats upon inhalation. The lack of these elements in the intestine

indicates that the major route of entry was inhalation. Although we cannot com-

pletely rule out the oral route, it seems to be a very minor path of entry for

NPs. Lungs, the primary target organs after the inhalation, were detected with

the high element concentrations indicating the accumulation of these nanopar-

ticles in the lungs. 1.85 ± 0.24 µg/g copper, 471.26 ± 60.30 µg/g tin, 123.44

± 2.99 µg/g aluminum were detected in the lungs of CuNP, SnNP and AlNP

exposed groups, respectively. The nanoparticles also reached to a number of or-

gans through systemic circulation, such as heart, liver, kidney, spleen, and testis.

Moreover, these nanoparticles were shown to reach a number of brain parts ei-

ther by passing through the BBB or via olfactory bulb or through both of the

routes. For instance, 0.33 ± 0.01 µg/g copper, 0.02 ± 0.00 µg/g tin, 0.20 ± 0.09

µg/g aluminum were detected in the frontal cortex of CuNP, SnNP and AlNP

exposed groups, respectively Detection of these nanoparticles in different brain

parts shows the severity of risk in terms of neurodegeneration and the apoptosis

of neuron cells. The body distribution results indicate that nanoparticles pro-

duced during laser materials processing might lead to a number of health risks in

human upon inhalation.
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Chapter 5

Nanoparticle Toxicity

5.1 Introduction

In this chapter, two different studies related to in vitro toxicity of different

nanoparticles, which were produced by pulsed laser ablation in liquids, will be

introduced. The nanotoxicity of silver nanoparticles were investigated in the

isolated rat hippocampus tissue in the first study and it was revealed that sil-

ver nanoparticles are taken into the body through phagocytosis. Moreover, it

was shown that silver nanoparticles led to the decrease in cell survival in dose-

dependent manner. In the second study, the nanotoxicity of CuNP, SnNP and

AlNP was analyzed in human neuroblastoma cell line in terms of the effects on

cell survival and NMDAR subunit mRNA expression and protein levels. It was

demonstrated that CuNP, SnNP and AlNP led to the cell death with increas-

ing nanoparticle concentrations and CuNP and SnNP resulted in alterations in

NMDAR1 mRNA and protein levels.
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5.2 Toxicity of Internalized Laser Generated

Pure Silver Nanoparticles to the Isolated

Rat Hippocampus Cells

Nanoparticles are used in a number of different applications in medical, biolog-

ical, electronic, and industrial fields. One of the most commonly used types

of nanoparticles in those applications is the silver nanoparticles (AgNP). They

are used as therapeutics; cosmetics; antimicrobial coatings on medical implants,

catheters, wound dressings and so on [209]. AgNPs are also utilized as imaging

agents because of their unique plasmon-resonance optical scattering properties

[210]. Central nervous system has a high risk of nanoparticle exposure since the

nanoparticles can reach the brain both by systemic circulation and through the

olfactory bulb via the olfactory mucosa [131, 132]. It was shown that AgNPs are

detectable in the brain after inhalation and it was proposed that nanoparticles

gain access to the brain through the BBB either by passive diffusion or by carrier

mediated endocytosis [211]. It was demonstrated that AgNPs results in BBB

destruction and neuronal degeneration [212]. Moreover, orally administered Ag-

NPs were found to be accumulated in the brain [213]. One recent study showed

that learning ability and memory retention was severely damaged and there was

edema in hippocampus after nasally administered AgNPs in rats [115]. AgNPs

caused alterations in the expression profiles of the genes related with motor neu-

ron disorders, neurodegenerative diseases and immune cell function [214]. Sung

et al. (2009) conducted a whole-body inhalation study to AgNPs at different

doses. AgNPs were shown to accumulate in the liver, olfactory bulb, brain, and

kidneys. It is important that brain has a high risk due to the transfer of Ag-

NPs from olfactory neurons after inhalation [215]. Similarly, Ji et al. (2007)

investigated the body distribution of AgNPs upon inhalation and the nanopar-

ticles were detected in liver, brain, olfactory bulb, and spleen [216]. The effects

of AgNPs on gene expression in different regions of the mouse brain was also

investigated. The particles were administered to adult male mice via intraperi-

toneal injections and it was demonstrated that gene expression changed in the

caudate nucleus, frontal cortex, and hippocampus of mice when treated with the
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Ag NPs [217]. As indicated in a number of studies, AgNP can pass the blood

brain barrier and reach to brain, with the potential of neurotoxicity in a num-

ber of different brain regions. Hippocampus was chosen for our study since it

is the major brain region responsible for learning and memory. Moreover, hip-

pocampus is shown to be highly susceptible to cell death [218]. The cellular

effects of AgNPs were studied in various mammalian cell lines in in vitro set-

tings [219, 220, 221]. AgNPs were shown to be toxic to mitochondria [222] due

to oxidative stress leading to inflammation, DNA damage and finally apoptosis

[223]. It is known that AgNPs can accumulate in the brain [149] and damage

learning and memory retention via reactive oxygen species (ROS) in rats [224].

Furthermore, AgNPs altered the expression of genes related with motor neuron

disorders, neurodegenerative diseases and immune function [225]. Although Ag-

NPs have been considered as safe and commonly used in drugs, cosmetics, etc.

for decades, recent studies suggest that AgNPs would lead to serious toxicity

in the nervous system as well as other systems. In order to exert intracellular

toxic effects, nanoparticles should be taken into the cell and interact with macro-

molecules. The cellular uptake mechanism for nanoparticles is various forms of

endocytosis depending on their physicochemical properties [226]. Surface chem-

istry is the main determinant of nanoparticle toxicity [227]. So far, studies on

AgNPs have all used coated nanoparticles (polyvinylpyrrolidone, antibodies, sur-

factant, or chemical byproducts) resulting in different surface chemistries while

uncoated pure AgNP toxicity is yet to be elucidated. Since pure uncoated AgNPs

are the most common silver nanoparticles in nature and in industry as products

or byproducts such as during laser ablation, it is important to determine their

mechanism for internalization which is correlated with their toxicity [96]. In this

study, we produced pure uncoated AgNPs without any chemical surface modifica-

tions by using laser ablation method and aimed to investigate the direct toxicity

of the AgNPs to the neural tissue and their mechanism of internalization by the

neurons in rat hippocampal slices.
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5.2.1 Materials and Methods

5.2.1.1 Animals and Hippocampal Slice Preparation

3 weeks old male Wistar albino rats were used for procedures involving hip-

pocampal slices. After anaesthetizing by diethyl ether, the animals were rapidly

decapitated, hippocampi were removed and transverse slices at thickness of 400

m were cut in oxygenated, 50 ml of ice-cold dissection buffer [low Ca2+/high

Mg2+ artificial CSF (ACSF)], using a Vibroslice (World Precision Instruments,

FL, USA). Oxygen was supplied using a 95% O2, 5% CO2 gas mixture (carbo-

gen). All animal experiments were approved by Hacettepe University Animal

Experimentations Local Ethics Board (number: B.30.2.HAC.0.05.06.00/50).

5.2.1.2 Nanoparticle production and characterization

A 99.99% pure silver block was used as the target of a laser beam to produce

the AgNPs with laser ablation method as described previously [2]. Nanoparti-

cles were produced by a commercial nanosecond pulsed ND:YLF laser (Spectra

Physics Empower Q-Switched Laser, CA, USA) operating at 527 nm with 100

ns pulse duration and 16 W average output power at 1 kHz pulse repetition rate

corresponding to a pulse energy of 16 mJ. The silver block was placed in a glass

vessel containing 20 ml of pure deionized water. The laser beam was focused on

the target by the help of a plano-convex lens with a focal length of 50 mm. The

height of liquid layer over the target was approximately 5 mm. The laser abla-

tion was carried out for 5 minutes by the beam scanning over the target surface,

creating a solution with dispersed nanoparticles in the liquid medium. The silver

block was weighed before and after the ablation process and the concentration of

the AgNP solution was determined to be 0.1 mg/ml. UVVisNIR spectrophotome-

ter (Agilent Technologies Varian Cary 5000, CA, USA) analysis was performed

for the determination of characteristic absorbance spectrum of the AgNPs. The

structural and topographical properties of AgNPs were analyzed using a scanning
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electron microscope (SEM, FEI Quanta 200 FEG, OR, USA). Further morpholog-

ical analysis of the AgNPs were done by using a transmission electron microscope

(TEM, FEI Tecnai G2F30) together with the elemental characterizations by us-

ing energy dispersive X-ray (EDX) analysis. TEM samples were prepared by

dropping the AgNP solution onto a carbon-coated TEM grid.

