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ABSTRACT

DEVELOPMENT OF SUB-CELLULAR ORGANELLE
TARGETED FLUORESCENT SILICA NANOPARTICLES

Silica nanoparticles have been studied extensively in cellular applications due
to their physicochemical properties. The surface of silica nanoparticles represent the key
parameter in biological studies. Owing to their versatile surface chemistry, have ability
to increase bioavailability and selectivity. Therefore, it is significant to understand how
biomolecules interact with the surface of silica nanoparticles.

The study reviews how synthesized both negative and positive potential silica
nanoparticles and can transfer their properties to the cells. In the second part, our
synthesized silica nanoparticles were characterized physicochemically using some
instrumental devices. To answer the role of silica nanoparticles in the cells, some
outcomes such as viability test, image analysis, colocalization analysis and
mitochondrial membrane potential were investigated. A549 (adenocarcinomic human
alveolar basal epithelial cells) and BEAS-2B (human bronchial epithelial cells) cell
lines were selected in our studies.

Our results showed the cytotoxicity was dose and time dependent in direct
proportion. Mitochondrial accumulation were observed in cells treated with the silica
nanoparticles according to Pearson’s Coefficient Correlation and Image J analysis.

The study concluded that the silica nanoparticles can be used in the field of

targeted delivery and bioimaging in cellular studies.
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OZET

HUCRE-ALTI ORGANEL HEDEFLI FLORESAN SILIKA
NANOTANECIKLERIN GELISTIRILMESI

Nanotanecikler fizikokimyasal 6zellikleri sebebiyle hiicresel ¢alismalarda ¢ok
tercih edilmektedir. Silika nanotaneciklerin yiizey kimyasi degistirilerek biyolojik
calismalarda uygulanabilir hale getirilebilir. Cok yonlii yilizey kimya platformuna sahip
olmalar1 nedeniyle, biyoyararlanimi ve seciciligi arttirma yetene§ine sahiptir. Bu
nedenle, biyomolekiillerin silika nanopargaciklarin yiizeyi ile nasil etkilesime girdigini
anlamak 6nemlidir.

Bu calisma hem negatif yiiklii hem de pozitif yiikli silica nanopargaciklarin
nasil sentezlendigini ve ozelliklerini hiicrelere nasil aktardiklarmi inceler. lkinci
kisimda, sentezlenen iki farkli silika nanotanecigin karakterizasyonu enstriimental
analiz cihazlar yardimiyla tayin edilmistir. Silica nanotaneciklerin hiicredeki davranisini
ogrenmek i¢in canlilik testi, goriintii analizi, kolokalizasyon analizi ve mitokondri
potansiyel Ol¢limii gibi deneyler yapilmistir. Bu amagla ¢alismalarimizda A549 ve
BEAS-2B hiicre hatlar1 se¢ilmistir.

Caligmalarimiz gostermektedir ki, sentezlenilen silika nanotanecikler doz ve
zamana dogrudan bagl olarak sitotoksisiteye etki etmektedir. Pearson Korelasyon
Katsayis1 ve Image J analiz sonuglarina gore, sentezlenilen silika nanotaneciklerin
hiicrede mitokondri igerisinde biriktigi gdzlemlenmistir.

Sonug olarak, silica nanotaneciklerin hedefe yonelik tasiyici uygulamalarda

veya biyogoriintiilemede kullanilmalari1 beklenmektedir.
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CHAPTERI

INTRODUCTION

1.1. Nanotechnology and Nanomaterials

Nanotechnology and nanoscience is the emerging science of molecules and
atoms in the range of approximately 0.1-100nm. In Figure 1.1., nanometer scale was
given with the help of some objects.! The background of nanotechnology first came
from by Richard Feynman, physicist entitled “There’s Plenty of Room at the Bottom”.

He stated that the ability to utilize materials on a atomic scale could be very interesting.
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Figure 1.1. Nanoscale of objects.!

Nanotechnology has rapidly expanding field over the past 20 years.
Nanotechnology is the area of science disciplines that make use of design,
characterization and production of materials at nano scale. The impact of nanoscience
disciplines are often generating enhanced materials in order to make solar power more
economical, surgeries could become much faster or nanobots could help construct
materials. Besides, smaller and faster electronic devices or more accurate medical
diagnostic equipment can be possible in a way of nanotechnology. This illustrates that

the nanotechnology has many potential applications as follows energy, healthcare,



electronic and many more. It can be concluded that nanotechnology has play an
important role in our lives.

Nanomaterials have novel characteristic compared to bulk material which is
not exhibit nanoscale features. The two reasons why nanomaterials have significant
changes in chemical, mechanical and optical properties are increased surface area and
new quantum effects. In other words, surface to volume ratio increases and properties of
materials become size dependent. When the size of particle decreases greater proportion
of atoms are placed at the surface rather than inside. This means the nanoparticles form
will be much more reactive. They often have unique properties because they have their
own physical and chemical properties. Using nanomaterials promise certain advantages

on a daily lives in terms of get low cost and high quality products.?
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Figure 1.2. Schematic diagram of different types of nanomaterials.?

Nanomaterials are the products of nanotechnology that shown in Figure 1.2.3
Some of them occur naturally, but the certain interest are synthesized nanomaterials,
which can be used in many commercial processes. Organic nanoparticles can be
classified into nanomaterials such as polymeric nanoparticles, liposomes and

dendrimers. Apart from that materials, inorganic nanomaterials have been widely



explored especially in biomedicine, for example, silica nanoparticles, gold nanoparticles
and quantum dots.

Silica nanoparticles are the example of inorganic nanoparticles. Silicon dioxide
or silica is commonly found in nature as forms of quartz, opal etc. It is the second-most
common element in terms of Earth’s crust. SiO2 was first discovered by Jons Berzelius
who Swedish chemist in 1824. Silica nanoparticles have attracted great interest due to
the fact of their physical properties including nontoxicity, biocompatibility and scalable
synthetic availability.* Silica has both bulk and nano form for many years. For example,
bulk form of silica has been used as a food additive and anti-foaming agent. Nano-silica
is being developed for biomedical studies such as drug delivery and cancer therapy. In
order to produce nano form of silica, Stober and Microemulsion concerning the mostly
applied methods in many academic laboratories. The methodologies of these methods
were indicated. (Figure 1.3-4.)° Microemulsion method includes water, oil which are
immiscible mixture stabilized with the aid of surfactant. This method can be made as
water-in-oil or oil-in-water concerning the surfactant. Large concentration of surfactant

and co-surfactant are needed to enable synthesis of nanoparticles.
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Figure 1.3. Mechanism of Microemulsion silica nanoparticles.’

Stober is well-known procedure which based on hydrolysis and condensation
reaction of silicon alkoxides. This method allows the ability to incorporate variety of
dye molecules into silica nanoparticles. In addition, it is known from the literature that

surface coated silica nanoparticles can be accomplished by using Stéber method. The



modification of synthesized nanoparticles gives them the new abilities. Such

nanoparticles which have more useful behavior to clarify the biological assays.
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Figure 1.4. Mechanism of Stober silica nanoparticles.’

1.2. Synthesis Methods

There are mainly two principal approaches for creating silica nanoparticles,
Stober and Microemulsion methods. However, many methods are generally derived
from the Stober approach. The most important advantages of this method are the
synthesis can be scaled up easily, generate monodispersed nanoparticles and time

saving. In this thesis, Stober method was applied to obtain silica nanoparticles.

