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ABSTRACT

SURFACE MODIFICATION AND CHARACTERIZATION OF
AGGLOMERATED METAL OXIDE PARTICLES

Metal Oxide nanomaterials (MONMS) attracted enormous attention due to their
unique physicochemical properties and are used in many applications including
drugs, paints, biomedical devices and development of novel materials. The surface
modification of namomaterials (NMs) is an important step to alter their behavior to
further benefit from their unique properties in variety of applications. However, the
main problem with them in order to work efficiently is their inefficient dispersion in

aqueous environments.

In this study, we aimed to understand the surface properties of these materials as we
attempt to alter the surface chemistry. Surface coating of the NMs with
oligonucleotides, carbohydrates and treatment with hydrogen peroxide (H.O-) help
them to stabilize as mono-disperse particles in their colloidal suspensions. The
characterization of modified MONMSs was performed with Raman Spectroscopy,

FTIR Spectroscopy and Dynamic Light Scattering (DLS).



OZET

TOPAKLANMIS METAL OKSIT PARCACIKLARININ YUZEY
MODIFiKASYONU VE KARAKTERIZASYONU

Metal oksit nanomateryaller (MONM) 6zgiin fizikokimyasal 6zelliklerinden dolay1 biiyiik
ilgi cekmektedir ve ilag bilesenleri, boya malzemeleri, biyomedikal cihazlar ve ozel
materyaller gibi uygulama alanlarinda kullanilmaktadir. Nanomateryallerin (NM) ylizey
modifikasyonu bir¢cok uygulamada bu materyallerin 6zgiin 6zelliklerinden daha fazla
yararlanabilmek i¢in davranislarini degistiren 6nemli bir adimdir. Fakat bu malzemeler ile
verimli bir sekilde calisabilmek i¢in karsilagilan en biiyiik problem bu malzemelerin sivi

ortamlarda yetersiz dagilmalaridir.

Bu calismada, bu materyallerin yiizey 6zelliklerinin incelenmesi ve ayni zamanda yiizey
kimyalariin degistirilmesi amaglanmigtir. NM’lerin oligonukleotit ve karbonhidratlar ile
yiizeylerinin kaplanmasi ve hidrojen peroksit (H20,) ile muamele edilmesi bu
materyallerin  koloidal siispansiyonlarinda tekil dagilmalarma yardimc1 oldugu
gozlemlenmistir. Modifiye edilmis MONM’lerin Kkarakterizasyonu i¢in Raman

spektroskopisi, FT-IR spektroskopisi ve dinamik 1s1k sacilimi (DIS) teknigi kullanilmistir.
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1. INTRODUCTION

Nano stands for dwarf in Greek and indicates a prefix in the metric system as a factor of
10~ or 0.000000001. The Japanese scientist Norio Taniguchi from Tokyo University of
Science was the first to use the term "nano-technology” in a 1974. In a conference he
described processes such as thin film deposition and ion beam milling by using nanometer
scales. He defined the word “Nano-technology” mainly as the processes of, separation,

consolidation, and deformation of materials by one atom or one molecule [1].
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Figure 1.1. Overview of structures from nano to macroscale [2]

Nanotechnology is considered as a recent development in science but the development of
its concept started over long ago. In 1980’s, nanotechnology emerged after the
development of scanning tunneling microscope in 1981 and the discovery of fullerenes in
1985. These developments enabled working with nanomaterials in different fields.
Nanotechnology studies materials with morphological features on the nanoscale. One of
the most important properties of nanomaterials is high ratio of surface area to volume



which makes possible new quantum mechanical effects. As an example to altered quantum
effect is the “quantum size effect”, where the electronic properties of solids are altered

with great reductions in particle size [3].

Metal oxide nanoparticles started to be used in various applications due to their unique
physicochemical properties. Metal element can form oxide compounds such as ZnO,
Fe 03, Fe30y, TiO,, ApO3, CoAl. Main handicap of these MONMs is their possible cyto-
toxic effects. Cyto-toxicity of the molecules is dependent on the size, shape and surface
chemistry of the molecules. There are many synthesis procedures for these NMs and each
procedure can provide different size, shape and surface properties to NMs. Since it is
nearly impossible to obtain uniform size and shape in synthesized NMs, it has become
popular to focus on the surface chemistry of the metal oxide NMs. There are several
molecules that are being used as surface modifiers of NMs. Main goal is to reduce the
toxic effect of NMs by coating them with biocompatible molecules. There are several
studies about conjugation of metal oxide nanoparticles with Au and Ag NPs [4, 5],
carbohydrate coating [6-8], interaction of peptides and oligonucleotides [9-11], polymer
coating [12-14]. Interaction of coating materials with the NMs can be in two ways, either
covalent attachment of attachment through non-covalent interactions such as hydrophobic
interactions or charge interactions. Durability and the effectiveness of the coating process

must be considered carefully in these kinds of studies.

For the characterization of the modified NMs, there are several instrumental analysis
methods available. In order to obtain information about the size and the shape of the NMs,
TEM and SEM images should be taken; DLS measurements also provide information
about the dynamic radius of the NMs. Infrared (IR) and Raman Spectroscopy are two main
vibrational spectroscopy types that are generally used to identify chemical composition. In
order to determine the covalent modification of certain molecules on the NMs vibrational
spectroscopy techniques can be used. Both techniques provide intrinsic chemical
selectivity but both of them have some handicaps too. Main problem in IR spectroscopy is
the absorption of infrared light by the water molecules. Due to that water-dispersed
molecules cannot be studied with IR spectroscopy. In the case of Raman spectroscopy
there are two main drawbacks. First one is the low signal to noise ratio for Raman

signaling. Raman scattering signal is extremely weak so it needs to be enhanced by using



certain metal particles and this process is called Surface-Enhanced Raman Scattering
(SERS). Also the second problem is the auto-Fluoroscence of certain molecules which can

mask the real Raman signal coming from the molecule.

In this study we aimed to reduce the agglomeration and toxicity of metal oxide
nanomaterials by modifying their surfaces with various biocompatible molecules such as
carbohydrates, oligonucleotides, natural polymers like chitosan, hydrogen peroxide (H,O,).
In the first part of the study, NMs were treated with hydrogen peroxide and heated in
aqueous environment in order to observe the effect of hydrogen peroxide and heating on
the agglomeration of NMs. In the second part of the study NMs surfaces were modified
with various carbohydrates such as glucose, lactose, mannose, starch and oligonucleotides,
and a natural polymer chitosan. Crosslinking by using glutaraldehyde provides a unique
approach to the attachment of oligonucleotides to NMs. In order to characterize the surface
modifications FT-IR and Raman spectroscopy is used.



2. THEORETICAL BACKGROUND

2.1. METAL OXIDE NMs

In the field of nanotechnology, one of the most important objectives is to make
nanostructures with unique properties by using single or bulk nanomaterials. Metal oxide
nanomaterials possess unique physical and chemical properties due to their high density of
edge and corner surface regions [15, 16]. Size of the nanomaterials affects the basic
concepts of materials in two ways. First, one is the characteristic structural properties of
the materials such as lattice symmetry and cell parameters [17]. Bulk metal oxides are
mostly stable systems with well-defined crystallographic structures, yet the significance of
free energy and stress due to the decrease in particle size must be taken seriously.
Decreasing particle size leads to the production of stress/strain in the surface atoms which
can generate structural disorganizations [18]. Secondly, the sizes of the nanomaterials
affect the electronic properties of the materials. The atom-like electronic states of the
nanomaterials produce quantum size and confinement effects. General quantum
confinement electronic effects of metal oxides are related to the energy shift of excition
levels and optical band gap [19, 20]. When considered the bulk states of metal oxides, they
have wide band gaps and low reactivity. However, when the size of the metal oxide
nanomaterials decrease, the magnitude of the band gap and chemical reactivity also
changes [21, 22].