5.2.1.3 Administration of AgNPs to hippocampal slices for TEM anal-

ysis

After hippocampal slice preparation, obtained slices were incubated at 37◦C in

ACSF for 60 minutes with three different incubation environments as described

in figure 5.1. The ACSF solution consisted of the following (in mM): 124 NaCl,

5 KCl, 12 NaH2PO4, 26 NaHCO3, 10 D-glucose, 2 CaCl2, 1 MgCl2 and was

oxygenated using 95% O2 and 5% CO2. KCl with a final concentration of 4 M

was added into one of the AgNP incubation solutions to check whether the AgNPs

are located in the pre-synaptic vesicles in hippocampus cells. It is known that

high K+ concentration leads to a stimulated synaptic vesicular recycling; thus it

helps to demonstrate the AgNPs in the presynaptic vesicles, if any [228].

Figure 5.1: Rat hippocampal slice incubation with pure AgNPs. Control slices
were incubated with dissection buffer solution as shown in condition 1. For the
experimental group, condition 2 included 500 µl AgNP and 50 ml dissection
buffer solution to achieve 1:100 dilution and condition 3 included additional 4M
KCl for high K+ administration to check whether the AgNPs are located in the
pre-synaptic vesicles of hippocampal neurons.
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5.2.1.4 Sample preparation and TEM analysis of the hippocampal

slices

The incubated hippocampal slices were fixed in 2.5% gluteraldehyde for 24 hours.

Then, the samples were washed in Sorensons phosphate buffer (SPB, pH: 7.4),

postfixed in 1% osmium tetroxide. Following this step, the samples were re-

washed with SBP to reach the dehydration step. The samples were dehydrated

by using increasing concentrations of alcohol (25%, 50%, 75% and pure alcohol).

Then the tissues were washed with propylene oxide twice and embedded in the

media which were prepared by mixing 1:1 propylene oxide and epoxy resin em-

bedding material. The samples were incubated in this mixture for 1 hour and

at the end of the incubation period, the same amount of epoxy resin embedding

material was added to the mixture and the ratio of the mixture was increased to

1/3. The samples were incubated in the rotator overnight in the resulting mix-

ture and the preparation for the embedding part was completed. The samples

were incubated in 60◦C incubator for 48 hours after being embedded into plas-

tic capsules with the epoxy resin embedding material. At the end of 48 hours,

the samples were taken out of the incubator and semithin sections about 2 m in

thickness were cut with ultramicrotome (LKB-Nova, Sweden). The sections were

stained with methylene blue and examined by an Optiphot (Nikon, Japan) light

microscope to determine the area to be sectioned further. After trimming proce-

dure of these semithin sections, ultrathin sections at a thickness of 60 nm were

taken by ultramicrotome, collected on copper grids, stained with uranyl acetate

and lead citrate, and examined with a transmission electron microscope (JEOL

JEM 1200 EX, Japan).

5.2.1.5 Cell Viability Assay

For the investigation of cell viability, we have chosen five different AgNP con-

centrations; 10, 15, 20, 25 and 30 mg/L. Control slices were incubated without

nanoparticles in ACSF solution. All groups were oxygenated with carbogen mix-

ture except a second nanoparticle-free group which was treated with hypoxic
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conditions as the positive control group to assess the baseline metabolic activ-

ity. After incubating the hippocampal slices with the AgNPs for 60 minutes,

the slices were removed from the incubation solution and further incubated with

0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,

Sigma Aldrich, Germany) solution for 60 minutes at 37◦C. Then, 4 mM acidified

isopropanol was added to the solution to solubilize the formazan crystals formed

at the end of the reaction. The absorbance was measured at 570 nm by using a

microplate reader (BioTek Synergy HT, VT, USA).

5.2.1.6 Statistical Analysis

The statistical analysis of MTT cell viability assay was performed by one-way

ANOVA with post-hoc Tukey test to compare control group to the experimental

groups. A p value below 0.05 was accepted as statistically significant.

5.2.2 Results and Discussion

To our knowledge, this is the first study evaluating the toxicity of the pure un-

coated AgNPs produced by laser ablation method by administration to the hip-

pocampal tissue. In this study, i) AgNP treatment caused cell death in a dose-

dependent manner. ii) Pure AgNPs were localized in the cytoplasm rather than

organelles; ii) AgNPs were taken up by hippocampal neurons via phagocytosis;

iii) This endocytosis pathway was separate from the vesicular recycling pathway

since stimulation of vesicular recycling did not increase the AgNP uptake; iv)

This endocytosis pathway preferentially selected the large AgNPs.

5.2.2.1 Produced uncoated pure AgNPs were spherical and did not

aggregate

The AgNPs were produced in deionized water at a concentration of 0.1 mg/ml

and the production was observed as the change of color to yellow appearance
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(Figure 5.2a). The optical absorption spectrum of AgNPs was determined by

UV-Vis absorption spectroscopy. Figure 5.2b shows that the optical absorption

spectrum of AgNPs giving the specific silver peak at 406 nm, which is consistent

with the literature [229].

Figure 5.2: Optical properties of pure AgNPs (a) The image of 0.1 mg/ml AgNP
solution produced by laser ablation method. No precipitation was detected for
at least for 4 months; (b) Absorption spectrum exhibited absorbance peak at 406
nm corresponding to AgNP.

First, we evaluated the size distribution of nanoparticles produced by laser ab-

lation method from pure silver. In SEM images (Figure 5.3a), most of the AgNPs

were found to be smaller than 100 nm in diameter but there were also larger Ag-

NPs that were up to approximately 500 nm in diameter. The nanoparticles were

also shaped spherically. The TEM analysis was performed to further characterize

the AgNPs and determine their structure (Figure 5.3b). The TEM results con-

firmed the SEM results in terms of shape and size of the AgNPs. Furthermore,

the nanoparticles showed no aggregation pattern in the TEM images. The TEM

images also demonstrated that the AgNPs had a crystal structure. EDX analysis

was performed for further confirmation of the purity of AgNP solution. As shown

in the inset of figure 5.3b, the solution was consisting of carbon (C), copper (Cu)

that belongs to the TEM grids, and silver (Ag) as can be determined from the

peaks corresponding to those elements. Thus, there was no interference of any

impurity during the AgNP administration to the hippocampus tissue.
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Figure 5.3: Representative SEM and TEM images. (a) SEM image of AgNPs
(2 µm scale bar); (b) TEM image of the AgNPs (20 nm scale bar); the inset
corresponds to EDX analysis of the AgNP sample. The solution consisted of
carbon (C), copper (Cu), which belonged to TEM grids, and silver (Ag) as can
be determined from the peaks corresponding to those elements, indicating no
interference of any other impurity in AgNP solution

The broad size distribution of nanoparticles is considered as a drawback of the

laser ablation method in the nanoparticle synthesis. To control the size, surfac-

tant materials are used so that the nanoparticles can be produced in a specified

size range [230]. However, this would affect the purity and most probably change

the behavior of the AgNPs in the biological environment. For this study, purity

was a significant parameter to determine the AgNP localization in the hippocam-

pal tissue, therefore we avoided using surfactants. Furthermore, the broad size

distribution obtained by the laser ablation method is an advantage to mimic

the industrially occurring nanoparticles in real life settings. It was shown that

the shape of the nanoparticles are strongly correlated with their cellular uptake

rates, with rod-shaped nanoparticles show the highest uptake rate, followed by

spheres, cylinders, and finally cubes [231]. We assume that production of spheri-

cal nanoparticles by laser ablation method increased their phagocytosis. Besides

the importance of shape and size in cellular uptake, aggregation is an important

feature that nanoparticles exhibit and generally a number of nanostructures ex-

ert their toxic effects upon aggregation [232]. In this study, aggregation was not

observed in TEM results before tissue administration, thus, whether the AgNPs
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would aggregate or not depended on their behavior inside the tissue.

5.2.2.2 Rat hippocampal neurons internalize AgNPs by phagocyctosis

Electron microscopy was performed to visualize the distribution of AgNPs in

extracellular and intracellular areas of the neural tissue. TEM analysis displayed

that the AgNPs were distributed both in the extracellular and the intracellular

matrices (Figures 5.4b, c, d). Additionally, we never observed the presence of

AgNPs inside a specific organelle; rather, they were always distributed in the

cytoplasm. Small AgNPs below 100 nm in diameter were only found in the

extracellular matrix while larger nanoparticles were present in both extra- and

intracellular regions. Moreover, phagocytosis of an AgNP by a hippocampal

neuron was also observed and photographed in the TEM analysis (Figure 5.4e).

