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ABSTRACT

FABRICATION OF MAGNETIC BIOACTIVE GLASS NANOPARTICLES

Tasar,Cansu
Master of Science, Metallurgical and Materials Engineering
Supervisor: Assoc. Prof. Batur Ercan

August 2022, 54 pages

Different compositions of bioactive glass nanoparticles have been investigated for
various applications, including cancer treatment, drug delivery, bone regeneration,
etc. However, targeting of bioactive glass nanoparticles to desired tissues still
remains to be a challenge. In this research, sol-gel synthesized bioactive glass and
superparamagnetic iron oxide nanoparticles (SPIONs) were combined using two
different approaches to obtain magnetic bioactive glass nanoparticle composites. In
the first approach SPIONs were embedded into the bioactive glass nanoparticles
(SEBG), and in the second approach SPIONs were deposited onto them as a thin
shell (SDBG). The dimensions of the nanoparticles were calculated to be 180+9 and
420+10nm for SEBG and SDBG, respectively. The magnetizations of the
nanoparticles were measured to be 4 and 9 emu/g for SEBG and SDBG, respectively.
In vitro bioactivity experiments showed hydroxyapatite formation on both
nanoparticles after soaking them in simulated body fluid (SBF) for 14 days.
Additionally, bone cells proliferated and remained viable up to 7 days of culture in
vitro upon their interaction with SEBG and SDBG nanoparticles. Similar viability
results were also observed once experiments were carried out in the presence of 0.4T

external static magnetic field to better mimic cellular response under magnetic



targeting. Cumulatively, these results demonstrated that the synthesized magnetic
bioactive glass nanoparticles were superparamagnetic, promoted bone cell viability
independent of the presence of magnetic field and exhibited bioactive properties.

Keywords: Bioactive glass, SPION, sol-gel, bone cells, bioactivity
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MANYETIK BiYOAKTIiF CAM NANOPARTIKULLERININ URETIMi

Tasar,Cansu
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi
Tez Yoneticisi: Dog. Dr. Batur Ercan

Agustos 2022, 54 sayfa

Cam yiizeyi ile dokular arasinda bag olusturma yetenekleri nedeniyle son yilda farkli
biyoaktif cam kompozisyonlari incelenmistir. Biyoaktif cam, kanser tedavisi, hedefe
yonelik terapiler ve kemik tedavisi dahil olmak {izere ¢esitli uygulamalar igin
Onerilmistir, ancak biyoaktif cam pargaciklarinin istenen dokulara hedeflenmesi
zordur. Bu aragtirmada, manyetik biyoaktif cam nanopargaciklar elde etmek igin
biyoaktif sentezlenen sol-jel ile siiperparamanyetik demir oksit nanoparcaciklari
(SPIONIlar) birlestirilmistir. iki farkli nanoparcacik iiretilmistir. SPIONIlar ya
biyoaktif cam nanoparcaciklara (SEBG) gomiilmiis ya da ince bir kabuk (SDBG)
olarak tizerlerine yerlestirilmistir. Nanopartikiillerin boyutlar1 SEBG ve SDBG igin
sirastyla  180+9 ve 420+10 nm olarak hesaplanmistir. Nanopartikiillerin
manyetizasyonlar1 SEBG ve SDBG i¢in sirastyla 4 ve 9 emu/g olarak dl¢iilmiistiir.
Nanopartikiillerin in vitro biyoaktivitesi, simiile edilmis viicut sivisinda (SBF) 14
giin boyunca bekletilerek degerlendirilmis ve sonuglar, her iki nanopartikiilde de
hidroksiapatit olusumunu gostermistir. Ek olarak, kemik hiicreleri SEBG ve SDBG
nanopartikiilleri ile etkilesime girdiklerinde basarili bir sekilde ¢ogalmis ve in vitro
kiiltiirde 7 gline kadar canliligin1 korumustur. Benzer canlilik sonuglari, manyetik

stimiilasyon altinda hiicresel yanit1 daha iyi taklit etmek icin 0.4T harici statik

Vil



manyetik alan altinda deneyler tamamlandiktan sonra da gézlenmistir. Kiimiilatif
olarak, bu sonucglar sentezlenen manyetik biyoaktif cam nanoparcaciklarin
stiperparamanyetik oldugunu, biyoaktif 6zellikler sergiledigini ve in vitro kemik
hiicrelerinin  canliligint  manyetik alandan bagimsiz olarak destekledigini

gostermektedir.

Anahtar Kelimeler: Biyoaktif cam, SPION, sol-jel, kemik hiicreleri, biyoaktivite
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CHAPTER 1

INTRODUCTION

Since Hench's discovery [1,4-6], bioactive glass (BG) [1,2] has been used for a range
of purposes, including bone grafting, spinal issues, and nerve injury. The most
common network former used in BG is silicon dioxide (SiO.). Bioactivity and
biocompatibility are the two main characteristics of bioactive glasses. The formation
of the hydroxyapatite (HA) layer, which is due to ion dissolution form BG, is
typically the reason for the bioactivity of a glass system [6-9].