Metal oxide nanomaterials have important role in physics, chemistry and material science
[23-26]. They can be used in variety of applications like sensors, medicine, opto-
electronics, catalysis [27-29]. Recent knowledge shows that the physicochemical
properties of metal oxide nanomaterials are mostly related to their size alterations. Most of
the applications of the metal oxide nanomaterials are related to the physicochemical

properties (optical, mechanical, surface/chemistry) of the materials.

When the optical conductivity of the metal oxide nanomaterials is considered, reflectivity
and absorption are the basic parameters that can be measured. Scattering of light can show

important alterations when the size of the nanomaterial is in or out of the range of photon



wavelength. The absorption of the light at certain wavelengths can also give us important

knowledge about the optical properties of the metal oxide nanomaterials.

Mechanical properties of metal oxide nanomaterials are mostly related with their ductility,
hardness and super plasticity under low or high temperatures. Superplastic nanomaterials
can undergo high value of tensile deformation without getting damaged or flawed. For
example TiO, NMs demonstrates important compressive ductility and strain rate sensitivity

at high temperatures [30].

Many metal oxide nanomaterials show acid/base and redox properties, due to those
properties they are usually used in absorption and catalysis processes. These properties of
the metal oxide nanomaterials generate the chemical characteristics of the nanomaterials.
Surface chemistry of the NMs can be controlled with various methods and specific
functional groups can be attached on the surfaces. Modified surfaces can lead to changes

certain properties (optical absoprtion, size, toxicity) of nanomaterials.

2.2. AGGLOMERATION OF METAL OXIDE NMs

Dispersion of metal oxide nanomaterials (MONMS) in aqueous media has attracted a
considerable amount of interest due to their potential applications including in drug
systems [31], gene therapy [32], sensing [33], and paint and pigments [34]. Similar to other
nanometer size materials, they tend to agglomerate and form large bundles during or after
their preparation. The degree of the agglomeration is mostly governed by the synthesis
method, which defines their surface properties. During synthesis processes or subsequent
process steps, agglomeration of primary particles occurs as a result of weak bondings
between the NMs. Then, these primary bundles form larger, strongly bonded micrometer

size aggregates.

For their efficient use, the NMs should stay stable and the agglomeration should be
avoided during any application process. The agglomeration can be prevented chemically
and physically to a certain level [35, 36]. The use of surfactants is one of the most common
ways of increasing the NM dispersion in agueous media. Polymers such as polystyrene,

poly methyl methacrylate (PMMA), and polyacrylic acid are also widely used to obtain



dispersed NMs in aqueous environments [37-39]. Although the use of these surfactants can
provide higher dispersion, they contaminate the NM suspension, which may limit the

applications of the NMs.

The dispersion in agueous media can also physically be achieved with long ultrasonication
processes (up to 60 h) [40]). However, the long sonication may cause erosion/dissolution
and the formation of cavities on the surface of NMs [41-45]. Another external factor,
temperature can be utilized for the purpose. In this respect, in several studies, the
temperature dependent viscosity of nanofluids, which could be defined as solid-liquid
materials established by the dispersions of NMs in the size of 1-100 nm, was examined
[46]. The thermal conductivity and surface potential of the nanofluids were also studied
[47-49].

2.3. SURFACE MODIFICATIONS OF METAL OXIDE NMs

Bulk and single nanomaterials show different chemical and physical properties under the
same conditions. Thus, surface modifications are needed to obtain certain surface
properties. Surface modifications can generate dispersion in aqueous environments when
the suitable groups are attached on the surfaces of NMs [50]. Agglomeration of NMs is one
of the most important problems when working with them. Surface modifications can
maintain the agglomerations of the NMs [51]. Modification of surfaces of NMs can be
used to obtain self-assembled NMs [52]. Certain groups on their surfaces can assist NMs to

get into ordered organizations, associations.

Recently, a general concern when working with nanomaterials is their toxicity and the
parameters that affect the toxicity of the NMs. Size, shape and surface chemistry
determines the toxic properties of NMs. It is nearly impossible to control the uniformity of
size and shape of NMs, so that surface chemistry of NMs can be considered as the most
crucial parameter that reduces the toxicity. Modifications of the surfaces of NMs by using
biocompatible molecules, provides opportunity to reduce possible toxic effects of certain
NMs. When choosing the appropriate coating material certain properties should be
considered. These properties are the proven biocompatibility, stability in various

environments, chemical suitability to nanomaterial surface and the cost.



NMs can be coated with bio organic materials (carbohydrates, DNA, aminoacids and
natural polymers) or synthetic materials (synthetic polymers). The main goal of surface
modifications is placing desired functional groups on the surfaces of NMs. Most common
groups wanted on the surfaces of NMs are thiols and disulfides [53, 54], amines and

ammonium ions [55, 56], carboxylic acids [57], silanes [58, 59].

Carbohydrates are one of the most common biological molecules that are used in various
applications in biology. They are made of hydrogen, carbon and oxygen which are the
main components of living organisms [60]. They can be found in different structural forms
in the environment and these different structures produce different carbohydrate types such
as glucose, lactose and mannose etc. [61]. All of the carbohydrates can be used as coating
materials for NMs but each of them will provide different properties to the NMs.
Hydrophilic nature of the carbohydrates provides high dispersion in aqueous environments.
Coating the hydrophobic NMs with hydrophilic carbohydrates can enhance the dispersion
of NMs in aqueous environments. Carbohydrates contain various functional groups in their
structure such as, ketones, aldehydes, hydroxyls, sulfates and phosphate groups.

Modifications can be performed from these functional groups.

Starch is large polymer made of glucose molecules linked with glucosidic bonds [62].
Starch is made of two components, amylose and amylopectin (Figure 2.1.) [63]. Starch
molecules are used as surface modifiers of NMs and they show promising results in
cytotoxicity topic [64].
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Figure 2.1. Structure of starch; amylase (A) and amylopectin (B)

Chitosan is another natural polymer made of a derivative form of chitin. In Figure 2.2. we

can see the general structure of chitosan.

OH OH OH
HO O |o O |o O
HO HO HO OH
NH, NH, NH,
= -n

Figure 2.2. Structure of chitosan

Chitosan is a cationic polymer due to the amino groups in its structure and as a result it has
higher affinity to negative molecules. Chitosan shows low toxicity and high
biocompatibility in many studies [65, 66] so that it can be used in drug delivery

experiments or as artificial skin, surgical sutures, and artificial blood vessels components



[67]. These properties make them favorable surface modifiers for NMs. Also chitosan has
been used as the building blocks of matrixes, scaffolds, gels and fibers [68, 69]. However,
its mechanical and physicochemical properties such as thermal and electrical
conductivities, needed to be improved by adding organic or inorganic fillers such as

calcium phosphate cements, hydroxyapatite, clay and nanoparticles [70, 71].