1.2.1. Stober Method

The Stober method is basically a type of technique for producing silica
nanoparticles, developed in 1968, consists of hydrolysis and condensation reactions of
metal alkoxides in a mixture of alcohol and ammonia.®

The three main reaction steps occurring in the Stéber process of alkoxysilanes.
The schematic representation of the reaction is shown in Figure 1.5. It starts with metal
alkoxides [M (OR),], such as tetramethoxysilane (TMOS) and tetracthoxysilane
(TEOS). The hydrolysis of alkoxy groups (Si-OR) lead to condensation reactions

involving silanol groups (Si-OH). Forming of silanol groups can be described as (Sn2-



type) reaction. Under alkaline condition of reaction, there is a nucleophilic attack of
hydroxide ion at silicon atom with the leaving group which is alkoxy group. Altogether,
this process follows condense to Si-O-Si bonds by solvents whether alcohol or water.
As the metal alkoxides are generally immiscible in the water, alcohol that has a low
molecular weight can be added as a homogenizing agent. During hydrolysis process
alcohol is generated as a by-product, that means the addition of alcohol is not always
necessary. The reaction rates of hydrolysis and condensation depends on conditions.
Under base catalyzed condition, electron withdrawing substituents (-OH and -OSi)
cause increase the reaction of rates for hydrolysis and condensation process.
Furthermore, alkyl substituents affect the rate of hydrolysis and condensation reaction.
The reactivity of alkoxysilanes reduce with the increasing of substituents. Then, TMOS
hydrolyzes faster than TEOS.” When catalysts are used reactions usually become more
rapid. Thus, it is possible to modify the properties of nanomaterials with the help of

controlling factors such as reagent concentrations, catalyst and pH.®

hvdrolysis

——Si—0H + ROH

——S5i=—0R + H,0 =—7"7—

alcohol condensation
—S5i—0—>5=—= + ROH

—sS—0R + HO—S5i

water condensation

—Si—0H + HO—Sie s=——= =—S5I—0—3Si=— + H0

Figure 1.5. Hydrolysis and condensation reactions of TEOS.

To synthesize monodispersed silica nanoparticles which their particle size
between 20 and 500 nm, they applied Stober technique.’
In the case of Stober method, the most common parameters which are

morphology and particle size strongly related to amounts of chemicals. One of the study



indicated that modifying the ratio of solvent/metal alkoxide allows to control particle
size.!?

Particle size of synthesized silica nanoparticles were directly proportional to
the amount of ammonia by using modified Stéber method.'!

Qi et al. (2015) prepared monodispersed SiO; nanoparticles with the size
ranging from 20 to 100 nm. Their synthesis was carried out on the effect of temperature
(°C), water and ammonia concentration (mol/L) on both size and the morphology of

SiO; nanoparticles.!'?

1.2.1.1. Effects of Fluorophores

Currently, silica nanoparticles (Si02) doped with fluorescent dyes have been
investigated in biological fields. Quantum dots, biological and organic dyes are the
example of fluorescent dyes or fluorophores. Adolf von Baeyer contributed to chemistry
with his work in organic dyes, and later received the Nobel Prize in Chemistry (1905).

When the electrons reach to ground state again, they emit light of a longer

wavelength, which is seen as fluorescence (Figure 1.6.)."

Higher energy states

S

Excitation light
Fluorescence light

S

Ground state

Figure 1.6. Jablonski diagram process within fluorophore.'?

According to Jablonski diagram, the light is absorbed by the fluorescent dyes,
exciting the electrons from their ground state to an excited state which is higher energy

level.



From the viewpoint of biomedical applications, dyes should have such as high
photostability, quantum yield and absorption at longer wavelengths. Organic types of
fluorescent dye such as tetramethylrhodamine isothiocyanate (TRITC) or fluorescein
isothiocyanate (FITC) improve the brightness and photostability of particles.!* The
procedure that is to prepare fluorescent silica nanoparticles start when the dye is bound
to amine-containing silane agent (for example, 3-aminopropyltriethoxysilane, APTES)
by using Stober method. After that, it will continue with the hydrolyzation and
condensation of silicon alkoxide in a mixture of ammonia and alcohol resulting in
fluorescent silica nanoparticles.

Organic fluorescent dyes were covalently loaded into silica nanoparticles with
the help of Stober process for the first time. '

Wiesner research group yielded fluorescent silica nanoparticles which called
Cornell-dots (C-dots). Cyanine which is near-infrared dye was used to label molecules
for biomedical purposes. The study was received FDA approval for stage 1 human
clinical trial.'®

In 2015, Grimm et al. reported the properties of fluorophores as concerns
specific labeling behavior in bio-applications. They altered the structure of
tetramethylrhodamine by replacing N,N-dimethylamino and azetidine rings so that

enhance the photostability and brightness of dye molecule.!”

1.2.1.2. Effects of Surface Functionalization

The application of surface functionalization affects the particle size, charge,
hydrophobicity, hydrophilicity and surface chemistry of nanoparticles. Surface
functionalization is an effective and often simpler way of altering the surface properties
of a material to achieve specific aims such as inducing a desired bio-response. Different
approaches include silane-coupling agents, physical adsorption and layer-by-layer
assembly have been developed based on the surface affinity properties of nanoparticles.
Altering the surface chemistry which helps to enhance biocompatibility and
biodistribution of nanoparticles.'® Thus, modifying the nanoparticles are the key factor

in nanoparticles-cellular interactions.



Figure 1.7. Commonly used functional groups binding different nanoparticles.'®

Noble metals, oxides and binary semiconductor (SC) types of nanoparticles could
be functionalized with some functional groups that were given in Figure 1.7.!° For
example, SC nanoparticles can be coated with the thiols (R-SH), hydroxyl (R-OH) and
amino groups (R-NH2). The example of some semiconductor nanoparticles are Si, SiC,
ZnSe, CdS.

Generalova et al. synthesized photoluminescent types of nanomaterials which
called Lanthanide-doped upconversion (UCNPs). Tetramethylammonium hydroxide
(TMAH) was used to transfer the synthesis organic to aqueous phase. TMAH
encapsulated nanoparticles that exhibited bright PL NPs. Therefore, they demonstrated
the biomedical application of TMAH-modified NPs.?

Gomes and co-workers have developed modifications of fluorescent silica
nanoparticles to increase colloidal stability for bioimaging purposes. 3-
aminopropyltriethoxysilane (APS) and polyethylene glycol (PEG) were introduced to
fluorescent SiNPs to improve biological response. PEG was a good choice for the
surface modification due to its low-toxicity.?!

Non-functionalized silica nanoparticles have negatively charged because of the
ionization of hydroxyl groups. However, changing surface chemistry of nanoparticles
cause the different zeta potential value from the bare SiNPs. Silica nanoparticles were
made positively charged after modified with PEG QA(quaternary amine). The results
were shown that the excretion which means eliminates the metabolic waste was greater

when the SiNPs functionalized with PEG-QA group.??



Positively charged nanospheres were found internalization into the cell differ from
the other charged particles. Nanosphere which have +20mV zeta potential were most

suitable one, because it internalized to cell easily.??

1.3. Cell-based Assays
1.3.1. Bioimaging

As mentioned above, dye-doped and surface modification ability of silica
nanoparticles have extent of improvement in bioimaging areas. It should be emphasized
that wavelength, brightness, photostability and biostability are the important
characteristics of the dyes to be successful bioprobes.?* Generally, conventional dyes are
photobleached easily and that means their staining sensitivity can be reduced. However,
fluorescent nanoparticles have many benefits over the conventional organic dye for
bioimaging application.?> Fluorescein dye is one of the FDA approved fluorophores for

biomedical areas.

MSNPs-NH,-FITC  Mitochondria Merge

I|:M-..

MSNPs-PPh,-FITC

Figure 1.8. (Cont. on next page)
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Figure 1.8. Confocal laser scanning microscope images of (a) Hela cells and (b) HepG2

cell lines with MSNP both coated with NHz and PPh3.?” (Cont.)

Furthermore, surface of dye-doped silica nanoparticles are suitable to coating
with functional groups. Using dye and surface modification process can be used to
enhance both aqueous dispersibility and bioconjugation capability. These strategies
provide the effective detection in cells.

Another important point in bioimaging is that cell staining. It is a method that
can be commonly used to better visualize cells under a microscope. There are several
examples of probes such as carmine, DAPI, methylene blue, rhodamine, TMRE, JC-1
and Mito-Red. Each of them are applied to stain different organelles. Mito-red, TMRE
and JC-1 which are types of probes are convenient to label mitochondria.?

Hela cells and HepG2 cells were treated with MSNP-NH»-FITC (50ug/ml) and
MSNP-PPh;-FITC (50pg/ml) and the cell images were obtained by using confocal
microscopy. The surface functionalization of MSNPs to be target in mitochondria
organelle were demonstrated. Mitochondria is critical organelle in terms of ATP
production and pathway of cell death. For that purpose, they functionalized
nanoparticles surface with both NH, and PPhs; groups. As seen from the Figurel.S8.
mitochondria was stained with the Mito-Tracker-Red. FITC labeled MSNPs were
indicated as green dots. Considering both nanoparticles and cell lines, PPhs modified

silica nanoparticles show better overlapping (yellow color) than MSNP-NH»-FITC.?’