Our TEM results of the tissues exhibited the distribution of large size nanopar-

ticles in both intracellular and extracellular regions. Small AgNPs below 100 nm

in size were found to be exclusively localized in the extracellular region, show-

ing that the internalization mechanism solely works for nanoparticles larger than

a specific size. Furthermore, the internalized nanoparticles were observed only

in the cytoplasms of the hippocampal cells and not in the organelles. Previous

studies on the cellular localization of AgNPs in tissues other than hippocampus

show that these nanoparticles can be found in membrane-bound organelles. One

group showed that the starch-coated AgNPs were taken into glioblastoma cells

and were localized in the endosomes and lysosomes [233]. In our study, the AgNPs

were not found in endosomes. This might be due to the endosomal escape phe-

nomenon, in which nanoparticles tend to escape the endosomes or lysosomes and

are distributed in the cytoplasm freely [234]. Alternatively, our pure nanopar-

ticles may be not subject to the same uptake and distribution mechanisms as

coated nanoparticles since nanoparticles bind to different sets of proteins and

lipids based on their coatings.
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Figure 5.4: TEM images showing AgNP distribution in hippocampal slice
treated with AgNPs, (a) control; (b, c) AgNPs in the extracellular region; (d)
AgNPs inside the cell, distributed in the cytosol; (e) phagocytosis of AgNPs.
Arrows indicate the AgNPs. Scale bar for each figure is 500 nm.
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5.2.2.3 Neurons preferentially phagocytose large AgNPs

Preferential uptake of large AgNPs into the cell cytoplasm might be explained

with the internalization pathway. So far, five endocytosis pathways were discov-

ered. They are kiss and run mechanism, clathrin-mediated endocytosis, phago-

cytosis, caveolae, and macropinocytosis. Kiss and run mechanism and clathrin-

mediated endocytosis pathways take part in sustaining the vesicular neurotrans-

mitter release and vesicle recycling in the synapse. Phagocytosis does not have

a role in neurotransmitter turnover but it can internalize particles larger than

100 nm, which cannot be internalized by other mechanisms. We did not observe

presence of nanoparticles in axon terminals in conditions where the synaptic vesic-

ular turnover either was kept at the basal rate or was significantly increased by

high K+ treatment, which is known to stimulate the vesicular recycling in the

synapses [228]. Rather, AgNPs were located inside the neuron soma. Our data

revealed that the AgNP internalization process was via outward membrane pro-

jections in the soma region; implying that vesicular recycling pathways do not

have a role in nanoparticle internalization, at least for this size set of pure un-

coated AgNPs. We excluded clathrin-mediated endocytosis pathway as a major

mechanism of AgNP cellular entry for the reasons listed below: Firstly, the size

of the AgNP was greater than the average size of molecules can be handled by

clathrin pathway which is around 200 nm [235]; secondly, we did not observe a

characteristic dense area around the internalized AgNP as an indicator of clathrin

coating; and lastly, we observed an extracellular elongation of the membrane as

if it was engulfing the AgNP. The findings of this study suggest phagocytosis as

the internalization mechanism for pure uncoated AgNPs rather than any other

endocytosis pathways. This uptake mechanism is crucial for further toxicology

studies since it may be a novel entry mechanism for nanoparticles that do not

have altered surface chemistry or coating. There are studies about the uptake

mechanisms of AgNPs into the cells, but to our knowledge, this is the first time

that pure uncoated AgNPs produced by laser ablation is shown to be taken into

neurons in the isolated hippocampus tissue. Our study proves that even a pure

nanoparticle would facilitate the cellular uptake and it can be internalized and

localized in the cell. These findings indicate the phagocytosis pathway might be
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the cellular uptake mechanism for the pure AgNPs, rather than other endocytosis

pathways.

5.2.2.4 AgNP treatment dose-dependently causes cell death

In order to evaluate the toxicity of pure uncoated AgNPs of different sizes we

employed MTT cell viability assay. The MTT analysis showed a dose-dependent

toxicity for AgNPs. 10, 15 and 20 mg/L AgNP administration did not cause

any significant decrease in cell survival while 25 and 30 mg/L AgNP led to a

statistically significant cell death (p<0.0001) when compared to the control group

(Figure 5.5).

Figure 5.5: MTT cell viability assay results of hippocampal cells upon expo-
sure to various AgNP concentrations for one hour. 10, 15 and 20 mg/L AgNP
treatment did not cause a significant decrease in cell survival. One hour of 25
and 30 mg/L AgNP incubation resulted in cellular toxicity and cell death, which
was found to be statistically significant (p<0.0001). Control group was incu-
bated in physiological conditions while the positive control group did not receive
oxygenation during incubation.

The dose selection for MTT cell viability assay was performed according to the

literature. A wide range of AgNP doses were administered to cells in vitro in a
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number of studies [221, 236, 237]. Accordingly, we wanted to determine the effects

of the lowest possible dose which would not affect the hippocampal cells and the

highest dose which would lead to death of cells as much as hypoxic conditions. The

doses administered by Hussain et al. (2005) [221] to the rat liver cells were used

as a reference and 10 mg/L was found to not affect the hippocampal cell survival.

Moreover, 30 mg/L caused cell death comparable to the hypoxic positive group.

Thus, to observe the dose-dependence of cell death upon AgNP administration,

we performed cell viability analysis with five doses between 10 and 30 mg/L.

Heavy metal toxicity is generally associated with cognitive and motor function

disorders. Since hippocampus is a major brain region responsible for learning

and memory and it is highly susceptible to cell death [238], we selected this

region for our experiments. AgNP incubation decreased cell survival in a dose-

dependent manner in rat hippocampal slices. Low doses of AgNP did not trigger

any considerable decrease in cell survival while higher doses of AgNP resulted in

a significant cell death compared to the controls. However, we did not perform

a time-dependent assay to determine the toxicity of the lower doses in long-term

periods, which might be considered as a limitation of the study. Therefore, lower

doses of AgNPs might also be toxic for the neural tissue in long-term exposure.

Our data are also consistent with a recent study which demonstrated that AgNP

results in cellular toxicity in HT22 hippocampus cell line in a dose dependent

manner [239]. The possible mechanism for AgNP toxicity seems to be related to

an increase in the ROS levels that causes oxidative stress on the cells. Oxidative

stress is seen when the anti-oxidant defense mechanism cannot compete with the

increasing ROS levels [232]. A number of studies showed that the AgNPs cause

lipid peroxidation in cell membrane, increased ROS levels and oxidative stress

which result in DNA damage and apoptosis [240]. AgNPs were also shown to

upregulate the oxidative stress-related genes in the caudate nucleus, frontal cortex

and hippocampus regions of brain in mice [241]. Thus, it is crucial to determine

the exact localization of AgNPs in the cells following exposure. While we did

not evaluate the mechanism of AgNP-induced cellular toxicity, we speculate that

the toxicity demonstrated with cell viability assay might be the result of ROS

production in the hippocampal cells, leading to cell death on the basis of previous

research.
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5.2.3 Conclusion

In this study, we showed the distribution and the toxicity of the pure AgNPs

produced by laser ablation method in the rat hippocampal slices. Moreover, we

demonstrated that the cellular uptake mechanism of pure AgNPs depends on

their sizes. Since we did not observe the presence of AgNPs in synaptic vesicles

following stimulation of synaptic vesicular recycling, we concluded that phagocy-

tosis is the type of endocytotic pathway that dominates the entry of pure AgNPs

into the hippocampal neurons. Moreover, AgNP led to dose-dependent toxicity

in hippocampal slices. Our data provide significant information for the further

cellular and molecular research about the neurotoxicology of nanoparticles since

exposure to silver nanoparticles might result in neurodegeneration. Furthermore,

this study showed that laser ablation is a considerably useful method for study-

ing nanoparticle toxicity since it provides pure nanoparticles mimicking the ones

encountered in the industry.