Oligonucleotides and peptides are important components of living systems.
Oligonucleotides are usually short, single stranded DNA, made of base, five carbon sugar
and phosphate backbone (Figure 2.3.). Bases of oligonucleotides can contain four different
bases; adenine, timine, guanine and cytosine. Peptides are made of amino acids conjugated
between each other by peptide bonds. Various peptides can be obtained by the conjugation
of different amino acid sequence and length. Peptides can be modified from their N and C
terminus by modifying the first and the last amino acid in the peptide sequence. As a result
free functional groups can be attached on the each terminus of the polypeptides.
Oligonucleotides and peptides are non-toxic and biocompatible molecules so that they can
be used in various applications such as, gene delivery, tissue engineering, cosmetics,

sensors, cosmetics.
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Figure 2.3. General structure of an oligonucleotide

2.4. RAMAN SPECTROSCOPY AND SURFACE ENHANCED RAMAN
SCATTERING

Spectroscopy originates from the study of wavelengths of light and its interactions with
matter. Light can interact with the matter in various ways such as, absorption, scattering
and transmission. These interactions might cause some conformational and energetic
changes in a molecule. If the incoming photons energy is high enough to excite the
electrons from ground state to excited states we can say that the molecule gets excited.

Absorption spectroscopy can measure the change of excitation of molecules by photons.

After the interaction of photons with matter, most of the photons scattered from molecules
with the frequency of the incident radiation and this is called Rayleigh scattering.
However, C.V. Raman discovered in 1928 that a very small part of the scattering has an
energy shift which is different from the incident radiation and it is called Raman scattering
[72, 73]. If this energy is gained it is called Stokes Raman and if it is lost antiStokes
Raman. In Figure 2.4. the Jablonski diagram explains the mechanism of Raman scattering.
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During Raman scattering process molecules are excited from their vibrational states to
virtual states and lose energy to return to their vibrational states again. If the final
vibrational states are more energetic than the initial states it is called the Stokes shift and if

the final vibrational state has lower energy it is called the Anti-stokes shift.

3
Rayleigh Scattering 0
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V>0000->)
A
Raman Scattering A
A . A
. I_ [\IQ‘-’ Vu j: anl
& v 3
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0 v v states (AE)
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E=hv E=h v-AE E=h vt AE

Figure 2.4. The Jablonski diagram [74]

When light interacts with the molecule and gets scattered from it some conformational
changes in the molecule occur due to the formation of complexes between light and
electrons. These complexes result as oscillations of electrons during Raman scattering.
However, in the case of Rayleigh scattering electrons relaxes without any oscillations.
These oscillations can occur in various ways like rotating and vibrating. These vibrations
are derived from certain groups in molecules like carbon chains, ring formations or certain
bondings. Number and the energies of the peaks give us fingerprint information about the
molecule s chemical structure. As a result, we can use this important information to

identify or separate specific molecules in situ [75, 76].

Raman spectroscopy has many advantages when compared to IR spectroscopy or other
spectroscopy types. In Raman spectroscopy samples in water can be used and the sample
preparation is very easy and fast. Ability to obtain fingerprint information enables the

detection of multiplex molecules or single molecules in unknown solutions. The main
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handicap of this technique is the weak signal of Raman scattering. Recently this problem
was overcomed by the interaction of noble metal surfaces with the molecules. This
technique is called surface-enhanced Raman scattering (SERS). By using this technique
Raman scattering signal can be empowered 10° times [77-81]. The enhancement in the
Raman scattering occurs on the surfaces of interacted metal nanoparticles such as silver,
gold, copper, platinum and transition metals. Silver nanoparticles (Ag NPs) are the most
common metal nanoparticles that are being used as SERS substrates. Their rough surfaces
provide junctions and grooves where the surface plasmons are located. Surface plasmons
(SPs) are known as the oscillation of electrons on metal surfaces. Surface plasmon
phenomena can be divided into two groups. First one is the localized surface plasmons
(LSP) and the seconds one is the propagating surface resonance (PSP) [82, 83]. Incoming
light provides a force on the electrons of the metal surface and leads to the oscillation of
them. When this oscillation gets into resonance with the light at certain wavelength it
enhances the oscillation of the surface electrons and it is called localized surface plasmon

resonance (LSPR).
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ZnO (98 nm, XRD), TiO; (18nm, XRD) and Fe;O3; (65 nm, XRD) NMs in powder form
were gift from Tec Star nanofiller consultants and providers (http://www.tec-star.it). Silver

Nitrate (AgNO3) was purchased from Fluka. Hydrogen peroxide solution (34.5%-36.5%),

trisodium citrate (Na3CsHs0O-), glutaraldehyde (%1) was purchased from Sigma Aldrich

(Germany). Carbohydrates (glucose, lactose, starch) and high molecular weight chitosan

was purchased from Sigma Aldrich (Germany).

3.2. OLIGONUCLEQOTIDES

Oligonucleotides were purchased from Alpha DNA (Canada) and kept in — 20 °C as

100uM. Base length and the sequences of used oligonucleotides are listed in Table 3.1.

The sequences are given as from 5’ end to 3’ end.

Table 3.1. List of oligonucleotides

Label Sequence Base Number Brand
PolyA-10 AAAAAAAAAA 10 Alpha DNA
PolyA-15 AAAAAAAAAAAAAAA 15 Alpha DNA
PolyA-20 AAAAAAAAAAAAAAAAAAAA 20 Alpha DNA
PolyA-25 AAAAAAAAAAAAAAAAAAAAAAAAA 25 Alpha DNA
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4. METHODS

4.1. FLUORESCENCE SPECTROPHOTOMETER MEASUREMENTS

All measurements were obtained with a Cary Eclipse Fluorescence Spectrophotometer
(Agilent Technologies). Excitation and emission slits were 5 nm and the PMT detector

voltage was medium (600 V).

4.2. TEM MEASUREMENTS

TEM images were obtained by using JEOL-2100 HR-TEM operating at 200 kV (LaB6
filament).

4.3. ZETA SIZE (DLS and ZETA POTENTIAL ANALYSIS)

The size and zeta potential analysis were performed using Zetasizer NanoZS (Malvern,
UK). It is equipped with a 633 nm 4 mW He-Ne laser. All measurements were performed
in ngO

4.4. PREPARATION OF SILVER NANOPARTICLES

Ag NPs were prepared by Lee and Meisel method which is based on the reduction of
AgNOQO; salts with sodium citrate. 90 mg of AgNO3; was dissolved in 500 ml of distilled
water and heated until boiling. As soon as the solutions start to boil 10 ml of %1 sodium
citrate was added drop by drop. After the addition of sodium citrate, solution was kept
boiling until the total volume reachs the half of the initial volume. Prepared Ag NP
suspension is 1x concentrated and it was concentrated to 4x concentration by a
centrifugation process at 5500 rpm for 30 min and finally by removing a portion of
supernatant. Produced Ag NPs were characterized with UV/Vis spectroscopy, Dynamic
Light Scattering (DLS, Zetasizer) and SEM. Average size of the Ag NPs was measured as
60 nm in diameter and the maximum absorption was determined as 450 nm with UV/Vis

Spectroscopy.
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4.5. OLIGONUCLEOTIDE CROSSLINKING on ZnO and Fe,O3; NMs

A 10 ml of dH,0O was sonicated for 30 min in a falcon with open cover in order to release
the free oxygen inside the sample. Then, a 30 mg of ZnO NM was added into dH,0 and
sonicated for 30 min. Prepared ZnO suspension was mixed with 10 pl of oligonucleotide
(10, 15, 20, 25 Adenine base pair) and 500 ul of glutaraldehyde (%1). Final suspension
was put in a volumetric flask and put on a hot plate (Heidolph MR 3004, Germany), which
was previously heated to 40 °C, while stirring. Suspension was left for 2 hours under N2

exposure, on the heater.