10



Figurel.9. Confocal microscope images of MDA-MB-468 cell lines and mesoporous

silica NPs with different sizes. (A) 190 nm, (B), 420 nm and (C) 1220 nm.?®

In Figure 1.9., SiNPs were labeled with Rhodamine B which gave the red
signal. Moreover, blue and green dots represents the nuclei and lysosomes, respectively.
Lysotracker Green DND-26 and Hoechst 33258 were applied to labeling lysosomes and
nuclei of MDA-MB-468 cell lines. They found that the smallest MSNPs were more

localized into the lysosomes and cells.?®

1.3.2. Toxicology

Nanotoxicology is the developing area that deals with the toxicological profiles
of nanoparticles. Toxicity of nanoparticles should be considered in biological studies.
SiNPs become promising candidate due to their stability, safety, biocompatibility
properties. In fact, SiNPs have been used as biomaterials for a long time.”
Biocompatibility is the required behavior of nanomaterials in order to be chosen in
biological nanosystems.*® It means that there should not be observed any toxic effects
when the nanoparticle and cell interact with each other.

Studies have shown that physicochemical properties like size, shape, charge,
surface coating are collectively influence toxicity of silica nanoparticles behavior.
Besides, toxicology of nanoparticle also depends on the types of cell lines and
incubation time.*!

According to literature studies, toxicological profile of silica nanoparticles are
depends on some parameters such as cell line, concentration, particle size and time.

(Table 1.1.)
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Table 1.1. Toxicity of SiNPs according to literature studies.

Cell Line Types of SiNPs Amount (Jg/ml) | Size (nm) | Time (hours) | Viability (percent) References
A549 FITC-5INPs 15 15 24 50
A549 FITC-5INPs 50 60 24 50 i
- Hsiao et al. (2014)
THP-1 macrophage |FITC-SINPs 10] 15 24 30
THP-1 macrophage |FITC-SiNPs 18] 60 24 50
A349 NH2-5INPs <230 22.7 72| 98|
- Mowak et al. (2014}
A549 COOH-5INPs <250 23.2 72| 97|
HCECs SINPs 100 30 24 90|
HCECs SINPs 100 100 24 70)
HCECs SINPs 100 150 24 75
- Kim et al. (2017)
HCECs SiNPs 100 50 43 90|
HCECs SiMPs 100 100| 48 90
HCECs SINPs 100 150 43 90|
Hela FSNP-5D 100 100| 48| 80.85 )
Xia etal. (2013)
3T3 FSNP-5D 100 100] 43 80.9
A349 Crystalline SiNPs 10] 15 24 98|
A549 Crystalline SiNPs 100 15 24 83.4
A549 Crystalline SiNPs 10 15 48 91.9 i
- - Lin et al. {2008)
AS549 Crystalline SiNPs 100| 15 48| 68.1]
A549 Crystalline SiNPs 10] 15 72| 82.8
A349 Crystalline SiNPs 100 15 72| 34.6|
MC3T3-E1 FITC-labeled SNs 20 121] 24 97|
MC3T3-E1 FITC-labeled SNs 20 310 24 96|
MC3T3-E1 FITC-labeled SNs 20 646| 24 100
Xu et al. (2014)
MC3T3-E1 FITC-labeled SNs 100 121]] 24 82|
MC3T3-E1 FITC-labeled SNs 100 310] 24 80|
MC3T3-E1 FITC-labeled SNs 100 646 24 81

WST-1, XTT and MTT are the types of viability assay for routine applications
in cell biology. Cells (A549 and THP-1 macrophage) were exposed to SiNPs according
to WST-1 assay to evaluate toxicity of NPs. A549 had an ICso value of 15 and 50pg/ml
for 15 nm and 60 nm particle size at 24h. In the case of THP-1 macrophage had an ICso
(50% cell viability) value of 10 and 18ug/ml for the 15 nm and 60 nm at 24h. The result
demonstrates that toxicity of 15nm and 60nm SiNPs were dose-dependent.
Additionally, toxicity of synthesized silica nanoparticles was also dependent on the cell
line.*?

Cytotoxic effects of SiNPs were investigated for lung epithelial cells (A549)
with the help of MTT assay. No significant toxic effect was detected below 250ug/ml
for both -NH, and -COOH functionalized particles at 72h.3

Kim et al. reported safety of 50 nm, 100 nm and 150 nm sized SiNPs which
was nonporous by utilizing the primary culture of human corneal epithelium (HCECs).
At 24h, 50 nm and 100 nm sized particles were showing a small decrease in cell

viability as 70%. There was not observed any toxic effect of three NPs to HCECs for
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100pg/ml at 48h. Therefore, their study proved the nontoxicity of 50 nm, 100 nm and
150 nm sized SiNPs in HCECs.**

Toxicity of types of fluorescent silica nanoparticles were explored by using
Hela cells and 3T3 cells. The result showed that the viability of particles which have
100nm size were approximately 80% for both cells lines at 48h.*

In another toxicology study, they indicated that SiO; NPs 15 nm in size were
time and dose dependent cytotoxicity.*®

Xu et al. (2014) selected the MC3T3-E1 to measure toxicity of engineered
silica nanoparticles which have 121 nm, 310 nm and 646 nm in size for 20ug/ml and
100pg/ml. For this purpose, FITC-labeled SNs were exposed to cell and evaluated
percentage of viability by using MTT assay. They suggested that toxicity of FITC-

labeled SNs was dose-dependent.’’

1.4. Purpose of This Study

The purpose of the study is to change behavior of silica nanoparticles by
whether using dye or functionalize the surface with the help of modified Stober
technique. Additionally, surface functionalized dye-doped SiNPs is helping understand

the particle-cell interactions.
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CHAPTER 2

SYNTHESIS AND SURFACE FUNCTIONALIZATION OF
FLUORESCENT SILICA NANOPARTICLES

2.1. Introduction

In this chapter, (-) potential silica nanoparticles and (+) potential silica
nanoparticles will be discussed. Negative potential silica nanoparticles and positive
potential silica nanoparticles were produced from the modified Stober method. Stober
et al. (1968) introduced the process based on hydrolysis and condensation of tetraethyl
orthosilicate (TEOS) to obtain monodisperse silica nanoparticles.® Fundamentally,
silicates or silicon alkoxides are added in a mixture of water/alcohol and ammonia as a
catalyst. Metal alkoxides M(OR), are great single source molecular precursor for oxide
synthesis because of their high reactivity and structure properties.

Fluorescent SiNPs is the type of silica nanoparticle that incorporate of dye into
the particle have been used for bioanalytical purposes. When dye-doped NP probes are
used, a biomolecule recognition event signaled by one NP will link thousand of dye
molecules to one target molecule, thus greatly enhance the fluorescence signal.

To facilitate the coupling of particles for specific targets in cell, surface
modification of fluorescent SiNPs have been developed. Surface modification can
dramatically change the properties of silica NPs hence the performance of them in
biomedical applications depending on which coating material are linked on the surface.

Fluorescent loaded silica nanoparticles have important role with the attractive
features such as photostability, brightness which provide sensitive imaging of cells.*®
Fluorescein isothiocyanate (FITC) is a type of organic dyes of fluorophores which has
excitation and emission spectrum peak approximately 495nm/519nm. Thus, the
derivative of fluorescein or FITC absorbs the blue light, resulting fluorescence occurs at

the yellow-green wavelengths.*
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Figure 2.1. Absorption and fluorescence spectrum of FITC.*°

As can be seen in Figure 2.1.,% the difference between the excitation maxima
and the emission maxima of fluorophore is called its Stokes shift. To prevent undesired
background interference, large Stokes shift (AA>80nm) have been evolved, but not
clarified clearly. The extent in the excitation and emission spectra of fluorescent dyes
means, it does not absorb the photon that is self-emitted. For this reason, fluorophores
helping to label specific parts of biological samples.*! FITC with an isothiocyanate
group makes it reactive towards amine and sulfhydryl groups which usually found in
biomolecules.

The preparation of the positively potential SiNPs was depend on N-
((trimethoxysilyl)propyl)-N,N,N-trimethylammonium chloride (TMAC) which can
classified in the quaternary ammonium salts. To investigate the surface interaction of
particles with cell, TMAC-silane was used. They have particularly contain 12-18 carbon
atoms chains and a nitrogen atom that is thus positively charged.*?