5.3 Copper, Tin and Aluminum Nanoparti-

cle Nanotoxicity on Human Neuroblastoma

Cell Line SH-SY5Y

As described in chapter 3, CuNP is used in a number of fields but it also shows

certain levels of cellular toxicity. The data represented in Chapter 3 and Chapter

4 shows that exposure to the nanoparticles via inhalation lead to the distribution

and localization of these nanoparticles to different organs, including brain. Thus,

it is also crucial to study the effects of these nanoparticles in in vitro conditions

to reveal the cellular toxicity. In the literature, there are a number of studies

analyzing the effects of different nanoparticles on various cell lines. However, to

our knowledge, this is the first study in the literature demonstrating that CuNP,

AlNP and SnNP, which were generated by pulsed laser ablation in liquids, result in

cellular toxicity in human neuroblastoma SH-SY5Y cell line. Nanoparticles were
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shown to induce ROS production in cells due to three different factors: (1) the

surface reactivity and the functional groups on the nanoparticle surface, (2) active

redox cycling on the surface of NP because of transition metal-based nanopar-

ticles, (3) the interactions between the cell and the nanoparticles [242, 243]. In

terms of the surface reactivity, when oxidant and free radical are bound onto the

nanoparticle surface, free radicals are produced [244]. Moreover, due to the nano-

size of the particles, structural defects and changes in the electronic properties

are observed and this leads to the production of reactive groups on nanoparticle

surface [245, 246]. The electron donor or acceptor active sites within the reactive

sites on the nanoparticle surface gain access to interaction with molecular O2 to

form O2
-, which would result in the further ROS production [247]. Furthermore,

free radicals might be generated by binding onto nanoparticle surface or they

might be produced freely in an aqueous suspension [248]. ROS production might

be enhanced due to the release of metal ions after the nanoparticle dissolution

[249]. On the other hand, metals and chemical compounds on the nanoparticle

surface accelerate the ROS generation [250]. Copper was shown to induce oxida-

tive stress through Fenton-type reaction, in which the copper ions as the transition

metal ion reacts with H2O2 to obtain OH. and oxidized metal ion [251]. Besides,

when nanoparticles are taken into the cell and reach to mitochondria, they might

trigger the ROS production by disrupting the electron transport chain, damage

to the organelle structure, activation of NADPH-like enzyme system and mito-

chondrial membrane depolarization [252, 253]. Nanoparticle-induced oxidative

stress in the cells were shown to eventually result in apoptosis [254, 255, 256].

There are a number of apoptotic pathways in the cell, but among them, metal

and metal oxide nanoparticles lead to cell death via intrinsic mitochondrial apop-

totic pathway [253]. The increased levels of ROS in mitochondria might lead to

the membrane depolarization in mitochondria due to the disruption of membrane

phospholipids [257]. Among a number of metal oxide nanoparticles, copper was

demonstrated to induce apoptosis due to mitochondrial dysfunction mediated by

ROS [258].

In this part of the study, CuNP, SnNP and AlNP, produced by the same ma-

terial processing laser system described above, were exposed to SH-SY5Y human
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neuroblastoma cell line to determine their cellular toxicity and to analyze the

mRNA expression and protein level changes in NMDAR subunits.

5.3.1 Materials and Methods

5.3.1.1 Cell Culture

SH-SY5Y human neuroblastoma cell line was a gift from Prof. Dr. Vasıf

Hasırcı at Middle East Technical University Center of Excellence in Biomate-

rials and Tissue Engineering. SH-SY5Y cells were cultured in polystyrene cell

culture plates in Dulbeccos Modified Eagle Medium/Hams Nutrient Mixture F12

(DMEM/F12; 1:1) (Sigma-Aldrich, Germany) supplemented with 10% fetal bovin

serum (FBS) (Biological Industries, USA) and 100 g/mL penicillin/streptomycin

(Sigma-Aldrich, Germany). These plates were incubated at 37◦C and 5% CO2

and the medium was changed in two days. The cells adhered to the cell culture

plate were incubated in 0.05% Trypsin-EDTA (Sigma-Aldrich, Germany) at 37◦C

for 5 minutes and collected by centrifugation at 2.500xg for 5 minutes.

5.3.1.2 Production of Copper, Tin and Aluminum Nanoparticles by

Laser Ablation Method in Liquid

The same copper, tin and aluminum plates described in Chapter 2 were used as

the target of a laser beam to produce the copper, tin and aluminum nanoparticles

(CuNP, SnNP and AlNP, respectively) with laser ablation method as described in

5.2.1.2 in phosphate buffered saline (PBS) solution. Nanoparticles were produced

by the nanosecond pulsed ND:YAG marking laser described in Chapter 2, Table

2.1. The laser ablation was carried out for 5 minutes by the beam scanning over

the target surface, creating a solution with dispersed nanoparticles in the liquid

medium. The targets for each nanoparticle production was weighed before and

after the ablation process and the concentration of the nanoparticle solutions

were determined as 115 ng/µl CuNP, 1000 ng/µl SnNP and 185 ng/µl AlNP.
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The nanoparticle solutions were sterilized by exposing them to UV light for 1

hour. The structural and topographical properties of nanoparticles were analyzed

using SEM (FEI Quanta 200 FEG, OR, USA). Further morphological analysis of

nanoparticles were performed by using TEM (FEI Tecnai G2F30) as described

previously.

5.3.1.3 Alamar Blue Assay for the Cellular Toxicity

For alamar blue assay, 40.000 SH-SY5Y cells/well were seeded in a 96 well plate

and they were incubated overnight at 37◦C and 5% CO2. After the incubation,

the cells were treated with nanoparticle solutions with different concentrations

as PBS only (D0), 12.5 ng/µl (D1), 25 ng/µl (D2) and 50 ng/µl (D3) in a 50 µl

volume. Besides these treatments, there were also positive control cells with no

treatment and negative control wells containing only DMEM but not the cells.

All groups were studied as n=6. Four different analysis points were determined

as 0, 24, 48 and 72 hours after the treatment. For the analysis at different time

points, the cell media were removed from the wells, 40 µl/well 10% alamar blue

solution (for 10% alamar blue solution; 1 ml olf alamar blue (Invitrogen, USA)

was mixed with 100 µl penicillin/streptomycin (Sigma-Aldrich, Germany) and

8.9 ml DMEM without phenol red (Merck Millipore, Germany)) was added to

each well. After incubating at 37◦C and 5% CO2 for 1 hour, the absorbance

values were determined with a spectrophotometric measurement at 570 nm and

595 nm wavelengths. The cellular toxicity was calculated by using the measured

absorbance values and the equation:

Decrease in the percentage =
[(εox)λ2 × Aλ1]− [(εox)λ1 × Aλ2]

[(εred)λ1 × A
′
λ2]− [(εred)λ2 × A

′
λ1]
× 100 (5.1)

where;

λ1 = 570 nm

(εox)λ2 = 117.216

(εox)λ1 = 80.586

108



λ2 = 595 nm

(εred)λ1 = 155.677

(εred)λ2 = 14.652

The toxicity percentage was calculated by using the following equation:

Toxicity percentage =
Decrease in the percentage of sample

Decrease percentage of the control
× 100 (5.2)

According to equation 5.2, the dose whose toxicity percentage was below 50%

was accepted as the LD50 value (LD: Lethal Dose).

5.3.1.4 RNA Isolation from the Cells

For RNA isolation, SH-SY5Y cells were cultured in T25 cell culture flasks as

500.000 cells / T25 flask. They were incubated overnight at 37◦C and 5% CO2.

The flasks were divided into four groups as vehicle group (only PBS), CuNP-

treated, SnNP-treated and AlNP-treated groups (n=3). The LD50 dose calcu-

lated at 48th hour as described in equation 5.2 was administered to each group.

Accordingly, 15.03 ng/µl CuNP, 73.32 ng/µl SnNP and 29.77 ng/µl AlNP were

administered to the cells. After the nanoparticle administration, the cells were

incubated for 48 hours at 37◦C and 5% CO2. At the end of the 48 hour, RNA

isolation was performed with Trizol method as described in Chapter 3. The only

difference was the homogenization method. This time, Trizol reagent (Invitrogen,

USA) was directly added onto the cells in T25 flasks after the removal of medium.

The isolation protocol was same as in Chapter 3. The concentrations of the RNA

samples were measured with NanoDrop (Thermo Scientific, USA).

5.3.1.5 cDNA Preparation

Primer Synthesis
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The primer design and synthesis was performed by considering the NCBI gene

accession numbers as described in chapter 3, primer synthesis section.