Obtained oligonucleotide attached NMs were washed 3 times with dH,O and dialyzed
overnight in a dialysis tubing cellulose membrane (flat width 25 mm) which retains

particles over 12.400 Mw with %90 efficiency.

4.5.1. Crosslinking of Starch, Chitosan and Lactose on TiO, and Fe,O3 NMs

A 10 ml of dH,0O was sonicated for 30 min in a falcon with open cover in order to release
the dissolved oxygen inside the sample. Then, a 30 mg of desired NM was added into
dH,0 and sonicated for 30 min. The prepared NM suspension was mixed with 10 mg of
starch, chitosan or lactose and 500 pl of glutaraldehyde (%1). Final suspension was put in
a volumetric flask and put on a hot plate (Heidolph MR 3004, Germany), which was
previously heated to 40 °C, while stirring. Suspension was left for 2 hours under N,

exposure, on the heater.

The surface coated NMs were washed 3 times with dH,O and dialyzed overnight in a
dialysis tubing cellulose membrane (flat width 25 mm) which retains particles over 12.400
Mw with % 90 efficiency.
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Figure 4.1. Crosslink process of oligonucleotide on the metal oxide surfaces

4.6. HYDROXYLATION OF ZnO and TiO; NMs by H,0,

0.2 grams of ZnO and TiO, NMs were weighted and dispersed in 25 ml H,O, solution. The
resulting NM suspension was left to dry on a hot plate (Heidolph MR 3004, Germany),
which was previously set to 300 hot plate scale and kept boiling until all of the solvent
evaporated. For the washing step, the obtained NM powder was dispersed in 10 ml of
distilled water (dH,O) and left for drying on a hot plate, which was previously set to the
300 scale. Finally, the hydrogen peroxide treated NMs were obtained in powder form. The

NMs were re-dispersed in dH,0 and stored at room temperature.
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4.7. HEATING HYDROXYLATED ZnO and TiO; NMs

Hydroxylated ZnO or TiO, NMs were added into dH,O (1 mg/mL). The prepared
suspensions of NMs were sonicated for 30 min. Then, sonicated suspensions were left to
rest in order to obtain a saturated aqueous suspension. After the resting phase, supernatant
of the suspension was transferred to a centrifuge tube and stored at room temperature. All

experiments were performed from the same batch.

The agglomeration state of the bare and hydroxylated NMs was evaluated with temperature
gradient from 30°C to 90 °C with 5 °C intervals. Between each interval of 5 min of
equilibration time was used regardless of the time spent by the instrument to set the
temperature. The suspension was placed into a folded capillary cell for zeta potential
measurements and zeta potentials of NMs were measured at 30 °C. All experiments were

performed at least 3 times.
4.8. FOURIER TRANSFORM INFRARED SPECTROSCOPY (FT-IR) ANALYSIS

FTIR analysis was performed with Thermo Scientific Nicolet iS50 FT-IR (Massachusetts,
USA) in attenuated total reflectance (FTR) mode with a diamond plate and ZnSe lens.

Samples were dried at 90 °C on a hot plate before analysis.
4.9. RAMAN SPECTROSCOPIC MEASUREMENTS

A Raman Microscopy System (InVia Reflex, Renishaw, UK ) was used to perform all
SERS experiments. The system was used with a diode laser at 830 nm and at 514 nm with
a 50X objective. The system was automatically calibrated by using a silicon wafer peak at
520 cm™. Laser power was 3mW at the sample position. Exposure time was 20 seconds for
the elimination of coating materials on NMs experiments and 10 seconds for the rest of the
measurements. Ten spectra were acquired from each sample and each experiment was

repeated for at least 3 times.
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4.9.1. Investigation of The Presence of Coating on NMs by Using Raman

Spectroscopy and SERS

In order to eliminate the coated biological materials on the NMs diode laser at 514 nm was
used. Biomolecules on the surfaces of NMs were exposed to the laser power and melted.
The change in the Raman and SERS spectra of NMs was investigated while the

biomolecules on the surfaces start to melt down.

The samples were mixed with 4X Ag NMs for the SERS measurements and the bare
samples were used for the Raman measurements. Exposure time was 20 seconds and laser
power was 3mW for each measurement. 50 measurements were taken from the same spot
of the sample and results are recorded after each measurement in order to understand any
possible changes in the bands after exposure to laser power. The same procedure was
performed for the Raman measurements without using Ag NMs.
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5. RESULTS AND DISCUSSION

5.1. CHARACTERIZATION of NMs

Zn0O, TiO, and Fe,03 NMs, which were used in this study, were characterized with TEM,
Raman Spectroscopy, FT-IR Spectroscopy, Fluorescence Spectroscopy and DLS

measurements.

5.1.1. ZnO NMs

As seen in Figure 5.1. A, the size of ZnO NMs were determined approximately 90 nm.

Bare ZnO NMs have also characterized by using Raman spectroscopy. Raman
spectroscopy provides important information about molecules and molecular structures due
to high spatial resolution and narrow spectral bandwidth. As it is seen in Figure 5.1.B, bulk
Raman spectra of the NMs shows the characteristic bands of ZnO NMs such as 1090 cm™,
390 cm™ and 1380 cm™ which are related to the crystal structure of ZnO NMs

After the characterization of ZnO NMs with Raman Spectroscopy, further characterization
was made by using FT-IR spectroscopy to determine possible functional groups on the
surfaces of NMs. FT-IR can provide valuable information about the surface properties of
NMs. Therefore the comparison of bare and modified ZnO NMs can be used to identify
completion of modification process. Figure 5.1.C, shows the bare ZnO NMs FT-IR
spectrum. The bands that belong to any functional group were not observed on bare ZnO
NMs.

As a final characterization step, excitation and emission spectra were acquired and
fluorescence properties of ZnO NMs were controlled by using Fluorescence spectroscopy.
Figure 5.4.represents the emission spectrum of ZnO NMs. The emission wavelength of

ZnO NMs was determined as 410 nm while excitation wavelength was 385 nm.
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These characterizations give important information on the surface properties of ZnO NMs
and their size. Characteristic data of bare NMs can be further used to analyze surface

modified NMs by comparing them between each other.
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Figure 5.1. TEM image (A), Raman spectrum (B), FT-IR spectrum (C), Excitation and

emission spectrum (D) of ZnO NMs

5.1.2. Fe,O3 NMs

As seen in Figure 5.2. A, the size Fe,O3 NMs were determined approximately 30 nm.

Fe,O; NMs were characterized by Raman spectroscopy in order to obtain important
information about the NMs surfaces and their electronic structure. Figure 5.2.B shows
bulk-Raman spectra of bare Fe,O3; NMs. The characteristic bands of Fe,O3; NMs are 280
cm™, 300 cm™, 400 cm™, 490 cm™, 600 cm™, and 1310 cm™. Comparison of the intensities
of characteristic bands of bare NMs and modified NMs can provide information about the
effect of the surface modifications on the oscillation of surface electrons of NMs.
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In order to obtain information about the surface properties of Fe,O3; NMs FT-IR
spectroscopy was used. From the Figure 5.2.C we can observe the broad band at around
3600 cm™ which is generally originated from the —OH groups. The presence of the —OH
groups on the surfaces of NMs may allow further modification of the material. Other bands
on the FT-IR spectra of Fe,O3 NMs can be due to the impurities on the surface of NMs,

originating from synthesis procedure.