After the synthesis process, characterization techniques should be involved to
obtain information of particles such as size, charge and surface chemistry. There are
instruments for characterization like dynamic light scattering (DLS), spectrofluorometer
(PL), fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy
(SEM), scanning transmission electron microscope (STEM) and inductively coupled
plasma atomic emission spectroscopy (ICP-OES).

Dynamic light scattering (DLS) is dependent on Brownian motion of particles

suspended within liquid. Brownian motion is related to particle movement that means
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smaller particles are moving at higher speeds than larger particles. The relation between
the speed and size can be measured by using Stokes-Einstein equation. The following
equation includes hydrodynamic diameter (dH), Boltzmann constant k (m? kgs? K'!),

temperature T (Kelvin), solvent viscosity I] (Pa.s) and diffusion coefficient D (m?/s).

dH = kT
31ND

(1.1)

The calculated particle diameter in dynamic light scattering is called the
hydrodynamic diameter. Hydrodynamic diameter means hydration layer which
surrounding the particle or molecules.*

Spectrofluorometer is an analytical device related to fluorescence which is
short-lived classified into photoluminescence spectroscopy. It is continue gaining huge
interest in science for quantitative analysis of samples. Spectrofluorometer gives us
spectrum that is function of wavelength. Light source is located in a 90 degree angle
since reduce scatter light and increase sensitivity. Emission of electromagnetic radiation
takes place visible light, resulted in excitation of molecules.

All spectroscopy methods based on electromagnetic radiation. It can be
characterized by its wavelength A (um) frequency v (Hz) and energy E (J). There are
related to each other as seen from the following equation, where c is for speed of light

(3.00x10* ms™' ) and h is Plank’s constant (6.63x1073*Js).

Av=c (1.2)

E=— (1.3)

Ultraviolet radiation, visible light and infrared radiation corresponding to
wavelengths of less than 400 nm, between 400 and 700 nm, longer than 700 nm,
respectively. Figure 2.2., indicates the schematic representation of electromagnetic

radiation.**
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Figure 2.2. Electromagnetic spectrum.**

Table 2.1. Infrared spectra of some common functional groups.

FTIR functional groups table were given. (Table 2.1.)

frequency incm™ bond functional group
3640-3610 (sharp) O-H stretch alcohols
3500-3200 (broad) O-H stretch alcohols
3400-3250 (medium) [N-H stretch 1 2 amines, amides
3300-2500 O-H stretch carboxylicacid
3100-3000 C-H stretch aromatics, alkenes
3000-2850 C-H stretch alkanes

3000-2800 (strong) N-H stretch amine salt
2260-2210 C=N stretch nitriles

2150-2000 Si-H amorphous silicon
1760-1665 C=0 stretch carbonyls
1760-1690 C=0 stretch carboxylicacid
1650-1580 N-H bend 1° amines
1600-1585 C-C stretch (inring) aromatics
1470-1450 C-H bend alkanes

1360-1290 N-O symmetric stretch |nitro compounds
1335-1250 C-N stretch aromatic amines
1230-940 Si-O silicon monoxide
1130-1000 Si-O-Si siloxanes

950-810 Si-OH silanol

Fourier transform infrared spectroscopy (FTIR) techniques is used to recognize
characteristic functional groups present in a sample.* FTIR gives the infrared spectrum
which x axis corresponds to wavenumber (cm™) and y axis corresponds to

% Transmittance. Wavenumber is equal to reciprocal of the wavelength (1/ wavelength).
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Electron microscopes has advantages over the traditional light microscopes in
terms of resolution and magnification.** Scanning electron microscope (SEM) and
scanning transmission electron microscope (STEM) are the example of electron
microscopes. SEM is a powerful method that use the electron to utilize the three
dimensional image of the specimen. It mainly consist of electron gun, condenser lenses,
objective aperture, scan coils, chamber, detector. Secondary electron detector is used to
obtain information about topographic image. Backscatter electron detector is useful for
illustrating contrast in composition. When scanning electron microscope equipped with
the energy dispersive X-ray detector (EDS or EDX) it is possible to acquire chemical
composition of sample. STEM combines both the scanning electron microscope and
tranmission electron microscope. The STEM technique has two observation modes
which is bright-field and dark-field mode. Detection of both modes were developed by
Crawford and Liley at first.*’ In bright-field image, particles seem as dark because the
incident electrons are scattered at high angles. In dark-field image, particles appear
bright.

ICP-OES is a elemental analysis for determination of elements in different
samples. Due to it has high temperature, excitation, vaporization, atomization and
ionization process can be achieved successfully for comprehensive elements in a
various samples. It has the potential to measure concentration of elements while light

emitting at specific wavelength.*

2.2. Experimental

2.2.1. Chemicals and Reagents

Tetraethyl Orthosilicate (TEOS 98%, Aldrich), ammonium hydroxide (NH4OH
28-30%, Aldrich), absolute ethanol (99.9%, Merck), fluorescein isothiocyanate (FITC,
isomer I, Aldrich), 3-Aminopropyl triethoxysilane (APTES, 99% ,Alfa Aesar) and N-
((trimethoxysilyl)propyl)-N,N,N-trimethylammonium chloride (TMAC, 50% in
methanol, Alfa Aesar) were used throughout the study in order to prepare both (-)
potential and (+) potential SiNPs.
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2.2.2. Instrumentation

DLS (Malvern Zetasizer Nanoseries-NanoZS, Dynamic Light Scattering), also
known as photon correlation spectroscopy, was used to determine the particle sizes and
the zeta potentials of silica nanoparticles.

Absorption and fluorescence spectra were recorded by PL (FS5 Edinburgh
Spectrofluorometer, Photoluminescence).

FTIR (Perkin Elmer UATR-TWO, Fourier-Transform Infrared Spectroscopy)
was used to analyze molecular functional groups in particles.

SEM (Philips XL-30S FEG, Scanning Electron Microscopy) and EDS ( Energy
Dispersive Spectroscopy) were applied to investigate the morphologies and elemental
compositions of synthesized SiNPs, respectively.

SEM ( FEI QUANTA 250 FEG, Scanning Electron Microscopy) with STEM (
Scanning Transmission Electron Microscope) detector were used to characterize the
nanoscale of specimen.

ICP-OES ( Agilent 7500ce Octopole Reaction System ) was used to quantify

the elemental concentration with the sample.

2.2.3. Synthesis of (-) Potential SiNPs

Silica nanoparticles were synthesized using well-known Stober process. It
includes hydrolysis and condensation of tetracthyl orthosilicate as a silica source,
ammonia solution as a catalyst in the presence of ethanol solvent. The reagents that
were used in the synthesis of silica nanoparticles have already been optimized in our
laboratory.'!

To demonstrate bioimaging applications, modified Stober method was applied
for the preparation of (-) SINPs with the help of FITC and APTES molecules.

In the first step, fluorescent dye was prepared. The molar ratio between FITC
and APTES was adjusted 1:1.% Briefly, FITC (6.42x10°mmol) was weighed as 2.5 mg.
APTES (6.42x10°mmol) and absolute ethanol (1ml) were prepared as a stock solution.
From that solution, 150ul was added to FITC producing a fluorescent conjugate. It must
be very careful while using APTES for preparation of dye process. It can react with the
moisture in the air and this cause aggregation in SiNPs. The solution of the APTES-
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FITC conjugate was kept in the dark under dry nitrogen atmosphere and stirred for 24h.

Protection from the light of the dye conjugate is necessary in order to prevent

photobleaching. APTES-FITC conjugate leading to the formation of thiourea linkage

due to specific binding of amine group of APTES and cyanate group of dye.*

In Figure 2.3., (a) schematic representation of bare silica nanoparticles were

given. Surface charge of untreated SiNPs were found highly negative, because it was

made up of the hydroxyl and oxygen groups. Figure 2.3., (b) illustrates the structures of

APTES-FITC conjugate.

(a)

(b)
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~/

Figure 2.3. Summary of (a) bare silica nanoparticles and (b) structures of

FITC-APTES conjugate molecule.
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In the second step, (-) silica nanoparticles were prepared. Ethanol (30ml), dye
conjugate (0.1ml), ammonia solution (0.2ml), and tetraethyl orthosilicate (1.2ml) were
added under N; and stirred for 24 hours. Figure 2.4. indicates the steps of experiment

for (-) silica NPs.