Bioactive glasses are surface-reactive glass-ceramic materials. Plus, they have
unique qualities, including osteoconductivity, biodegradability, and cellular support.
Therefore, bioactive glasses have several different applications [10]. These
applications include drug delivery, targeted therapies cancer treatments and
hyperthermia. Magnetic bioactive glasses would be candidate materials for the
treatment of several diseases because they combine both bioactivity and magnetic

properties [10-13].

Although there are several methods for creating magnetic bioactive glass
nanoparticles, the sol-gel technique is promising due to its lower temperature
requirement, which would prevent loss of magnetic properties while providing
particle size control. Iron oxides have several phases, but magnetite (FesOs) is one
of the common phase utilized for biomedical applications due to its improved
magnetization compared to other iron oxide forms [14,15]. Additionally, below a
certain size, they become superparamagnetic. Consequently, they do not have any
remnant magnetization after magnetization is removed from the system. Since
superparamagnetic iron oxide particles (SPIONs) do not retain their magnetic

properties when the magnetic field is withdrawn, they are one of the popular



magnetic nanoparticles employed in biomedical applications. Thus, they become a

candidate material for several different biomedical applications.

Fabrication of magnetic bioactive glasses is primarily used to combine magnetic and
biocompatible features, as the name suggests [16-18]. Numerous research has
attempted to explain this topic to provide clarity. [14,19-21]. Briefly, by the help of
magnetic field magnetic bioactive glasses can effectively be utilized for cancer
treatment, hyperthermia, and drug delivery. Besides, bioactive glass could provide
fast regeneration or healing. Therefore, this document was created to give a thorough

understanding of magnetic bioactive glasses closely.

1.1 Objective

The aim of the project was defined as synthesizing magnetic bioactive glass
nanoparticles while preserving their superparamagnetic properties. Additionally,
assessment of their biological properties for potential orthopedic applications.
Briefly, this work provides a discussion of the pertinent figures of magnetic bioactive
glasses. Due to their biocompatibility and minimal rejection in the body, magnetic
bioactive glasses are an excellent choice for various biomedical applications.
Experiments with magnetic bioactive glasses are conducted to provide precise

explanations of glass systems.

1.2 Thesis Outline

Introduction part includes all primary objectives and the aim of the thesis. This thesis
is divided into five chapters, the first part which introduces magnetic bioactive
glasses and discusses regenerative bioactive materials as well as magnetic bioactive

glasses.



The literature review part of the study is covered in Chapter 2. Fundamental
characteristics of magnetic bioactive glasses are detailed in this chapter. The
description of magnetic bioactive glasses and basic fabrication methods are
provided. Additionally, several studies related to the magnetic bioactive glasses are

given.

The materials and method part are included in Chapter 3. All chemicals with their
grade, each method for magnetic bioactive glass nanoparticles and biological

experiments are described in detail.

Chapter 4 begins with materials characterization techniques. Additionally, all
characterization, bioactivity and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) assay results are also given in Chapter 5. Besides,
discussions of material synthesis, bioactivity, and cellular are also included in this

section.

Based on this thesis, more work is suggested according to the investigations and the
discussions around the synthesized nanoparticles, conclusion and future work which

is included in Chapter 6.






CHAPTER 2

LITERATURE REVIEW

Biomaterials could be described as materials interacting with biological systems and
they have been employed in a controlled manner for over fifty years. Since
perspective of bioactive materials has changed significantly, both materials and

production methods altered with time. [21,24].

Depending on the biological response, biomaterials are categorized into three
different groups. First-generation biomaterials, such as stainless steel, was preferred
as they were inert, meaning they had weak interactions with living tissues. Then,
second-generation biomaterials were developed that have beneficial effects on the
body. The second-generation biomaterials had better interactions with living tissues
and the concept of bioactivity emerged. The third-generation biomaterials healed

damaged tissue parts and the concept of tissue engineering emerged.

In summary, magnetic bioactive glass presented the most distinguishing feature of
third-generation biomaterials [8, 10, 25-27]. Many modern medical applications in
tissue engineering rely on the bioactivity mechanism, in which living tissues adhere
to and integrate with an artificial implant through stable chemical bonds. Efficient
bonding and bioactive fixation are still necessary for bioactive glass criteria to

provide bone formation [4-17].

After Hench's discovery in 1969, bioactive glass was employed in several
applications and it has contiously evolved. Many commercial and clinical products

are now routinely utilized in patients two of them were given in Figure. 2.1.