Finally Fe,O3 NMs were characterized with fluorescence spectroscopy. Fe,O3 NMs were
scanned from in order to determine the excitation wavelength of NMs. The prescan
measurement which scans from 200 nm to 800 nm wavelength shows that the NMs get
excited only at 620 nm wavelength. The emission value of Fe,O3 NMs, after the excitation
by 620 nm wavelength of light, was measured. From Figure 5.2.D we can see that the
Fe,O3; NMs do not have any emission at 620 nm excitation value. So it can be stated that
the Fe,O3 NMs do not have fluorescence properties.

1 o .

500 700 900 1100 1300 1500 1700 1900
Raman Shift cm™

Fe O, (Tecstar) D ~— Excitation

1000 = Emission

620

%T
»

o
Intensity
a
=3
o

4000 3500 3000 2500 2000 1500 1000 500 200 300 400 500 600 700 800

Wavenumber (cm™) Wavelength (nm)

Figure 5.2. TEM image (A), Raman spectrum (B), FT-IR spectrum (C), Excitation and

emission spectrum (D) of Fe;03 NMs
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5.1.3. TiO; NMs

As seen in Figure 5.3. A, the size TiO, NMs were determined approximately 40 nm.
Raman spectroscopy provides characteristic information about TiO, NMs. This knowledge
can be further used to identification and characterization of intrinsic properties of coated
TiO, NMs. Figure 5.2.B shows bulk-Raman spectra of bare TiO, NMs. The characteristic
bands of TiO, NMs are observed at 120 cm™, 420 cm™, 510 cm™ and 690 cm™ as seen in

the Figure.

For the characterization of the surface properties of the TiO, NMs FT-IR spectroscopy was
used. It can be seen from the Figure 5.3.C that TiO, NMs do not contain impurities on their
surfaces. The broad band at 3600 cm-1 shows the presence of — OH groups on the surfaces
of NMs.

In order to investigate the fluorescence properties of TiO, NMs, fluorescence spectroscopy
was used. Figure 5.3.D represents the excitation and emission spectrum of TiO, NMs.

Excitation wavelength of TiO, NMs is 385 nm and emission wavelength is at 410 nm.
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Figure 5.3. TEM image (A), Raman spectrum (B), FT-IR spectrum (C), Excitation and
emission spectrum (D) of TiO, NMs

By using the results of these characterization techniques, it was observed that these NMs
are individually extremely small (30- 100 nm) in size and due to that they tend to
agglomerate and form large aggregates. Also, from the FT-IR spectroscopy results it was
observed that the surfaces of bare TiO, and Fe,O3 NMs contain —OH groups. However,
bare ZnO NMs do not contain any —OH groups on their surfaces. As a result bare Fe,;O3
and TiO, NMs have higher dispersion in dH,O than bare ZnO NMs.

5.2. H,O, TREATMENT OF ZnO and TiO,; NMs

5.2.1. Variations in the zeta potentials of NMs after hydroxylation

Zeta potential ({) of NMs provides information about the surface charge of the particle in a
solvent. Surface charge of a particle can vary with respect to the change in their

environment or any change in the surface chemistry. The hydroxylation process introduces

hydroxyl groups (-OH) on the surfaces of NMs [84]. Figures 5.4 and Figure 5.5 shows the
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FT-IR spectra of ZnO and TiO, NMs before and after the hydroxylation process,
respectively. Since all samples were dried on a hot plate to remove any remaining water in
the samples, it is clear from Figure 5.4 that the intensity of the characteristic IR absorption
frequency of —OH is between 3200-3600 cm™ increases after the hydrogen peroxide
treatment, which indicates the increase of the —OH density on the ZnO NP surfaces after
H.O, treatment It was not expected to introduce further -OH on the TiO, NP surfaces after
the hydroxylation process, since the surfaces of bare NPs already contain —OH groups.
Thus from Figure 5.5 it can be observed that there is not a significant change in the broad —
OH band between 3200-3600 cm™. Although, there is almost no difference on the FTIR
spectra of TiO, NPs before and after the hydrogen peroxide treatment, the change in zeta
potential suggests an alteration on the surface property of the TiO, NPs. This might be the
result of removal of organic impurities remaining from the synthesis on the NPs and
indicates the presence of —OH groups on the surfaces of bare TiO, NPs. Table 1 shows the
changes in the zeta potential of ZnO and TiO, NPs before and after the hydroxylation
process. The resulting hydroxylated NPs become rich in —OH groups on the surface, which

results in the shift of the zeta to more negative relative to untreated NPs.

Table 5.1 shows the changes in the zeta potential of ZnO and TiO, NMs before and after
the hydroxylation process. The resulting hydroxylated NMs become rich in —OH groups on
the surface, which results in the shift of the zeta to more negative relative to untreated
NMs.



25

100 -
g
c
1]
E
E
e
o
-
N Bare
Hydroxylated
0 T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm1)
Figure 5.4 Comparison of FT-IR spectra of bare and hydroxylated ZnO NMs
oo
|
1]
L¥]
=
3
E
(7]
&
= Bare
R
Hydroxylated
D T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
9 Wavenumber (em™)

Figure 5.5. Comparison of FT-IR spectra of bare and hydroxylated TiO, NMs



26

Table 5.1. Zeta potentials of bare ZnO, TiO, NMs and hydroxylated ZnO, TiO, NMs

Zeta Potential / mV (30°C)
Bare ZnO NMs 63,3 F 0,70
Hydroxylated ZnO NMs 233 F 1,13
Bare TiO, NMs 81,5 F 0,212
50 Hydroxylated TiO, NMs 325 F 0,012

Temperature dependent size distribution of hydroxylated NMs

The TiO, and ZnO NMs used in the study have poor dispersion in dH,O, and when
suspensions of these NMs are prepared, large clusters and aggregates are observed. After
30 min. of sonication, their dispersion is slightly improved in dH,O and after a short time
(in 10 min) the NMs are precipitated.

The effects of heating and treatment with hydrogen peroxide on the size distribution of the
ZnO and TiO, NMs were investigated by measuring hydrodynamic radii of the NMs in
their suspension in water. Figure 5.6 shows the temperature dependent hydrodynamic radii
change of the bare and hydroxylated TiO, NMs. As mentioned above, the hydroxylation
process removes possible impurities from the NM surfaces and increases the density of —
OH groups on the surface. Therefore, the NMs are better dispersed in dH,0. Figure 5.6 a
shows the change in the hydrodynamic radii of the hydroxylated TiO, NMs with increasing
temperature. At 30-40 °C, the aggregates of TiO, NMs also exist in very large size (in the
micrometer range) and a wide range of size distribution, and therefore, the standard
deviation of the measurements are also high. This is due to the presence of large clusters
and hydroxylation provides slightly better dispersion in dH,O. As the temperature is
increased, the decrease in the hydrodynamic radii of the treated TiO, NMs is clearly
observed. At 90 °C, we obtain the size of ~120 nm, which we can consider them as
primary NMs. It can be concluded that the most significant decrease in the hydrodynamic
radii of the TiO, NMs occur after 80 °C. In order to see that these changes in the
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hydrodynamic radii of the TiO, NMs are related to the hydroxylation or temperature effect,
the experiment is repeated with the bare TiO, NMs. Figure 5.6 b shows the temperature
dependent hydrodynamic radii change of the bare TiO, NMs. In this case, the
hydrodynamic radii of the bare TiO, NMs decrease by the increasing temperature but the
smallest size obtained is around ~290 nm and the standard deviations of the measurements
are higher, which indicates a large variation in the aggregate sizes. The bare TiO, NMs
suspension contains large micrometer size clusters in the range of 30 to 40 °C, and between

50 and 90 °C, the size decreases to the range of 300-500 nm.