APTES-FITC
Ethanol(30ml) ; TEOS( 1.2ml) (0.18M)
Ammonia soln(0.2ml) Conjugate(0.1ml)

£ - -

— | — | & - ,

- _

=\ =\ ]
(e=a' =)

(Day Light and UV Light)

Figure 2.4. Preparation procedure of (-) potential silica nanoparticles.

2.2.4. Synthesis of (+) Potential SINPs

Silica nanoparticles have been studied widely due to their favorable surface
chemistry. NP-cell interactions strongly depend on the NP physicochemical features. As
the biological system will be related to the surface properties of silica nanoparticles, (-)
potential SiNPs have functionalized by the quaternary amine functional silanes. The
easiest and most used method for functionalization of the nanoparticle surface is the use
of silanes as anchor chemistry. For that purposes, TMAC (283ul ) and TEOS (116ul)
was added into synthesis of (-) potential silica nanoparticles in a N> atmosphere and
carried out for 1 day. Adding of TEOS was useful to enhance silicates ratio in the
particles. The structure of TMAC was given in Figure 2.5. (a). Schematic representation
of surface functionalization of (-) SiNPs using TMAC were given in Figure 2.5. (b). The
steps of experiment were shown in Figure 2.6. Overall, silica nanoparticles solutions

were centrifuged at 17.500 RPM for a 15 minutes to remove unreacted species.
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Figure 2.5. Summary of (a) structures of TMAC molecule, (b) schematic

representation of (+) potential silica nanoparticles.
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Figure 2.6. Preparation procedure of (+) potential silica nanoparticles.
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2.3. Results and Discussion

2.3.1. Characterization of (-) and (+) SiNPs

Florescent silica nanoparticles and N-((trimethoxysilyl)propyl)-N,N,N-
trimethylammonium chloride functionalized silica nanoparticles were obtained by using
modified a Stober method. Dynamic Light Scattering was applied for the
characterization of (-) and (+) pot. SiNPs in terms of their sizes and surface charges.
Figure 2.7. displays the nanoparticle size of (-) SINPs(10nm) and (+) SiNPs (20nm). As
TMAC was generally used as amination reagent, >' TMAC-functionalized SiNPs has
more amine group than (-) SiNPs in that case, the particle size of (+) silica nanoparticles

were obtained larger than 10nm.

25
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Figure 2.7. The sizes of the (-) SINPs and (+) SiNPs.

During the zeta potentials measurement, they were repeated for the three times
based on DLS principle. The average zeta potentials for both (-) SiNPs and (+) SiNPs
were given in Figure 2.8. These values were determined as -15mV and +30mV

respectively. Amine group of TMAC makes silica nanoparticles more positive.
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Figure 2.8. The zeta potentials of the (-) SINPs and (+) SiNPs.
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Figure 2.9. The absorption and PL spectra of silica nanoparticles.

The emission and absorption spectra of the silica nanoparticles were
recorded by Spectrofluorometer (Figure 2.9.). The absorption and emission maximum
of SiNPs was found to be at 495nm, 515nm respectively. Both values were confirmed

the FITC dye molecule, it was excited by blue light and emits the green fluorescence.
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Figure 2.10. The pH dependence of fluorescence intensity of free FITC.
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Figure 2.11. The pH dependence of fluorescence intensity of silica nanoparticles.

In order to verify the protection of FITC-dye molecules by the synthesized
silica nanoparticles, three factors were investigated such as pH effects, solvents effects
and the quench effects. As can be shown in Figures 2.10-11., Fluorescence intensity of
silica nanoparticles were less affected than free FITC in terms of pH. The pH of solution
(aqueous) was altered from 7 to 12 by using NaCIl and HCI. Fluorescence intensity was

beginning to be affected at pH=10 for the silica nanoparticles. We have applied pH

25



value at approximately 9 in our study, so it does not affect the results. Besides, there

was not any change of spectral shape observed in the presence of silica nanoparticles

until pH 12. However, at pH=9 fluorescence intensity was already decreased concerning

the free dye. Additionally, more changes in peak positions were observed for free dye.
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Figure 2.12. Solvent effect: fluorescence intensity of free FITC.

Figure 2.13. Solvent effect: fluorescence intensity of silica nanoparticles.
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Another factor was that solvent effects on free-FITC and particles as given
Figure 2.12-13. Solvent changes the reactivity of reducing agent and precursors, while
either stabilizing the nanoparticles or promoting their aggregation. Here, we tested three
solvents such as two polar protic solvents (ethanol, water) and polar aprotic solvent
(dimethylformamide). Polar aprotic solvents contain no hydrogen atoms connected to an
electronegative atom and they are not capable of hydrogen bonding. Both free-FITC and
particles were soluble in all three solvents.

In Figure 2.12, solvatochromatic effect has seen which was about some
spectral changes when the substance was miscible in a variety of solvents. This effect
resulting in red shift which was termed positive solvatochromism with increasing
solvent polarity.>> Red shift in fluorescence spectrofluorometry corresponds to a spectral
shift to higher wavelengths (lower energy). In the matter of particles (Figure 2.13.),
there has not any changing of wavelength maximum. Solvents have not reach to the
FITC in silica nanoparticles, so effective protection was supplied by the synthesized

particles.
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Figure 2.14. Stern-Volmer plot of quenching effect for both free FITC and

silica nanoparticles in the presence of quencher I'.
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Figure 2.16. Stern-Volmer plot of quenching effect for silica nanoparticles

in the presence of quencher Cu**.

Stern-Volmer plot showing reduction in fluorescence intensity or quenching
processes for silica nanoparticles (Figure2.14-15-16.). In the simplest case of this plot,
Fo and F represents the fluorescence intensity in the absence and presence of quenchers.

Additionally, x axis indicates the concentration of quenchers such as [I'] and [Cu'"].
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While the negatively charged quencher [I'] had 220 pm ionic radius the one with
positively charged quencher which is [Cu™] had 73 pm. Silica nanoparticles by I and
Cu'™ were less affected than free FITC according to Stern-Volmer graph. Therefore, we
can say that fluorescent molecule were protected by the surrounding silica network
cause good photostability. When Cu™ used as quencher, more reduction in fluorescence
intensity was observed in terms of free FITC. As the ionic radius of [Cu*'] is smaller
than negatively charged quencher [I'], it is easier to reach dye conjugate and result in
quenching.

The FTIR spectra of synthesized (-) silica nanoparticles and also the particles
assisted by TMAC were given in Figure 2.17. Typically, there is a silanol and silicon

alkoxide groups between 400 cm™ and 1200 cm™. IR peaks located at 800 and 1050 cm™

1 1

corresponds to Si-O-Si stretching and the band at 940 cm™ corresponds to bending
modes of Si-O-H and Si-O. The peak in 3200-3500 cm™! attached to stretching modes of
O-H groups. New peaks appear in the range of 2800-3100 cm™ and 1250-1500 cm’!
corresponds to N-H stretching/ bending present in TMAC-assisted SiNPs which was
shown as red dash in the FTIR spectrum. The blue dash presents the only TMAC
chemical, so it was used as a reference. According to amine group bonding, we could

say TMAC functionalization of SiNPs was done successfully.
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Figure 2.17. FTIR spectra of (-) and (+) potential silica nanoparticles.
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SEM images were taken to characterize the surface morphology and particle
size of synthesized both SiNPs (Figure 2.18-2.19.). As synthesized (-) SiNPs have small
particle size, STEM technique was applied, thus the imaging capability was extended.
The synthesized two silica nanoparticles have different sizes related to Scanning
Electron Microscope and Scanning Transmission Electron Microscope. SEM generally
gives the smaller particle size than DLS, because it measures the size in terms of
hydrodynamic radius of particles. STEM-in-SEM images yielded the monodisperse size
distribution of (-) potential SiNPs in 50.000-200.000 magnification and 15.00 kV for
dark field and bright field mode (Figure 2.18.). SEM images of (+) potential SiNPs were
shown in Figure2.19 in 200.000 magnification with 20.00 kV.

Table 2.2. Energy Dispersive X-Ray Spectroscopy analysis of (-) SiNPs.