Table 5.1: The designed and synthesized primers to be used in cDNA Synthesis
and qPCR (RP: reverse primer, FP: forward primer)

Gene name

and NCBI accession number
Sequence Tm values

Distilled water added

for 100µM stock
Product Length

GAPDH (NM 001289745.1) FP 5’CAATGACCCCTTCATTGACC3’ 53.6◦C 1150.30 µl
95 bp

GAPDH (NM 001289745.1) RP 5’TTGATTTTGGAGGGATCTCG3’ 52.2◦C 988.50 µl

NMDAR1 (NM 007327.3) FP 5’CGTGAGTCCAAGGCAGAGAA3’ 54◦C 1016.80 µl
80 bp

NMDAR1 (NM 007327.3) RP 5’TCTTTCGCCTCCATCAGCAG3’ 54◦C 1193.70 µl

NMDAR2a (NM 001134407.2) FP 5’ CATGCGGGAACCCGCTAAA3’ 53◦C 972.10 µl
110 bp

NMDAR2a (NM 001134407.2) RP 5’ CCACTGACGGTCCCTGTAG3’ 55◦C 1124.50 µl

cDNA Synthesis

cDNA synthesis was performed with the same protocol described in chapter 3,

cDNA synthesis section.

5.3.2 Quantitative Real Time Polymerase Chain Reaction

(qRT-PCR)

qRT-PCR was performed as described in subsection 3.2.6 and the reaction condi-

tions were applied as shown in Table 3.3 and Table 3.4. The relative quantification

was also performed as described in Equation 3.1.

5.3.3 Protein Isolation from SH-SY5Y Cell Line

For protein isolation, SH-SY5Y cells were cultured in T75 cell culture flasks as

5×106 cells / T75 flask. They were incubated overnight at 37◦C and 5% CO2. The

flasks were divided into four groups as vehicle group (only PBS), CuNP treated,

SnNP treated and AlNP treated groups (n=3). The LD50 dose calculated at 48th

hour as described in equation 5.2 was administered to each group. Accordingly,

15.03 ng/µl CuNP, 73.32 ng/µl SnNP and 29.77 ng/µl AlNP were administered
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to the cells. After the nanoparticle administration, the cells were incubated for

48 hours at 37◦C and 5% CO2.

The same commercially available protein isolation kit was used for the isola-

tion of proteins from SH-SY5Y cells but this time the isolation protocol for the

cells was performed according to the manufacturer’s procedure (Thermo Scien-

tific, USA). Before the isolation procedure, a commercially available protease and

phospatase inhibitor (Sigma Aldrich, Germany) was added to the permeabiliza-

tion and solubilization buffers. The cells were detached from the cell culture flasks

by 0.05% Trypsin-EDTA (Sigma-Aldrich, Germany) treatment and incubating at

37◦C for 5 minutes. The cells were centrifuged at 2.500xg for 5 minutes. The

pellet was resuspended in 3 ml of cell wash solution and centrifuged at 2.500xg

for 5 minutes, again. The supernatant was carefully removed and the cells were

resuspended in 1.5 ml cell wash solution. After the centrifugation at 2.500xg for 5

minutes, the pellet was resuspended in 0.75 ml of permeabilization buffer. The so-

lution was vortexed and incubated 30 minutes on ice with constant mixing. After

the incubation, the solution was centrifuged at 16.000 x g for 15 minutes at 4◦C to

pellet the permeabilized cells. The supernatant, containing the cystosolic protein

fraction, was transferred to a new microcentrifuge tube. Then, the pellet was

dissolved in 0.5 mL of solubilization buffer and incubated for 30 minutes on ice

with constant mixing. After the incubation, the solution was, again, centrifuged

at 16.000 x g for 15 minutes at 4◦C. At the end of the centrifugation process,

the supernatant was containing membrane and membrane-associated proteins.

The pellet was discarded. Both cytosolic and membrane-associated proteins were

stored at -20◦C in aliquots until the western blot analyses.

Protein concentrations were determined as described in 3.2.8.

The SDS-PAGE and western blot analyses were performed as described in 3.2.9

and 3.2.10.
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5.3.3.1 Statistical Analysis

All the data are represented as mean ± SEM. For the mRNA expression and

protein level analyses unpaired, two-tailed Student’s t test was used. p<0.05 was

considered as statistically significant.

5.3.4 Results and Discussion

5.3.4.1 Characterization of CuNP, SnNP and AlNP

The SEM image of the nanoparticles showed that spherically shaped CuNP, SnNP

and AlNP were produced with laser ablation successfully (Figure 5.6). For the

further analysis, TEM images were obtained and it was demonstrated that the

most of the nanoparticles are smaller than 100 nm although there are larger

nanoparticles as shown in SEM images. TEM images also represent that there

is no aggregation of the nanoparticles. Thus, before administration to the cells,

the nanoparticles did not aggregate. Furthermore, TEM images showed that the

nanoparticles had crystal structure.

Figure 5.6: TEM images of (a) CuNP, (b) SnNP and (c) AlNP produced in
PBS.
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Figure 5.7: TEM images of (a) CuNP, (b) SnNP and (c) AlNP produced in
PBS. All the nanoparticles were spherical in shape, crystalline in structure and
most of the nanoparticles are smaller than 100 nm.

5.3.4.2 CuNP, SnNP and AlNP lead to cell death in a dose-dependent

manner

Alamar blue analysis performed after the 48th hour of the nanoparticle admin-

istration revealed that all nanoparticles resulted in a dose-dependent toxicity

(Figure 5.8). At 12.5 ng/µl, CuNP resulted in the death of approximately 43%

of the cells (*p<0.5). At the same dose, SnNP and AlNP killed 22% and 41% of

the cells (*p<0.5 for AlNP group). At 25 and 50 ng/µl doses, CuNP killed all of

the cells. SnNP resulted in the death of 33% and 61% of the cells at 25 and 50

ng/µl doses, respectively. AlNP, on the other hand, led to the death of 45% and

63% of the cells at 25 and 50 ng/µl doses, respectively.

As shown in figure 5.8, CuNP, SnNP and AlNP led to a dose-dependent toxic-

ity in SH-SY5Y cells 48 hours after the administration of nanoparticles. Among

them, CuNP was found as the most toxic one since all of the cells were dead with

25.0 and 50.0 ng/µ concentration. SnNP and AlNP were shown to increase their

cytotoxic effect with increasing nanoparticle doses and this toxicity was shown

due to the ROS increase in the cell [259]. Kim et al. showed that CuNP pro-

duced by laser ablation method has the lowest toxicity on PC3 and MCF7 cell

lines among AgNP, AuNP and CoNP. They suggested that since copper is used as

a cofactor and biocatalyst, it is less toxic than the other three nanoparticles [260].

Prabhu et al. (2010) studied the effects of CuNP on rat dorsal root ganglion by

exposing these neurons to CuNP in increasing nanoparticle concentrations (10100
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Figure 5.8: Alamar blue cellular toxicity results at 48th hour after administra-
tion of nanoparticles. CuNP, SnNP and AlNP displayed dose dependent toxicity
on SH-SY5Y cells. *p<0.5, **p<0.01, ***p<0.05, ****p<0.001.

M) and sizes (40, 60, and 80 nm) for 24 h. It was demonstrated that all sized of

CuNP led to significant toxic effects. Furthermore, they also reported that small-

sized nanoparticles and higher concentration exerted the maximum toxic effects

[261]. CuNP treatment to PC12 neuron cell line led to a decrease in cell survival

in both dose- and time-dependent manner and this toxicity was suggested as due

to the elevated reactive oxygen species (ROS) and oxidative stress [262]. It was

shown that CuO nanoparticles triggered autophagy in MCF-7 breast cancer cell

line in dose and time dependent manner [263]. Moreover, CuO nanoparticles

were shown to cause cytotoxicity in HepG2 cells with increasing doses and they

suggested that this was the result of upregulation of tumor suppressor gene p53

and the gene encoding apoptotic enzyme caspase-3 due to CuO administration

[264]. Besides copper, a number of studies revealed that the nanoparticle toxicity

is due to increase ROS in cells, resulting in disruption of metabolic pathways

via oxidative stress [97]. AlNP was shown as cytotoxic in a number of studies.

Lin et al. (2008) demonstrated that Al2O3 nanoparticles led to a dose and time

dependent cytotoxicty, which might be suggested due to the membrane depolar-

ization of A549 cell line, which are human bronchoalveolar carcinoma-derived cells
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[146]. Furthermore, Al2O3 NP significantly decreased the phagocytosis ability of

rat alveolar macrophages [145]. Moreover, aluminum oxide nanoparticles were

shown to induce mitochondria-mediated oxidative stress leading to cytotoxicity

in human mesenchymal stem cells [265]. As mentioned in Chapter 3, although

there are a number of application fields in which SnNP is used, there are not much

studies related to its cellular toxicity. In this study, the dose-dependent toxicity

of CuNP, SnNP and AlNP might be due the ROS production and oxidative stress

in the neuron cells, which ultimately led to the activation of apoptotic patways

and cell death.