In Figure 5.6 c, the comparison of the change in the hydrodynamic radii of hydroxylated
and bare TiO, NMs with increasing temperature is seen. The hydrodynamic radii of the
hydroxylated TiO, NMs are smaller when compared to the bare TiO, NMs at each
temperature interval. The large standard deviations in the case of bare TiO, NMs indicate
the poly-dispersion of the particles in the suspension. The hydrodynamic radii of the
hydroxylated TiO,NMs decreased % 91.7 (from 1484 nm to 122 nm) and for the bare TiO,
%80.1 (from 1484 nm to 295 nm) when the temperature was increased from 30 °C to 90
°C. After 60 °C this difference observed more clearly, from 60 to 90 °C, the decrease in
hydrodynamic radii of the hydroxylated and the bare TiO, NMs is %69.1 and %35.5,

respectively.
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Figure 5.6. Temperature dependent size change of H,0O, treated TiO, NMs (A), bare TiO,
NMs (B) and Temperature — Size change graph of bare and H,O, treated TiO, NMs (C)

The bare ZnO NMs have lower dispersion in dH,O when compared to bare TiO, NMs.
Even after 30 min. of sonication they are poorly dispersed and precipitated faster than TiO,
NMs. Thus, it becomes difficult to work with bare ZnO NMs in dH,0.

The ZnO NMs were hydroxylated with the same procedure as TiO, NMs and the effect of
hydroxylation on the hydrodynamic radii of the NMs was much clearer in the case of ZnO
NMs. By comparing Figure 5.7 a and b, it can be seen that the hydrodynamic radii of the
hydroxylated ZnO NMs is significantly smaller than the bare ZnO NMs at each
temperature point. The hydrodynamic radii of the bare ZnO NMs is around 900-1200 nm
until the temperature increases to 40 °C but after that it increases to ~2000 nm at 50 °C and
gets smaller until it reaches 90 °C. This can be explained by the lack of dispersion of bare

ZnO NMs in dH,0. The bare ZnO NMs tend to form larger clusters than the bare TiO;
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NMs are in dH,O and precipitate much faster, thus the average size deviation is higher
with the bare ZnO NMs.

The hydroxylated ZnO NMs show a more gradual decrease in hydrodynamic radii when
the temperature increases. From Figure 5.7 a, it can be seen that the hydroxylated ZnO
NMs are around 1000 nm at 30°C - 40 °C and gets smaller by increasing temperature and
eventually it reaches to ~280 nm at 90 °C. When the size of one ZnO NMs is ~98 nm is
considered, the obtained ~280 nm of hydrodynamic radii shows that the NMs form
aggregates by combination of a few NMs. It is clearer in Figure 5.7 ¢ that when the
hydroxylation and heating is combined the hydrodynamic radii of ZnO NMs gets smaller.
At 90 °C most of the aggregates in the ZnO suspension breaks down and primary particles
are obtained. Figure 5.7 ¢ shows the change in the size of bare and hydroxylated ZnO NMs
at each temperature intervals. Due to the very low dispersion of bare ZnO NMs in dH,0,
the size variation is very high. The uncontrollable precipitation of bare ZnO NMs leads to
the irregular size change when the temperature increases. However, in the case of the
hydroxylated ZnO NMs, there is a steady decrease in the size of the NMs when the
temperature increases. When the temperature was increased from 30 °C to 90 °C, a % 73. 2
decrease in the hydrodynamic radii of the hydroxylated ZnO NMs and a % 51.9 decrease
in the size of the bare ZnO was observed. After 60 °C, the profile change in the size of
both bare and hydroxylated ZnO NMs are observed to be similar. From 60 °C to 90 °C, the
decrease in the size of the hydroxylated ZnO NMs (from 955 nm to 255 nm) is %35,6 and
for the bare ZnO NMs, it (from 1106 nm to 531 nm) is %44,3. The percent decrease in the
case of bare ZnO NMs is higher but the final size of the bare ZnO (531 nm) is more than
%50 larger than the size of hydrogen peroxide treated ZnO NMs (255 nm).
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The aggregation profiles of the suspension from the area of dried droplet can provide
valuable information about the cluster size in their suspension. Although much of the
particles are accumulated at the liquid-solid-air interface of a droplet due to “coffee-ring
phenomenon” [85], particles escapes from the outward solvent flow inside of a drying
droplet precipitates in middle region of the dried droplet. Therefore, a 2 uL of the
suspension was placed on a glass slide and let it dried. The SEM images from the middle
region of the droplet acquired. SEM images of bare ZnO and TiO, NMs at 30 °C and 90 °C
were compared with the hydroxylated ZnO and TiO, NMs at 30 °C and 90 °C. Figure 5.8 a
and b compares the bare and hydroxylated ZnO NMs at 30 °C. It can be seen that the huge
clusters tend to breakdown and NMs arrange more homogenic during the drying process.
Figure 5.8 ¢ and d compares the bare and hydroxylated ZnO NMs at 90 °C. Our aim was to

investigate combined effect of heating and hydroxylation on the breakdown of clusters,
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agglomerates, and arrangement of NMs during the drying process of droplet. It can be seen
that the largest cluster of hydroxylated ZnO NMs at 90 °C is about 10 micron and most of

the NMs remain in nanometer size.

Figure 5.8. SEM images of bare ZnO NMs at 30 °C (A), H,0, treated ZnO NMs at 30 °C
(B), bare ZnO NMs at 90 °C (C), H,O, treated ZnO NMs (D)

Figure 5.9 a and b compares the bare and hydroxylated TiO, NMs at 30 °C. At 30 °C bare
TiO, NMs stay as large clusters of 10-50 um but the hydroxylation breaks down these
clusters and results in homogeneous dispersion. In Figure 5.9 ¢ and d, it can be seen the
combined effect of hydroxylation and heating on the breakdown of clusters and
arrangement of NMs during the drying process of their droplet. Hydroxylated NMs and
both heated and hydroxylated NMs do not tend to adhere to each other and form large

clusters, they stay in nanometer size and arrange more neatly.
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Figure 5.9. SEM images of bare TiO, NMs at 30 °C (A), H,0, treated TiO, NMs at 30 °C
(B), bare TiO, NMs at 90 °C (C), H,0,, treated TiO, NMs (D)

5.3. OLIGONUCLEOTIDE ATTACHMENT ON ZnO and Fe;O3; NMs

In this part of the study, the covalent attachment of biomolecules on the surfaces of metal
oxide NMs and the validation of their attachment were investigated. The oligonucleotides
were attached on NMs by crosslinking process as previously explained. SERS technique

was used to investigate the attachment of oligonucleotides on the NMs surface.

In Figure 5.10. the fingerprint bands of adenine and adenine based oligonucleotide (740 cm
1y, (1350 cm™) can be seen. These bands represent the electronic structure of adenine

molecule and the bonding between the adenine bases.
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Figure 5.10. SERS spectra of adenine and oligonucleotide

Adenine is a Raman active base which is in the structure of the oligonucleotides used in
this study. When adenine gets close vicinity with Ag NMs the signals originating from the
ring structure of adenine represses all other low signals and can be observed as high
intensity 740 cm !, 1350 cm™ characteristic bands. Thus, oligonucleotides used in this
experiment contains 10, 15, 20 or 25 adenine bases in their structure in order to obtain

stronger signal from oligonucleotides during Raman measurements.