Element Wi Atomic %
C 20,73 29.42
0 49,00 52.20
Si 30.27 18.37
Total: 100.00 100.00

(d)

TYEHA

Figure 2.18. STEM images of dark field of (-) SiNPs (a) in 50.000 magnification,
(b) in 100.000 magnification and (c¢) 200.000 magnification, bright field
of fluorescent SiNPs (d) in 100.000 magnification.
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EDX is the essential part of SEM which helps us to determine structural
composition and quantity of particles. Table2.2-2.3 indicates the EDX results of (-)
SiNPs and (+) SiNPs. Negative potential SiNPs was composed of silicium (30.27%),
oxygen (49%) and carbon (20.73%) atoms. Carbon atoms comes from the dye conjugate
which provides fluorescence ability to our silica nanoparticles. The results of EDX also
show the composition of silica in (-) SINPs that was similar with (+) SiNPs; however

the difference of SiNPs after TMAC conjugation was observed in the elements of

nitrogen (5.26%).

Table 2.3. Energy Dispersive X-Ray Spectroscopy analysis of (+) SiNPs.

Element Witk Atomic %
C 32.13 41.14
M 5.26 5.78
45.86 44.09
] 15.11 8.28
cl 1.64 0.71
Total: 100.00 100.00|

Figure 2.19. SEM images of (+) SiNPs (a), (b) in 200.000 magnification.
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2.4. Conclusion

We demonstrated that the preparation of (-) potential silica nanoparticles and
how to change the surface of that silica nanoparticles with TMAC was produced by
Stober method. Also, we reported the characterization of the both nanoparticles was
performed with the help of various techniques. Dynamic light scattering method was
used to get information about the particle size and surface potential of both silica
nanoparticles. The particle size of (-) SiNPs and (+) SiNPs were 10 nm and 20 nm,
respectively. The surface potential of (+) SiNPs was greater than (-) SiNPs.
Spectrofluorometer gave us the absorbance and emission spectrum of silica
nanoparticles at 495 nm and 515 nm. In order to understand the protection of FITC dye
by networking silica nanoparticles, spectrofluorometer was applied. In the field of that
instrument, pH, solvents and quench effects were analyzed. It is found that dye was
protected by synthesized silica nanoparticles. Fourier transform infrared spectroscopy
was useful to detect functional groups of silica nanoparticles. Peaks in the spectral range
at around of 400 cm™ and 1200 cm™! are attributed to silica nanoparticles. Additionally,
in the range of 2800-3100 cm' and 1250-1500 cm™ corresponds to TMAC
functionalized SiNPs.

Scanning electron microscope and scanning transmission electron microscope
were used to generate high resolution images of samples. Both (-) and (+) potential
SiNPs were analyzed by SEM and STEM to characterize the surface morphology and
particle size. EDS was an analysis tool of SEM that provides the elemental analysis in
our composition. Silicium and oxygen ratio were found as 30.27% and 49% for (-)
potential SiNPs. The nitrogen atom was found in (+) potential silica nanoparticles with
5.26%. STEM has both bright-field and dark field mode, so the images were taken in
two ways. Taking into account the size of (-) potential silica nanoparticles, STEM
technique was more preferable in contrast to SEM. The images were taken in bright
field and dark field mode. In bright field mode, the regions with samples are darker,

while in dark field mode these regions are brighter.
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CHAPTER 33

PARTICLE-CELL INTERACTION

3.1. Introduction

3.1.1. Cell Lines

In this chapter, we investigate the effects of synthesized both (-) SiNPs and (+)
SiNPs on cells that are A549 (Human lung cancer cell lines) and BEAS-2B (Human

lung normal cell lines).

(a)

ATCC Number: CCL-185
Designation: A-549

(©arcc|f

Low Density Scale bar= 100um  High Density

(b)

ATCC Number: CRL-9609 ™
Designation: BEAS-2B

Figure 3.1. Morphology of (a) A549 and (c) BEAS-2B at low density and
high density.>
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Morphology of A549 and BEAS-2B cell lines were shown in Figure 3.1.% Cell

morphology depends on the density and it can be explained with the cell viability. The

cells that have high density is tends to the apoptosis which forms of cell death.>*

The statistics of cancer types have play a significant role choosing the cell

lines. According to statistics results, it can be seen the lung cancer is the most common

form of cancer type for both women and men in 2018. Additionally, lung cancer has

highest rates of diagnosed in new cases for both in Turkey and Worldwide. (Table 3.1.
and Figure 3.2.) 3>

Rank

10
11

12
13
14

Table 3.1. Statistics of common types of cancer globally.>

Cancer

All cancers®
Lung
Breast
Colorectal**
Prostate
Stomach
Liver
Oesophagus
Cervix uteri
Thyroid
Bladder

Non-Hodgkin
lymphoma

Pancreas
Leukaemia

Kidney

New cases diagnosed in

2018
17,036,901
2,093,876
2,085,849
1,800,877
1,276,106
1,033,701
841,080
572,034
569,847
567,233
549,393
509,590

458,918
437,033
403,262

% of all cancers (excl. non-
melanoma skin cancer)

123
95
10.6
5
6.1
50
34
33
33
3.2
30

27
26
24

34



Lung
34 703 (16.5%)

Breast
22 345 (10.6%)

Other cancers

103 093 (49%) Colorectum

20031 (9.5%)

Prostate
17 332 (8.2%)

Thyroid
13 033 (6.2%)

Total: 210 537

Figure 3.2. Statistics of cancer types for new cases diagnosed in Turkey, 2018.%°

3.1.2. Cell Viability

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] is type of
colorimetric assay that frequently used to assessing cell viability and cytotoxicity. MTT
assay was first described by Mossman in 1983. In colorimetric assay, mitochondrial
dehydrogenase enzymes reduce the yellow color MTT to purple-colored dye formazan
product. In the presence of living cell, MTT is converted to formazan.>’

The structures of MTT and formazan were shown (Figure 3.3.).

Mitochondrial reductase

g
3-(4,5-Dimethylthiazol-2-y1)-2, 5-diphenyl-2H- (E.Z)-5-(4,5-dimethylthiazol-2-y1)-1,3-diphenyl-formazan
tetrazolium bromide (MTT) (Formazan)

Figure 3.3. Enzymatic reduction of MTT to formazan.
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3.1.3. Staining of Mitochondria

In cellular function, organelles play a crucial role in the maintenance of
identify targets of interest in cells. Mitochondria are critical to cell life with its two
distinct properties; which are adenosine triphosphate(ATP) production and cell death
mechanism regulation.’® Therefore, visualization of mitochondria will be significant. To
achieve that goal, Mito Red was used. It is type of a far-red fluorescent dye with the
excitation and emission value were found at 581 nm, 644 nm, respectively. At the end
of the mitochondria staining, fixation procedure was applied. The one of the reason of
fixation was preserving the cells components in life-like-state.’**® The another reason
was if no time to analyze biological sample, then fixation becomes preferable option.
Mito Red is cell permeable probes that contain thiol-reactive chloromethyl moiety. The
chloromethyl group seems to be in charge of keeping the dye and mitochondria together

after fixation process.®!

3.1.4. Mitochondrial Membrane Potential

Mitochondrial membrane potential (A%¥m) is the main driving force for ATP
synthesis. The basic process of mitochondrial membrane potential were indicated
(Figure 3.4.).5% It is significant marker for cellular metabolic activity such as electron
transport and oxidative phosphorylation. Oxidative phosphorylation is made up of two
connected components; the electron transport chain and chemiosmosis. The electron
transport chain is a series of proteins and organic molecules found in the inner
membrane of the mitochondria. Electrons are passed from one member of the transport
chain to another in a series of redox reactions. For example, NADH is very good at
donating electrons in redox reactions, so it can transfer its electrons directly to complex,
turning back into NAD". Energy released in these reactions is captured as a proton

gradient. In chemiosmosis, the energy stored in the gradient is used to make ATP. %

36



Retrograde
signaling

Cations

ATP synthesis inward
tra nsport

Anions Quality

outward control

transport system

Figure 3.4. The diagram of mitochondrial membrane potential.®?

3.1.5. Confocal Microscopy

Confocal microscopy is a powerful technique to explain the visualization
morphology of biological samples.®* It was pioneered by Marvin Minsky in 1957.