5.3.4.3 CuNP, SnNP and AlNP lead to changes in NMDAR1 and

NMDAR2a mRNA expression levels and NMDAR1 protein

level

RNA isolation was performed from concentrations of isolated RNA from SH-

SY5Y cells and their concentrations and ratios of A260/A280 and A260/A230 were

determined. The results are represented in the appendix table C2. RNA concen-

trations were indicated in ng/µl and it was revealed that the concentrations were

acceptable to be used in cDNA synthesis and qRT-PCR experiments. Moreover,

the A260/A280 values between 1.80 - 2.00 suggest that RNA is pure and free from

any DNA contamination.

The expression changes in NMDAR1 and NMDAR2a were detected (Figure

5.9). Accordingly, CuNP, SnNP and AlNP resulted in an increase in the NM-

DAR1 subunit expression as 3.595 ± 0.174, 2.146 ± 1.136 and 1.413 ± 1.006,

respectively. On the other hand, NMDAR2a subunit expression increased by

1.280 ± 0.292 fold with CuNP treatment but decreased 0.535 ± 0.062 fold with

SnNP and there was no expression with AlNP treatment.

Concentrations of isolated proteins from the SH-SY5Y cells were determined

and represented in appendix table C3.
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Figure 5.9: NMDAR1 mRNA expression change with CuNP, SnNP and AlNP
administration to SH-SY5Y cells detected with qRT-PCR. CuNP, SnNP and
AlNP resulted in an increase in the NMDAR1 subunit expression as 3.595 ±
0.174, 2.146 ± 1.136 and 1.413 ± 1.006, respectively (n=3).

Figure 5.10: NMDAR2a subunit expression increased by 1.280 ± 0.292 fold
with CuNP treatment but decreased 0.535 ± 0.062 fold with SnNP and there
was no expression with AlNP treatment (n=3).
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The changes in NMDAR1 protein levels with CuNP, SnNP and AlNP ad-

ministration to SH-SY5Y cells were determined with western blot analysis (Fig-

ure 5.11). CuNP resulted in a 90% decrease in the NMDAR1 protein levels

(**p<0.01). On the other hand, SnNP led to a 0.67 fold decrease in the protein

expression (*p<0.05). Although AlNP administration increased the NMDAR1

protein level 1.34 fold, the change did not reach to statistical significance.

Figure 5.11: Change in NMDAR1 protein levels with CuNP, SnNP and AlNP
administration to SH-SY5Y cells. CuNP resulted in a decreased NMDAR1 pro-
tein levels to 0.10 ± 0.04 (**p<0.01). SnNP led to a decrease up to 0.37 ± 0.13
in the protein amounts (*p<0.05). Although AlNP administration increased the
NMDAR1 protein level 1.34 fold, the change did not reach to statistical signifi-
cance.

Besides the cytotoxic effects of CuNP, SnNP and AlNP on SH-SY5Y cell line,

these nanoparticles also altered the mRNA expression of NMDAR1 and NM-

DAR2a subunits, together with an alteration in NMDAR1 protein levels. Among

three nanoparticles, CuNP led to a statistically significant increase in NMDAR1

subunit while SnNP and AlNP did not alter the expression significantly although
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SnNP resulted in an increased expression tendency. However, NMDAR2a did

not change significantly after the nanoparticle exposures. CuNP was also shown

as the most toxic nanoparticle among them on SH-SY5Y cell line in the alamar

blue cytotoxicity assay. On the other hand, CuNP and SnNP led to statistically

significant decrease in NMDAR protein levels. Being a divalent cation receptor

[178, 179], NMDAR was shown to be significantly affected by the CuNP and

SnNP. Moreover, the signficantly increased mRNA levels upon CuNP and ten-

dency to increase after SnNP exposure might be the compensation mechanism

of significantly decreased protein levels. On the other hand, these nanoparti-

cles might be affecting the translational pathway of NMDAR protein, thus in-

creased mRNA expression could not be reflected to the protein levels. Since

these nanoparticles also resulted in the ROS production and cellular toxicity in a

dose dependent manner, the effect of ROS on the NMDAR expression should also

be considered. It was demonstrated that NMDAR1 mRNA expression increased

significantly after hydrogen peroxide administration [266], which is consistent

with our data. Moreover, it was shown in the literature that when NMDAR is

excessively activated, ROS production is observed, leading to activation of apop-

totic cascade [267]. Thus, in an increased ROS environment in the cell, decreased

NMDAR protein levels in CuNP- and SnNP-exposed cells might be a feedback

mechanism not to further increase the ROS due to nanoparticles. Furthermore,

NMDAR2b subunit was not detected in this study in terms of the gene expres-

sion and protein levels. However, NMDAR2b gene expression and protein levels

might also be altered. Since the functional NMDAR consists of NMDAR1 and

NMDAR2a or NMDAR2b subunits, NMDAR1 protein levels in the membrane

might be determined with the levels of NMDAR2a and NMDAR2b subunits.

There are some differences between the NMDAR subunit expression and protein

levels in in vivo studies described in Chapter 3 and the results obtained in these

in vitro studies. These differences might be explained by a number of factors.

Firstly, the exposed doses are quite different between these two studies. While

in the in vivo study, a real time exposure setup was designed and used to expose

rats, in the in vitro study nanoparticles were directly added into the medium. In

the in vivo study, the exposed nanoparticles were distributed to body into differ-

ent organs in different doses. However, in in vitro study, cells were in the direct
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contact with the nanoparticles. Therefore, the dose might be a significant factor

for different NMDAR subunit expression and protein levels in in vivo and in vitro

studies. Secondly, in the in vivo study an intact central nervous system was in

action. In other words, the microglials cells and the synaptic connections should

also be considered while evaluating the results. However, in in vitro conditions

only neuron cells are exposed to nanoparticles and there are no synapses in cell

culture conditions. Thirdly, the cell lines are always cancer cells and SH-SHY5Y

cells are human bone marrow neuroblastoma cells. The same study might be

conducted with a hippocampal primary cell culture or hippocampal cell line such

as HT22, which is an immortalized mouse hippocampus cell line.

5.4 Conclusion

This chapter described two different studies analyzing the toxic effects of different

nanoparticles in in vitro conditions. In the first study, we demonstrated the dis-

tribution and the toxicity of the pure AgNPs produced by laser ablation method

in the rat hippocampal slices. We also showed that the cellular uptake mechanism

of pure AgNPs depends on their sizes. It was also revealed that phagocytosis is

the type of endocytotic pathway that dominates the entry of pure AgNPs into

the hippocampal neurons. Furthermore, AgNP led to dose-dependent toxicity

in hippocampal slices. On the other hand, CuNP, SnNP and AlNP, which were

produced by pulsed laser ablation method were administered to a dose-dependent

cytotoxicity in human neuroblastoma cell line SH-SY5Y. Moreover, it was shown

that NMDAR subunits NMDAR1 and NMDAR2a mRNA expressions and NM-

DAR1 protein levels were altered after CuNP, SnNP and AlNP administration.
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Chapter 6

Conclusion

This thesis study showed the successful nanoparticle production by pulsed laser

ablation method and the toxic effects of these nanoparticles both in in vivo and

in vitro conditions.

It was revealed that pulsed laser ablation is a quite convenient method for

the production of a number of different nanoparticles both in liquids and gas

environment. Moreover, the starting material might change from bulk solid target

to powder target.

Ultra-small InN-NCs (<5 nm in diameter) could be produced from InN powder

target by using PLAL technique. It was shown that lower laser energy and lower

ablation duration result in much smaller nanoparticles since even if the ablation

time increased and the smaller nanoparticles were produced, they tended to ag-

gregate. Hexagonal InN-NCs smaller than 5 nm in diameter were produced in

ethanol with optimized ablation conditions successfully. We showed that PLAL

is a suitable technique for production of InN-NCs, which is a Group III nitride.

Thus, other nitrides in the same group might be successfully produced with this

technique. As an outlook of InN-NC production with PLAL method, ablation

with femtosecond laser pulses might be studied to overcome the low decompo-

sition temperature disadvantage of InN material. This study was accepted for
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publication in Applied Physics A and it is in the publication process.