As described previously, oligonucleotide attached ZnO and Fe,O; NMs were washed 3
times and dialyzed overnight in order to remove any unattached oligonucleotides from NM
suspension. As a result, only oligonucleotide attached NM suspension was obtained and
740 cm ', 1350 cm™ characteristic peaks acquired from the SERS measurements
performed from NM suspensions directly related with the oligonucleotides on the surfaces
of NMs. Thus, SERS can be used as a characterization technique for the attachment of

oligonucleotides on the surfaces of NMs.

In Figure 5.11. A, SERS spectra of oligonucleotide attached and bare ZnO NMs can be
seen. We can observe the characteristic bands of adenine (740 cm™ and 1350 cm™) in the
Figure. Since the oligonucleotide-ZnO suspension was expected not to contain any free

oligonucleotides after the dialysis and washing processes, these bands must be related with
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the attached oligonucleotides on the surfaces of ZnO NMs. Different lengths of
oligonucleotides were used (10, 15, 20, 25 base long) in order to see the effect of base
length in binding efficiency of oligonucleotides. It was observed that especially in ZnO
measurements, bands of adenine has higher intensity and sharper bands in the case of 10
base length oligonucleotide attachment. From SERS measurements of oligonucleotide-
ZnO NMs, we can say that the oligonucleotides with shorter base length bind to the

surfaces of NMs more efficiently.

The influence of gluteraldehyde on the crosslinking process was investigated in order to
prove the conjugation of oligonucleotides to the surfaces of NMs undergoes from —OH
groups and to eliminate the possibility of random non-covalent attachments. Figure 5.11 A
and C. compares the SERS results of oligonucleotide- NM conjugates with gluteraldehyde
and without gluteraldehyde. Characteristic bands of oligonucleotides were not observed in

oligonucleotide- NM conjugates without gluteraldenyde samples.
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Figure 5.11 SERS spectra of oligonucleotide attached ZnO NMs (A), SERS spectra of
adenine and oligonucleotide (B), SERS spectra of ZnO-oligonucleotide mixture without
glutaraldeyhde (C).

Figure 5.12. A shows the SERS spectra of bare Fe,O3; NMs and oligonucleotide attached
Fe,O3 NMs. (Different base lengths; 10, 15, 20, 25 base long). The aim was to observe

fingerprint bands of adenine from the SERS measurements of oligonucleotide attached

Fe;O3; NMs since the NM suspensions was not expected to contain any free

oligonucleotides any bands related with adenine or oligonucleotides originates from the

oligonucleotides attached on the surfaces of Fe,O3 NMs. From the Figure 5.12. B, we can
observe the characteristic bands of adenine (740 cm™ and 1350 cm™). When the SERS

results of oligonucleotide attached ZnO NMs were compared with the results of

oligonucleotide attached Fe;O; NMs, intensities of the bands of adenine (740 cm™ and

1350 cm™) are higher in ZnO NMs results. Thus, it can be stated that oligonucleotides

attach on ZnO NMs surfaces more efficiently than surfaces of Fe,O3; NMs.
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5.2. INVESTIGATION OF THE PRESENCE OF COATING ON NMs with LASER
BREAK DOWN SERS

Starch, chitosan and lactose coated NMs were initially characterized with DLS analysis.

Change in the hydrodynamic radius and zeta potential of Fe,O3; and TiO, NMs was

investigated after their surfaces were modified. Figure 5.13 a, b and ¢ shows the change in

the size of Fe,0O3 NMs after surface modification and Figure 5.13 d, e and f shows the

change in the size of TiO, NMs after surface modification. We can confirm from the DLS

results that the hydrodynamic radiuses of the NMs were increased after their surfaces were

coated with starch, ch

itosan and lactose. Only in the case of lactose coated TiO, NMs the

hydrodynamic size was decreased. It might be explained by the increased dispersion of

TiO, NMs in dH,O after their surfaces were coated with lactose.
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Figure 5.13. Hydrodynamic sizes of starch coated Fe,O3 NMs (A), chitosan coated Fe,O3
NMs (B), lactose coated Fe;O3 NMs (C), starch coated TiO, NMs (D), chitosan coated
TiO, NMs (E) and lactose coated TiO, NMs (F)

Zeta potentials of bare and surface modified Fe,O3 and TiO, NMs can be observed from
Table 5.2. Zeta potentials of both Fe,O3 and TiO, NMs were decreased after their surfaces
were coated. Positive shift was observed in the zeta potentials of all surface modified NMs

which indicate the alterations in the surface chemistry of NMs.

Table 5.2. Zeta potentials of bare and surface modified NMs

Bare (mV) Starch Chitosan Lactose
coated(mV) coated(mV) coated(mV)

Fe,O3 NMs 12.9 +0.919 15.6 +0.778 31.8 +0.707 32.0 + 1.56

TiO2 NMs -19.3+0.707 |-9.6 +0.184 -9.1 + 0.535 -14.6 +1.13
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Further characterization of coated NMs was performed by FT-IR spectroscopy. Figures
5.14 display the IR spectra of bare and carbohydrate coated Fe,O3 and TiO, NMs. The
FTIR spectra of nanoparticles exhibit broad band at 3300 cm™ due to the —OH groups on
NMs surfaces. Increase in the intensity of —OH band at 3300 cm™ supports the statement
that the surfaces of NMs were modified with carbohydrates. The —OH groups originating
from carbohydrates increases the intensity of broad —OH band. Also, the band at ~2900
cm™ indicates the presence of —CH which exists in carbohydrates in high percentage. From
the low frequency region below 1150 cm™, further information was obtained from the
surface attached carbohydrates. From the FT-IR data of modified NMs which was shown
in Figure 3, it can be stated that starch, chitosan and lactose was successfully attached on

the surfaces of TiO, and Fe,O3 NMs.
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Figure 5.14. FT-IR spectra of starch coated TiO, NMs (A), chitosan coated TiO, NMs (B),
lactose coated TiO, NMs (C), starch coated Fe,O3 NMs (D), chitosan coated Fe,O3 NMs
(E) and lactose coated Fe,O3 NMs (F)
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The laser wavelength used in the experiment is the visible region of the spectrum and
highly energetic. The biomolecular structures exposed to such a laser light at prolonged
exposure should degrade. The basis of the idea is a well-known decomposition
phenomenon observed in Raman spectroscopy and SERS experiments [86, 87]. The
carbohydrates are chosen as surface coating materials for the experiments since they are
difficult to characterize on the NMs. The starch, chitosan, and lactose are chemically
bound to the MONP surface though glutaraldehyde linkage. In such case, there should be
thicker starch or chitosan layer on the NM surface than lactose since starch or chitosan are
polymeric structures. Our aim was to observe any possible changes in the spectrum of
coated NMs while they melt down due to the high laser power. Elevated cycles of laser
power exposure results in the degradation of biological samples such as carbohydrates or
chitosan. Thus, chemically attached lactose, chitosan and starch molecules on the surfaces
of NMs can be degraded by exposing to laser power. As a result of degradation, larger
particles such as chitosan and starch start to melt down and lose their original shape on the
surfaces of NMs. These large molecules cover the surfaces of NMs as a thick layer after
their melt down. Small molecules like lactose also melt down due to the exposure of laser
power, but it cannot form thick layers on the surfaces of NMs due to its small size. As a
result of the formation of this thick layer around the NMs Raman signal of the NMs
weakens. As the materials on the surface melt down and form thicker layers Raman signal
coming from the core NMs was expected to decrease. Fig. 5.15 shows the change in the
spectrum of starch, chitosan and lactose coated TiO, NMs. By comparing the change in
bare TiO, NMs (A) with starch chitosan and lactose coated TiO, NMs it can be observed
that the melt down of surface coatings has a negative influence on the bands at 100 cm™,
480 cm™,550 cm™ and 620 cm™. Since these bands are related with the bare TiO, NMs our
theory was supported and we demonstrated evidences of surface coatings on TiO, NMs.
Figure 5.15 A and D has similar spectra and intensity change was not observed because of
the lack of formation of layers after melt down of lactose. However, in fig. 5.15 B and C
same level of decrease in the intensities due to the formation of layers on the surfaces of