BIOACTIVE SYNTHETIC BONE GRAFT

Figure 2.1. PerioGlas® and NovaBone® [1]

Silicon dioxide (or silicate) and three other key components, such as sodium dioxide,
calcium oxide, and phosphorus, are the most critical components of bioactive
glasses. With the help of silica, oxide network of glass structure was created by the
tetrahedral structure of silica. Glass modifiers, network formers or intermediates
could be provided in different variations into this structure to change the glass
network. Changes in glass compositions helped glass scientists to improve numerous
formulations of bioactive glasses [31,32]. Thus, new bioactive glass products could
be produced depending on the application requirements. Common bioactive glass
compotions were given in table 2.1. New products were produced according to the
desired degradation rate and/or the therapeutic effects in the glass structure. In short,
although different compositional designs are possible, it may be more explanatory to
give the frequently used bioglass compositions.



Table 2.1. Common silica based bioactive glass compositions. (wt%) [2]

COMPONENT | 45S5 | 58S | 70S30C S53P4 | 77S
SiO2 45 58 70 53 77
Na20 24.5 - - 23 -
P20s 6 9 - 4 9
CaO 24.5 33 30 20 14

The creation of a hydroxyapatite (HCA) layer [3,33], which is mainly connected with
ion dissolution from the glass surfaces, is often used to explain the bioactivity of a
glass system. As the HCA the layer is very similar to the mineral phase of natural
bone, it could promote new bone formation. Plus, it provides therapeutic ion
dissolution with the help of rapid reactions on the glass surfaces [34]. Morover,
studies have shown that HCA layer can be formed around 8-10 h and its thickness
increases with time. Similarly, while the HCA layer formation time may vary
depending on the composition and production method, the process of HCA layer
formation on the entire glass surface can be explained with the similar chemical

reactions [1,22].

Figure. 2.3 depicts schematic representation of HCA layer creation on a glass
surface. The bone-bonding mechanism (or HCA layer formation mechanism) starts
with the release of several ions (Ca*?, Na*) from the glass surface when glass is
exposed to body fluid. Once silica-rich layer forms and the pH increases with silanol
groups, Si-O-Si bonds are broken. Then, Ca*? and PO43 migrate to the glass surface.
Afterwards, the CaO-P20s layer forms on the glass surface and crystalizes with OH"
and COs? layers [35].
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Figure 2.2. Hydroxycarbonate apatite (HCA) formation steps on bioactive glass [3]

The bioactivity of glass is strongly connected to the bioactive glass composition. For
example, according to Yousefi et al. [3], the Ca/P ratio is one of the primary
characteristics that alter bioactivity by substantially changing HCA layer formation
and dissolution rate. Since its development, bioactive glasses were fabricated using
melt-quenching method and this technique has certain drawbacks, such as high
energy consumption, low purity, and process control. Due to its homogeneity,
uniformity, and low-temperature synthesis, the sol-gel approach has recently become
one of the most commonly-used technique for producing bioactive glasses [23,36—
38]. Other processes, including spray drying and drawing, are still being used to
improve the product quality. In Figure 2.3, SEM images of several glass products
were provided to highlight the product diversity depending on the glass production
technique. Since BG products and particle morphologies significantly differ
depending on the fabrication method, the propeties of the bioactive glasses change
dramatically, as well. For instance, size and morplogy control could chage the
response of BGs in biological environments. Briefly, new production strategies

could be developed for BG product needs.



Figure 2.3. SEM images of bioactive sol-gel BG produced under a) acid catalysis,

b) base catalysis and c) gel-cast foamed BG. d) TEM image of ordered mesoporous
BG and e) SEM image of Novabone®. Scale bars are a) 100 nm, b) 100 nm, ¢) 200
pm, d) 50 nm, e) 200 um [4]

As the name implied, magnetic bioactive glasses also belonged to the bioactive glass
class. To achieve magnetization, most researcher incorporated iron oxide to bioactive
glass using different approaches. Due to various distinct benefits iron oxide
nanoparticles have to offer, these particles are used in several applications (e.g.,
cancer treatments, drug delivery applications) [23]. They exhibit excellent magnetic,
catalytic, and biological capabilities. For iron oxide particles, the nature of
magnetism varies depending on the order of Fe*® and Fe*? ions within the crystal
[24,25].