The laser scanning confocal microscope experimental set-up was given (Figure
3.5.).%° This process works as follows: intensity of light source increases by using laser
light source. Thus, we can get better image in a way of contrast and resolution.
Confocal microscopy includes two confocal aperture which is called as pinhole. It has
very small diameter, so very less number of laser light can passes through the pinhole.
Then, the laser light goes into dichromatic mirror in which it reflects the light to the
condenser. After that, the light is reflected to the biological specimen or sample. The
sample is diverted through the objective lens to the detector. In that case, the second
pinhole where the light is shown as red light is located in out of focus light rays and
they are stopped. The light which is coming specifically through a particular point of the
sample is diverted toward to photomultiplier (PMT) detector. The reason of using PMT

is because it has capability to detect very small intensity.®¢
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Excitation Excitation
Source

T fiares

Figure 3.5. Laser scanning confocal microscopy set-up.®

Spinning disk confocal microscopy is another types of confocal microscopy.
The spinning disk confocal system brings new possibilities that making image more
effective in contrast to scanning system. Spinning system has multiple pinholes that
allowing much sensitive illumination and reduced photobleaching. These pinholes are
scanned across the image multiple times per exposure and every part of the image is
scanned by a pinhole each 30 degree rotation of the disk. It can be acquired up to two
thousand frames per second by multi-point scanning by regulating the disk rotation

speed.®’

Yokogawa CSU-X1
Spinning Disk
Confocal Scanning Unit

Scanning Unit Housing
~

der
o Eanlmater

Figure 3.6. Spinning disk confocal microscopy set-up.®’
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3.1.6. Colocalization Analysis

Confocal microscopy is also provide the colocalization analysis. It is estimated
using algorithms that calculate coefficients such as Pearson’s correlation coefficient
(PCC). In this way, we can obtain colocalization quantitatively. The formula of

Pearson’s correlation was given as follows;

_ Yi(xi—xave)(yi—yave)
 JTilxi—xave)?«[Ti(yi-yave)?

(1.4)

where x; and y; represents the intensities of the red and green channels; Xave and yave
display the average intensities of these channels. The range of PCC value is from -1.0 to
1.0, where 0 exhibits no significant correlation and -1.0 exhibits negative correlation.
When the coefficient approaches 1.0 that means there is relation between variables. For

r=1.0, it can be said that total positive correlation.®®

3.2. Experimental

3.2.1. Materials

DMEM High Glucose (Dulbecco’s Modified Eagle Medium), FBS (Fetal
Bovine Serum), Pen-Strep (penicillin streptomycin), RPMI 1640 (Roswell Park
Memorial Institute), trypsin EDTA were taken from Biological Industries (BI) for cell
culture study.

4 % paraformaldehyde (PFA) was used for cell fixation.

Mito-Tracker Red was used to staining mitochondria in cells.

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay

was used to determine whether the viability of nanoparticle-treated cells.
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3.2.2. Instrumentation

Memmert INC 108 CO> incubator and Esco Laminar Cabinet were used to
cultivation of cells. Memmert WNE7 waterbath were frequently used to continue of the
cells.

Olympus IX71 Spinning Disk Confocal Microscope (Andor Revolution) was
applied in order to cell imaging. The images were taken using BF (Bright Field). The
40x objective lens and 100x oil-immersion objective lens were used for fixed cell
depending on experimental necessity.

MTT assay were read out by Varioskan Flash Spectroscopy (Thermo ) after
centrifugation process by HETTICH ROTINA 38R in Izmir Institute of Technology-
IZTECH, Biotechnology and Bioengineering Research and Application Center.

3.2.3. Cell Cultivation

A549 and BEAS-2B which are basis of human lung carcinoma epithelial and
human bronchial epithelial cell lines were used to checking activity of synthesized silica
nanoparticles. To maintain cell culture, sterile environment in which RPMI 1640,
DMEM High Glucose contains 10% FBS, %1 penicillin and %1 L-glutamine can be
provided at 37 °C in a 5% CO; incubator.

3.2.4. Cell Imaging

Cells exposed to engineered (-) SiNPs (20ug/ml) and (+) SiNPs (20pg/ml) to
determine the localization of nanoparticles by imaging with confocal microscopy. The
specimen was plated on sterile coverslips in 6-well plates.

Initially, the media which was treated with NPs should be washed with PBS
solution. Then, A549 and BEAS-2B cells were stained by 200nM of Mito-Tracker Red
(Sigma Aldrich) with incubation time as 30 minutes. After the incubation, the medium
was removed from the wells and washed with PBS two times. 3.7% paraformaldehyde

(PFA) was used to fixation of cells for 10 minutes.
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After the fixation, the medium was washed with PBS three times carefully. The
PBS medium was replaced with the ethanol by applying ethanol gradation using 30%,
50%, 70% and 100%. The solution was kept at +4C°.

To get information about the fixed-cell imaging the slides were removed from
the wells. The nail polish was put four corners to anchor coverslip. Slides were letting
dry for about two minutes. We analyzed the slides with the help of confocal
microscope. Our confocal spinning disk electron microscopy consist of the Inverted
microscope (Olympus IX-71), Andor Revolution Imaging System, Stage incubator
system (Okolab), The optical working table for vibration (Newport), The CCD camera
works in 15-200 fps (Andor), Piezoelectronical set-up, AOTF photon regulator (Andor)
and 4 lasers in 405, 488, 532, 640 nm wavelength.

To obtain emissions of F-SiNPs and stained mitochondria 488 nm and 532 nm

were utilized, respectively.

3.2.5. Cytotoxicity

To determine potential cytotoxic effects of the fluorescent silica nanoparticles,
colorimetric assay (MTT based) was managed for 96-well plates. The absorbance of this
solution can be measured in the range of 500-600 nm by a spectrophotometer. Initially,
300.000 cell/ml were seeded in each plate containing final volume of 100 pl/well.
Mediums were removed after 24h and then silica particles treated with four different
concentrations (0.2ul, 2ul, 20ul and 200ul). The incubation period for the assay were
24, 48 and 72 hours to identify cellular viability of SiNPs treated-cells. After
incubation, cells were washed with phosphate-buffered saline. MTT solutions were
added per well and incubate 37° for 3 hours. Centrifugation procedure was started
through 10 minutes at 1800 rpm. As DMSO was suitable solvent for dissolving the
formazan, it was added after centrifugation. After these processes, cytotoxic potential of

particle treated cells were measured at 540nm.

41



3.3. Results and Discussion

3.3.1. MTT Assay

Cell viability was assessed for A549 and BEAS-2B cell lines using engineered
both (-) SiNPs and (+) SiNPs. Both cells were exposed to nanoparticles with different
doses (0.2 pg/ml, 2 pg/ml, 20 pg/ml and 200 pg/ml) in 24, 48 and 72 h incubation
periods. The control group that means untreated with synthesized silica nanoparticles
was used to validate results of the experiment.

It was found that the cell viability was both dose- and time-dependent. In all
cases, the minimum viability was found for 200 pg/ml and at 72 h. It could be viewed
that time and dose affected in direct proportion to toxicity of cells.’%

As stated by MTT assay, cell viability rate of dose (20 pg/ml) was found 77%
in 24 h and 75% in 48 h for (-) SiNPs treated A549 cell. The value was decreased up to
74% in 24 h and 57% in 48 h for (+) SiNPs treated with A549. In lung normal cell line,
survival rate of (20pg/ml) dose was detected 82% in 24 h and 72% in 48 h for (+) SiNPs
exposed BEAS-2B cell line. The viability rate of (-) SiNPs exposed BEAS-2B was

much lower in 48h (49%) compared to 24 h (83%) (Figure 3.7-8).

(a)
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H 24h
H48h
i I m72h

Control 0.2ug/ml 2ug/ml 20ug/ml 200pg/ml

Cell viability (%)
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i
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Dose (ug/ml)

Figure 3.7. (Cont. on next page)

42



(b)
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Figure 3.7. The schematic representation of MTT assay of (a) (-) SINPs and
(b) (+) SiNPs for A549 cell line.
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Figure 3.8. The schematic representation of MTT assay of (a) (-)SiNPs and
(b) (+) SiNPs for BEAS-2B cell line. (Cont.)

3.3.2. Confocal Imaging
Confocal microscopy was used to verify the location of negative potential
SiNPs (20pg/ml) and positive potential SiNPs (20pug/ml) to mitochondria. For this

purpose, mitochondria was stained with the Mito-Red. The images were generated with

using 40x (intermediate magnification) and 100x (high magnification) objective lens.