TiO, NMs result of the melt down of coatings.
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Figure 5.15. Raman spectrum of Bare TiO, (A) Starch coated TiO, (B) Chitosan coated

TiO, (C) and Lactose coated TiO; (D) after laser power exposure

Figure 5.16 shows the change in the spectrum of starch, chitosan and lactose coated Fe,O3
NMs after exposure to laser power. It was observed that the intensities of the characteristic
bands of bare Fe,O3 NMs did not change after exposure to laser power. Bands at 280 cm™,
300 cm™, 400 cm™, 490 cm™, 600 cm™ and 1310 cm™ which are characteristic bands of
bare Fe,0O3 NMs were observed for possible changes in their intensities. From the fig 5.16
B and C it was observed that especially the intensity of 1310 cm™ band decreases
dramatically. No change in the intensities of any of the characteristic bands were observed
in fig 5.16 D, lactose coated Fe,O3 NMs. Again this situation can be explained by the
formation of thick layers on the surfaces of Fe,O; NMs due to melt down of surface
materials. Formation of thick layer was observed on the surfaces of starch and chitosan

coated Fe,O3 NMs after exposure to laser power. 1600 cm™ band was only observed at
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chitosan coated Fe,O3 NMs and it vanishes rapidly after laser power exposure. We assume
that it originates from glutaraldehyde but further investigation is needed to understand the

reason for observing this band only at chitosan coated NMs.
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Figure 5.16. Raman spectrum of Bare Fe,O3 (A) Starch coated Fe,O3 (B) Chitosan coated

Fe,O3 (C) and Lactose coated Fe,O3 (D) after laser power exposure

SERS provides an enhancement on the spectra of biological samples when molecule of
interest was brought in close contact with a noble metal such as gold and silver. The
enhancement on the spectra may allow the observation of the bands that cannot be
observed with Raman spectroscopy. Therefore, chitosan coated TiO, and Fe,O3 NMs were
mixed with Ag NPs and exposed to laser power. Modified NMs were mixed with
concentrated (8x) Ag NPs and prepared mixture was dropped on CaF; slides. The samples
were dried in suspended form. Figure 5.17 shows the SERS spectrum of chitosan coated
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TiO, and Fe,O3; NMs. Chitosan coated NMs were chosen for SERS experiments because of
the successful formation of layers after its melt down and the most significant change in

the spectrum was observed from chitosan and starch coated NMs by Raman spectroscopy.

SERS measurements also proved that the chitosan starts to melt down and forms a layer
around the NMs after laser power exposure. The intensities of the characteristic bands of
NMs decrease and even lost. As it was observed from Fig 5.17 A and B, 1600 cm™ band
was again observed in each SERS measurements. Its intensity decreased and the peak was
lost after the exposure of laser power. 1600 cm™ band might be related with the presence
of glutaraldehyde but further investigation is needed to make more certain statements.
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Figure 5.17. SERS spectra of chitosan coated TiO; (A), Fe,O3 (B) NMs after laser

exposure
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6. CONCLUSION AND RECOMMENDATIONS

6.1. CONCLUSION

The surface modification of NMs is an important step for the alteration of their behaviors
to provide further benefit from their unique properties in variety of applications. In this
thesis, the surface modifications of MONMs such as ZnO, TiO, and Fe,Os; with

biomolecules such as oligonucleotides and carbohydrates are investigated.

In the first part of the study, we aimed to overcome the agglomeration problem of NMs in
aqueous environments. For this purpose, ZnO and TiO, NMs were treated with hydrogen
peroxide. Hydrogen peroxide treatment washes the surfaces of NMs and the inserts —-OH
groups onto the surfaces of them. After hydrogen peroxide treatment process, hydroxylated
NMs gained higher dispersion in aqueous environments when compared to their bare
forms. Hence, the effect of heating on the size distribution of hydrogen peroxide treated
NMs were investigated. During our study results showed that, combined effect of heating
and hydroxylation decreased on the size of the NMs. This method can be a solution for the
lack of dispersion of NMs in aqueous environments.

In the second part of the study, we investigated a new approach to attach oligonucleotides
onto the NMs by using glutaraldehyde which crosslinks two free —OH groups and
characterized by SERS. From the SERS spectra of oligonucleotide attached NMs 740 cm ™
and 1350 cm™ peaks were investigated. Free oligonucleotides were washed and dialyzed
from the NM suspension, so 740 cm ™ and 1350 cm™ peaks can only be originated from the
surface attached oligonucleotides. Thus, SERS can be used as a characterization technique

for the attachment of oligonucleotides on the surfaces of NMs.

In order to confirm the attachment of starch, chitosan and lactose to the NMs, Raman
spectroscopy and SERS was used. In this part of the study, we aimed to melt down the
coated materials by using laser power originating from the Raman spectroscopy system.
On the same spot 514 nm laser power was exposed for 20 s with 50 spectral collections

and spectrum was acquired after each exposure. When the spectra were analyzed
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intensities of the characteristic bands of NMs were decreased and even disappeared. As a
result of the melt down of coating materials, large particles such as chitosan and starch
melt down and lose their original shape on the surfaces of the NMs. These large molecules
cover the surfaces of NMs as a layer as they melt down with heating. However, a small
molecule like lactose cannot form thick layers on the surfaces of NMs due to their small
size. As a result of the formation of this layer, Raman signal of the NMs weakens. As the
materials on the surface melt down and form thicker layers the intensity of the
characteristic bands of NMs decreases. It is also possible that the melted coating may
mobilize the NMs and the NMs may escape from the laser spot, resulting the decrease of
the NMs under the laser spot and dependently resulting in the intensity of the bands
originating from the NMs. After the Raman measurements, SERS measurements were
carried out to observe some characteristic peaks of coating materials and disappearance of
those peaks after the melt down. In all SERS measurements, the band at 1590 cm™
disappeared for all chitosan coated NMs. Although the 1590 cm™ band is not characteristic
for any of the NMs, used in our study, the formation and following disappearance of the
band can be related with gluteraldehyde. Also the intensities of the characteristic peaks of

NMs decreased in SERS experiments too.
6.2. RECOMMANDATIONS

Hydroxylation of NMs can increase the dispersion of NMs in aqueous environments as it
was demonstrated. This approach may allow the dispersion of metal oxides without their
contamination. Although the study demonstrates that the use of H,O, improves the
dispersion of agglomerated metal oxides, it is suggested that the approach should be tested
for different metal oxide NMs to evaluate if the H,O, treatment is specifically valid for
certain type of MONM s or not. In addition, the mechanism that how H,0, acts on the NM

surfaces, is not clear and this should be investigated in more systematic way.

As novel approaches, the use of Raman spectroscopy and SERS were used to confirm the
biomolecules onto the MONM surface. The results obtained from the study are very
promising and the approach should be further investigated using different types of
biomacromolecules. A more systematic study using mono-, di-, tri-, oligo, and poly

saccharides can be undertaken to investigate the influence of the molecule size on the
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approach. Then, the study can be expanded to cytotoxicity testing whether the attached

molecules are effectively providing biological protection for living systems.
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