It was demonstrated that CuNP, SnNP and AlNP were successfully produced

in the environment during the marking of respective metal plates. This data

indicate that laser material processing in the industry constitutes high risk for the

workers since they expose to the nanoparticles without any protective material.

For the first time in the literature, the real time nanoparticle exposure setup

was developed to mimic the industrial environment for the determination effects

of nanoparticles on the rats’ learning and memory process. Both behavioral

tests and in vivo electrophysiology experiments revealed that 3 months of cop-

per, tin and aluminum nanoparticles exposure did not lead to any alterations

in the learning and memory process of the rats. However, AlNP led to a de-

crease in the anxiety like behavior of the rats exposed to these nanoparticles.

Thus, it can be concluded that AlNP resulted in a mood change in these an-

imals. Moreover, it was demonstrated that NMDAR subunits NMDAR1 and

NMDAR2a mRNA expressions were significantly increased in SnNP and AlNP

exposed groups. Moreover, NMDAR1 protein levels were shown to decrease after

CuNP and SnNP exposure compared to controls. It might be concluded that

CuNP, SnNP and AlNP produced during laser materials processing might lead

to changes in mRNA and protein levels of NMDAR after three months of expo-

sure. Although this change was not reflected to the synaptic transmission and

behavior, in long term exposure there is a high risk to alter the learning and

memory functions, together with neurodegeneration.

Cu, Sn and Al were detected in a number of organs throughout the body upon

inhalation. The lack of these elements in the intestine demonstrates that the

major route of entry was through inhalation. Although we cannot completely

rule out the oral route, it seems to be a very minor path of entry for NPs.

Lungs, the primary target organs after the inhalation, were detected with the

high element concentrations indicating the accumulation of these nanoparticles

in the lungs. The nanoparticles also reached to a number of organs through

systemic circulation, such as heart, liver, kidney, spleen, and testis. Moreover,

nanoparticles were shown to reach a number of brain parts either by passing
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through the BBB or via olfactory bulb. The body distribution results indicate

that nanoparticles produced during laser materials processing might lead to a

number of health risks in human upon inhalation.

As an outlook, a setup which will remove the produced nanoparticles from the

environment might be developed so that the risk of the nanoparticle inhalation

would be reduced. Our group also designed such a system in which the nanopar-

ticles will be taken out of the laser material processing area and will be trapped

in the water. By this way, these nanoparticles will not be distributed to the

atmosphere. This system will be analyzed in terms of nanoparticle capture ca-

pacity with water and with different solvents containing surfactants in it. Thus,

a solution for this important problem in the industry might be developed.

The distribution and the toxicity of the pure AgNPs produced by laser ablation

method was demonstrated in the rat hippocampal slices. Moreover, the cellular

uptake mechanism of pure AgNPs were shown to depend on their sizes. Since

no AgNPs were detected in synaptic vesicles following stimulation of synaptic

vesicular recycling, it was concluded that phagocytosis is the type of endocytotic

pathway that dominates the entry of pure AgNPs into the hippocampal neurons.

Moreover, AgNP led to dose-dependent toxicity in hippocampal slices. The data

provide significant information for the further cellular and molecular research

about the neurotoxicology of nanoparticles since exposure to silver nanoparticles

might result in neurodegeneration. Furthermore, this study showed that laser

ablation is a considerably useful method for studying nanoparticle toxicity since

it provides pure nanoparticles mimicking the ones encountered in the industry.

This study was accepted to Toxicology and Industrial Health and it is in the

publication proces.

CuNP, SnNP and AlNP exposure led to a dose-dependent cytotoxicity in hu-

man neuroblastoma cell line SH-SY5Y. Moreover, it was shown that NMDAR

subunits NMDAR1 and NMDAR2a mRNA expressions and NMDAR1 protein

levels were altered after CuNP, SnNP and AlNP administration.
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“Novel one-step synthesis of silica nanoparticles from sugarbeet bagasse by

laser ablation and their effects on the growth of freshwater algae culture,”

Particuology, vol. 17, pp. 29–35, 2014.
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“Generation of inn nanocrystals in organic solution through laser ablation

of high pressure chemical vapor deposition-grown inn thin film,” Journal of

Nanoparticle Research, vol. 14, no. 8, p. 1048, 2012.

[37] B. Tekcan, S. Alkis, M. Alevli, N. Dietz, B. Ortac, N. Biyikli, and A. K.

Okyay, “A near-infrared range photodetector based on indium nitride

nanocrystals obtained through laser ablation,” IEEE Electron Device Let-

ters, vol. 35, no. 9, pp. 936–938, 2014.

[38] N. El-Atab, F. Cimen, S. Alkis, B. Ortaç, M. Alevli, N. Dietz, A. K.
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[46] F. Mafuné, J.-y. Kohno, Y. Takeda, T. Kondow, and H. Sawabe, “Forma-

tion and size control of silver nanoparticles by laser ablation in aqueous

solution,” The Journal of Physical Chemistry B, vol. 104, no. 39, pp. 9111–

9117, 2000.
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Appendix A Chapter 3

Figure A.1: The weight of rats in CuNP, SnNP and AlNP group was not affected
from the nanoparticle exposure throughout the exposure to nanoparticles.
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Table A.1: Primers used in cDNA Synthesis and qPCR experiments (RP: re-
verse primer, FP: forward primer

Gene name

and NCBI accession number
Sequence Tm values

Distilled water added

for 100µM stock
Product Length

GAPDH (NM 001289745.1) FP 5’TCCCATTCTTCCACCTTT3’ 51◦C 209 µl
92 bp

GAPDH (NM 001289745.1) RP 5’TAGCCATATTCATTGTCATACC3’ 55◦C 212 µl

NMDAR1 (NM 007327.3) FP 5’GCAGAACGTTTCCCTGTCCA3’ 61◦C 242 µl
112 bp

NMDAR1 (NM 007327.3) RP 5’CCCCTGCCATGTTCTCAAAA3’ 61◦C 212 µl

NMDAR2a (NM 001134407.2) FP 5’CAGAGACCCCGCTACACAC3’ 61◦C 282 µl
150 bp

NMDAR2a (NM 001134407.2) RP 5’TGCCCACCTTTTCCCACTC3’ 59◦C 208 µl

Table A.2: RNA concentrations and volumes used in cDNA Synthesis

Sample
Concentration

(ng/µl)

Used volume for cDNA synthesis

(µl)

Final concentration of RNA

(ng)

C1 1014.60 0.98 1000

C2 997.00 1.00 1000

C3 766.10 1.30 1000

C4 813.00 1.24 1000

C5 401.20 2.50 1000

CuNP1 361.80 2.76 1000

CuNP2 121.60 4.12 500

CuNP3 250.70 3.98 1000

CuNP4 225.20 4.44 1000

CuNP5 80.1 6.24 500

SnNP1 317.80 3.14 1000

SnNP2 603.5 1.66 1000

SnNP3 757.90 1.32 1000

SnNP4 526,60 1.90 1000

SnNP5 465,80 2.16 1000

AlNP1 388.20 2.58 1000

AlNP2 242.80 4.12 1000

AlNP3 533.00 1.88 1000

AlNP4 504.80 1.98 1000

AlNP5 420.00 2.38 1000
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Table A.3: RNA concentrations and A260/A280 and A260/A2300 ratios of RNA
samples isolated from hippocampus tissue of controls and nanoparticle exposed
groups.

Sample Concentration (ng/µl) A260/A280 ratio A260/A230 ratio

C1 1014.60 2.01 1.08

C2 997.00 2.04 1.38

C3 766.10 2.02 1.26

C4 813.00 2.04 1.30

C5 401.20 2.06 1.37

CuNP1 361.80 2.04 1.04

CuNP2 121.60 2.07 0.58

CuNP3 250.70 2.14 0.56

CuNP4 225.20 2.07 0.92

CuNP5 80.10 2.05 0.53

SnNP1 317.80 2.08 1.09

SnNP2 603.5 2.09 1.58

SnNP3 757.90 2.09 1.73

SnNP4 526.60 2.10 1.57

SnNP5 465.80 2.07 1.71

AlNP1 388.20 2.09 1.61

AlNP2 242.80 2.04 0.98

AlNP3 533.00 2.08 1.57

AlNP4 504.80 2.11 2.06

AlNP5 420.00 2.08 1.63
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Table A.4: Concentrations of proteins isolated from hippocampus tissue of con-
trols and nanoparticle exposed groups.