Bright Field 488nm 532nm Merged

Figure 3.9. (Cont. on next page)
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(b) &8
Figure 3.9. Confocal images of control group for (a) A549 cell line and (b) BEAS-2B

cell line using 100x objective. (Cont.)

Initially, we took the images of control groups for both cell lines in a bright
field mode. The 488 nm (emission filter) was responsible for the silica nanoparticles.

Thus, we could not see images in 488 nm for control group (Figure 3.9.).

Bright Field

A7 7

Figure 3.10. Confocal images of (-) SiNPs-treated with A549 cell line for (a) 40x
and (b), (c) 100x objective.
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Mitochondria was seen using emission filter which was 532 nm. The all
merged images were seen as red, because the only variable here Mito-Red.

Negative potential SiNPs and positive potential SiNPs-treated with A549 cell
were given (Figure 3.10,11.). Bright field were taken in order to observe general images
of the cell. The particles were well distributed throughout the cell that seen at 488 nm.
The mitochondria was induced by 532 nm laser as red color. In the merged images,
green color represent the our nanoparticles. It can be seen yellow color after merging of
green (488nm) and red channels (532nm). The yellow color was more apparent in the
(+) SiNPs than (-) SiNPs.

The green fluorescence of both (-) SiNPs and (+) SiNPs located in BEAS-2B
cells (Figure 3.12,13.). The interaction between particles and the lung normal cell were

observed well-distributed.

Bright Field 488nm 532nm Merged

() B8

) |

(c)
Figure 3.11. Confocal images of (+) SiNPs-treated with A549 cell line for (a) 40x
objective and (b), (c) 100x objective.
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Results in Figure 3.11,12. were shown that the green color partly merge

with red color for (+) potential SiNPs. Yellow spots in the overlay pictures were seen

better in (-) potential SINPs compared to (+) potential SiNPs.

Figure 3.12. Confocal images of (-) SiNPs-treated with BEAS-2B cell line for
(a) 40x objective and (b), (c) 100x objective.

Figure 3.13. (Cont. on next page)
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© o

Figure 3.13. Confocal images of (+) SiNPs-treated with BEAS-2B cell line for (a) 40x
objective and (b), (c) 100x objective (Cont.)

3.3.3. Colocalization Analysis

To quantified overlap degrees of synthesized particles, co-localization process
was applied using Pearson’s coefficient correlation. The images were analyzed by
Image J Coloc-2 plug-in.

The colocalization measurements were processed with the control group to
understand exact effects of engineered particles. According the correlation value, there
was not observed colocalization between the control groups and mitochondria, that’s
what was expected.

(+) SiNPs were more colocalized than (-) SINPs in A549 cell. (Figure 3.14,a).
In a typical cell, mitochondrial membrane potential is highly negative (approximately -
180mV) due to chemiosmotic gradient of protons which is used to make ATP.”!
Therefore, the zeta potential of (+) SiNPs can be relevant to explain colocalization
analysis for A549 cell.

Based on results of colocalization studies for BEAS-2B, (+) SiNPs were less
colocalized than A549. This can be accounted for in part by hyperpolarization. It is

related to changing of cell’s membrane potential which makes it more negative.
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Typically, mitochondrial membrane potential of cancer cells (AYm = =-

220mV) have more hyperpolarised than potential of normal cells (A¥m = =-140mV).”?
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Figure 3.14. Distribution of pearson coefficients of (-) SiNPs, (+) SiNPs
and Control group for A549 and (b) BEAS-2B cell.

We also applied the statistical test to determine whether the result of data was

statistically different. The test results indicated the p<0.05, that means variables were
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statistically significant. Following this, t-test was used to compare the means of two

populations. We obtained the absolute value of t-value was greater than the critical

value. Therefore, the null hypothesis is rejected, the effect is said to be statistically

significant.”

3.3.4. Mitochondrial Intensity Analysis

Mitochondrial intensity analysis was used to estimate mitochondrial activity of

both nanoparticles for A549 and BEAS-2B. Regions of interest (ROI) which have

ability to select pattern on specific image regions were used to identify analysis.

(+) SiNPs treated with A549 tends to increased their area (Figure 3.15.), which

can be explained with the loss of energy production in the cell. ATP production is

concerned with the cell life and death. There are two distinctive forms of cell death such

as early apoptosis and late apoptosis/necrosis. Apoptosis is the most common form of

programmed cell death. Concerning the necrosis, the cell death mechanism based on

unregulated that is form of cell injury.”*” The behavior of (+) SiNPs in A549 cell could

be explained with the late apoptosis. It can be said that mitochondrial function of A549

was affected by (+) SiNPs.

Figure 3.15.
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Figure 3.16. Mitochondrial intensity analysis of (-) SiNPs, (+) SiNPs and Control
group for BEAS-2B cell line.

In Figure 3.16., the tendency of increasing area was more apparent in (-) SINPs
rather than (+) SiNPs in BEAS-2B cell line. Thus, mitochondria in the BEAS-2B cell
was more affected by (-) potential SiNPs instead of (+) potential SiNPs.

Despite the area of cells were affected, the mitochondrial intensity of cells

were not changed after silica nanoparticles treatment compared to control group.

3.4. Conclusion

Altogether, we investigated the effects of (-) potential silica nanoparticles and
(+) potential silica nanoparticles on the A549 cell and BEAS-2B cell lines. In biological
applications, to understand toxicological behavior of SiNPs, cell viability test was
performed. We found that viability of both types of silica nanoparticles were dose
(0.2pg/ml to 200ug/ml) and time (24h,48h,72h) dependent. In this study, 20pg/ml dose
was selected according to MTT assay results. To determine location of synthesized
silica nanoparticles, spinning disk confocal microscopy was used with 40x and 100x
objective lens. The emission filter of 488 nm (green channel) was responsible for the
silica nanoparticles. Mitochondria was identified with the 532 nm, which stands for red

channel. When images of 488 nm and 532 nm were overlaid the yellow color was seen
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for silica nanoparticles. In the case of control group, yellow color was not obtained
when the merged images of two channels.

Colocalization analysis were applied dependent on the Pearson’s correlation
coefficient. Image J Coloc-2 plug-in tool provides the colocalization analysis of
captured images. According to colocalization results, (+) potential SiNPs were more
colocalized in A549 than BEAS-2B cell lines. The reason of that, the mitochondrial
membrane potential of cancer cell has more negative than normal cell due to
hyperpolarization. To verify the significant difference of variables, statistical tests were
used. The statistical results (p<0.05 and |tstat| > tcrit ) show that there was a statistically
significant difference between the mean of variables. A further implication was analysis
of mitochondrial intensity. In A549 cell line, (+) SiNPs were tends to increase their area
which confirms effecting the mitochondria. It was clearly seen that mitochondrial
intensity of cells were not significantly affected treatment with the (-) SiNPs and (+)

SiNPs compared to control group.
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CHAPTER 4

CONCLUSION

This study aimed to identify effects of synthesized (-15mV) potential, 10nm
particle size silica nanoparticles and (+30mV) potential, 20nm particle size silica
nanoparticles on A549 and BEAS-2B cell lines. Based on characterization analysis of
particle-cell interaction, it can be concluded that using fluorescent dye and modifying
the surface of SiNPs are important factors in bio-applications.

Mainly, we synthesized both (-) and (+) potential silica nanoparticles by using
modified Stober method. Three factors such as pH, solvent and quench effects were
investigated to better understand implications of fluorescent dye in silica NPs. To
prevent dye leakage, FITC molecules were attached covalently to SiNPs via a stable
thiourea linkage. Absorption and emission spectra of dye conjugate confirmed the
successful doping of dye molecules in the SiNPs.

In cellular applications, to evaluate cytotoxicity, human lung cancer cell and
human lung normal cell were exposed to both silica nanoparticles. We determined that
time and dose affect the toxicity of cells in direct proportion. According to MTT assay
results, (-) and (+) SiNPs were non-toxic with the dose of 20 pg/ml in 48h. We also
demonstrated that the accumulation of SiNPs within mitochondria as stated in Pearson’s
Coefficient Correlation. It was found that mitochondrial intensity of A549 and BEAS-
2B cells were not significantly changed after SiNPs treatment compared to control
group.

Silica nanoparticles are mostly used nanomaterials due to its biocompatible
nature. Surface modification of dye-doped silica nanoparticles are a promising material
for biomedical areas. Further research is needed to develop the causes of relationship

between surface functionalized silica nanoparticles and the cells.
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