Sample
Cytosolic Protein Concentration

(mg/ml)

Membrane-associated Protein Concentration

(ng/µl)

C7 2.84 3.16

C8 3.16 3.95

C9 0.70 0.50

CuNP6 2.45 3.43

CuNP7 0.86 0.96

CuNP9 1.02 2.38

SnNP6 2.29 3.07

SnNP7 2.53 3.60

SnNP8 2.15 2.95

AlNP6 2.21 3.43

AlNP7 2.29 3.25

AlNP8 1.67 3.37
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Figure B.1: TEM image of adrenal glands of (a) control, (b) CuNP, (c) SnNP,
and (d) AlNP groups. The arrows indicate the nanoparticles in adrenal gland
tissue samples. Nanoparticles were determined in all of the nanoparticle-exposed
groups.
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Figure B.2: TEM image of lungs of (a) control, (b) CuNP, (c) SnNP, and
(d) AlNP groups. The arrows indicate the nanoparticles in lung tissue samples.
Nanoparticles were determined in all of the nanoparticle-exposed groups.

Figure B.3: TEM image of kidneys of (a) control, (b) CuNP, (c) SnNP, and (d)
AlNP groups. The arrows indicate the nanoparticles in kidney tissue samples.
Nanoparticles were determined in all of the nanoparticle-exposed groups.
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Figure B.4: TEM image of spleen of (a) control, (b) CuNP, (c) SnNP, and (d)
AlNP groups. The arrows indicate the nanoparticles in spleen tissue samples.
Nanoparticles were determined only in CuNP-exposed group.

Figure B.5: TEM image of frontal cortex of (a) control, (b) CuNP, (c) SnNP,
and (d) AlNP groups. The arrows indicate the nanoparticles in frontal cortex
tissue samples. Nanoparticles were determined only in CuNP- and AlNP-exposed
groups.
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Figure B.6: TEM image of testis of (a) control, (b) CuNP, (c) SnNP, and (d)
AlNP groups. The arrows indicate the nanoparticles in testis tissue samples.
Nanoparticles were determined in all of the nanoparticle-exposed groups.

Figure B.7: TEM image of cerebellum of (a) control, (b) CuNP, (c) SnNP,
and (d) AlNP groups. The arrows indicate the nanoparticles in cerebellum tis-
sue samples. Nanoparticles were determined only in CuNP- and AlNP-exposed
groups.

162



Figure B.8: TEM image of hindbrain of (a) control, (b) CuNP, (c) SnNP,
and (d) AlNP groups. The arrows indicate the nanoparticles in hindbrain tissue
samples. Nanoparticles were determined only in SnNP-exposed group.

Figure B.9: TEM image of hippocampus of (a) control, (b) CuNP, (c) SnNP,
and (d) AlNP groups. The arrows indicate the nanoparticles in hippocampus
tissue samples. Nanoparticles were not determined in any of the nanoparticle-
exposed groups.
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Figure B.10: TEM image of heart of (a) control, (b) CuNP, (c) SnNP, and
(d) AlNP groups. The arrows indicate the nanoparticles in heart tissue samples.
Nanoparticles were determined only in SnNP- and AlNP-exposed groups.

Figure B.11: TEM image of liver of (a) control, (b) CuNP, (c) SnNP, and
(d) AlNP groups. The arrows indicate the nanoparticles in liver tissue samples.
Nanoparticles were determined only in SnNP- and AlNP-exposed groups.

164



Figure B.12: TEM image of occipital lobe of (a) control, (b) CuNP, (c) SnNP,
and (d) AlNP groups. The arrows indicate the nanoparticles in occipital lobe
tissue samples. Nanoparticles were determined only in SnNP- and AlNP-exposed
groups.
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Table B.1: The concentrations of the copper, tin and aluminum in the rat
organs exposed to CuNP, SnNP and AlNP in the laser material processing real
time exposure setup.

Copper (µg/g) Tin (µg/g) Aluminum (µg/g)

Control CuNP exposed Control SnNP exposed Control AlNP exposed

Heart 0.64 ± 0.02 0.76 ± 0.04 * 0 0.04 ± 0.02 0 0.58 ± 0.16 ****

Lung 0.19 ± 0.02 1.85 ± 0.24 **** 0 471.26 ± 60.30 **** 0 123.44 ± 2.99 ****

Kidney 1.08 ± 0.07 1.03 ± 0.08 0 0.09 ± 0.01 **** 0 0.18 ± 0.08 *

Adrenal Glands 0.18 ± 0.20 0.17 ± 0.03 0 0.03 ± 0.01 ** 0 0.77 ± 0.45 *

Liver 0.59 ± 0.02 1.49 ± 0.31 ** 0 0.04 ± 0.01 ** 0 0.06 ± 0.03 *

Testis 0.25 ± 0.02 0.29 ± 0.03 0 0.02 ± 0.00 * 0 0.08 ± 0.05

Spleen 0.19 ± 0.008 0.22 ± 0.01 0 0.06 ± 0.01 * 0 0.13 ± 0.02 ***

Intestine 3.39 ± 0.25 3.55 ± 1.05 0 0.02 ± 0.00 0.27 ± 0.01 0.26 ± 0.12

Olfactory bulb 1.38 ± 0.17 2.69 ± 0.80 0 0.06 ± 0.00 **** 0 0

Hippocampus 0.30 ± 0. 0.29 ± 0.02 0 0.01 ± 0.00 0 0.39 ± 0.14 **

Cerebellum 0.31 ± 0.01 0.39 ± 0.04 0 0.01 ± 0.00 ** 0 0.18 ± 0.10 *

Hindbrain 0.25 ± 0.02 0.36 ± 0.07 0 0.01 ± 0.00 * 0 0.13 ± 0.06 *

Frontal Cortex 0.29 ± 0.01 0.33 ± 0.01 * 0 0.02 ± 0.00 ** 0 0.20 ± 0.09 *

Occipital Lobe 0.26 ± 0.01 0.33 ± 0.02 0 0.04 ± 0.01 * 0 0.22 ± 0.17 **

Plasma 6.65 ± 0.14 9.48 ± 0.54 * 0.14 ± 0.03 0.20 ± 0.05 3.01 ± 0.26 2.78 ± 0.12

*p<0.05, **p<0.01, ***p<0.005, ****p<0.001 vs control

166



Appendix C

Appendix C Chapter 5

Table C.1: RNA concentrations and volumes used in cDNA Synthesis

Sample
Concentration

(ng/µl)
Used Volume for cDNA Synthesis (µl)

Final Concentration of RNA

(ng)

V1 468.4 2.14 1000

V2 240.2 4.16 1000

V3 371.3 2.70 1000

CuNP1 420.5 2.38 1000

CuNP2 86.3 5.80 500

CuNP3 162.9 6.14 1000

SnNP1 143.8 6.96 1000

SnNP2 80.8 6.18 500

SnNP3 32.2 7.76 250

AlNP1 89.2 5.60 500

AlNP2 53.2 4.70 250

AlNP3 188.8 5.30 1000
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Table C.2: RNA concentrations and A260/A280 and A260/A230 ratios of RNA
samples isolated from hippocampus tissue of controls and nanoparticle exposed
groups.

Sample Concentration (ng/µl) A260/A280 ratio A260/A230 ratio

V1 468.40 2.03 1.52

V2 240.20 1.97 1.39

V3 371.30 1.99 1.72

CuNP1 420.50 1.95 2.05

CuNP2 86.30 1.84 1.34

CuNP3 162.90 1.84 0.99

SnNP1 143.80 1.86 0.95

SnNP2 80.80 1.74 0.78

SnNP3 32.20 1.70 0.69

AlNP1 89.20 1.83 0.81

AlNP2 53.20 1.66 0.49

AlNP3 188.80 1.86 1.11
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Table C.3: Concentrations of isolated proteins from SH-SY5Y cells administered
with CuNP, SnNP and AlNP

Sample
Cytosolic Protein Concentration

(mg/ml)

Membrane-associated Protein Concentration

(ng/µl)

V1 3,45 3,17

V2 2,53 1,69

V3 3,30 2,87

CuNP1 0,54 0,59

CuNP2 0,69 0,66

CuNP3 0,31 0,37

SnNP1 1,76 1,32

SnNP2 2,23 1,62

SnNP3 1,30 1,40

AlNP1 3,53 2,43

AlNP2 3,15 2,21

AlNP3 3,45 2,36
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