Magnetite (FesO4) was the preferable option among these phases due to its higher
magneticzation. Furthermore, iron oxide nanoparticles (magnetite and maghemite)
below a specific size transform into superparamagnetic iron oxide particles
(SPIONS), which have no remnant magnetization when magnetization is removed
from the system. As a result, as the size of nanoparticles reduces, their application
areas expand. All the detailed magnetization effect on iron oxides were summarized
in Figure 2.4. Besides, responses depending on the size and magnetic moment

alignment were given closely.
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Figure 2.4. Effects of an external magnetic field on SPIONSs (at the bottom), Fe ions
(at the middle), and bulk magnetite (at the top). All magnetic moments are randomly
aligned before the magnetic field is applied. The moments are aligned along the
magnetic field's z-axis when an external magnetic field is applied. SPIONs have an
initial net magnetization higher than Fe ions but lower than bulk magnetite. While
the magnetic moments of both Fe ions and SPIONSs gradually relax to equilibrium
once the magnetic field is removed, the moments of bulk magnetite stay fixed along
the z-axis [5]

Co-precipitation, thermal decomposition, solvothermal, and sol-gel are some of the
synthesis methods to produce SPION. Compared to other approaches, each has its
benefits and drawbacks. Although SPIONs offer many benefits, they also have
drawbacks such aggregation, instability/easy oxidation, and biocompatibility. When
it came to size reduction, those problems became more noticeable [39]. To avoid
negative features/problems, magnetic nanoparticles require functional groups,

coatings, and other methods.
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Combination of especially two properties, magnetism and biocompatibility, became
an advantage for the case of magnetic bioactive glasses. Aside from biocompatibility
and magnetization, magnetic bioactive glasses could also be beneficial to enhance
colloidal stability of the particles. In addition, it was demonstrated that the
magnetization of magnetic bioactive glasses and the magnetic phase content had
nearly linear relationship. As a result, as the magnetic phase in the glass composition

increased, magnetic behavior would also improve [40].

Melt-quenching has been one of the asic procedures for producing magnetic
bioactive glasses. Colloidal systems, on the other hand, have been frequently favored
due to their numerous benefits. The findings have been continuously broadened in

several papers.

Depending on the bioactive glass system design and necessary magnetization levels,
the magnetic phases and their amounts could be alternated. According to Wu et al.
[14], magnetic mesoporous bioactive glasses may be made by adding Fe*® and Fe*?
ions. FesO4 components are produced in the magnetic mesoporous bioactive glass,
giving the system a magnetic characteristic. They also showed continuous ion release
with a varied loading range.

Shankhawar et al. [41] also showed that 41Ca0O-44SiO,-4P,05-8Fe203—-3Na20
bioactive glasses had both magnetic (magnetite and hematite) and bone minerals
following heat treatments. They also showed the interplay of glassy matrix and
crystalline iron oxide phases and variations in magnetic property for each sample.
Making composite structure was one technique to improve the properties of bioactive

glasses and their applications.

One strategy to improve the characteristics of bioactive glasses and their application
regions was to produce them as composites. In Li et al. [19] observed behavioral
improvement in the produced glasses. According to study Jalekshmi et al. [42], iron
oxide chitosan-gelatin-bioactive glass composites were created with adequate

magnetization and acceptable biocompatibility for drug delivery applications.

11



Magnetic phase integration with bioactive glass was found to modify bioactivity in
various investigations., according to Hameed et al. [43], the rate of ferrimagnetic
glass-ceramics apatite production would vary depending on the type of metal oxide
added to the system. In short, increase in bioactivity may result in enhanced
biological response, cell attachment and proliferation. As a result, magnetic phase
served to improve the performance and broaden the use of these glassess. Zhu et al.
[44] demonstrated that magnetic mesoporous bioactive glass composite scaffolds

could restore critical-sized bone lesions and release certain medicines.

Wang et al. [40]. claim that superparamagnetic iron oxide nanoparticles may be used
to create macro and mesoporous structures for drug storage and release. Furthermore,
as compared to non-magnetic samples, bone regeneration ability is significantly
increased. One of the simple ideas called core-shell structure was used to create
magnetic bioactive glass particles in smaller sizes. The magnetic bioactive glasscore-
shell structure was created using the sol-gel method. In summary, the core-shell
structure is one of the methods to produce magnetic bioactive glass particles. In
addition, Kesse et al. fabricated magnetic phases using co-precipitation techniques,
and bioactive core-shells were produced using the sol-gel approach [39]. However,
while magnetic nanoparticle cores covered with bioactive glass layer did not
completely loose their magnetic behavior, the magnetization value decreased

following the creation of a shell layer onto the core.

Appropriate biological tests are performed to examine the cytocompatibility and
potential biological effects of magnetic bioactive glasses. As a result, the as
synthesized magnetic bioactive glass samples showed no cytotoxicity when tested
using the NHFB cell line in MTT experiments. After drug loading, significant
inhibitory effects on cancer cell viability were detected [40]. In addition, Kesse et
al.’s study demonstrated the interaction of human mesenchymal stem cells with

magnetic bioactive glasses, and their findings were promising [39].

Finally, long-term in vivo investigations would give more precise information

concerning the potential of magnetic bioactive glasses. The performance of magnetic

12



bioactive glass scaffolds that host bone integration ability was reviewed. Wang et al.

[45] reported magnetic bioactive glass scaffolds to have host bone integration ability.

In this thesis, we fabricated two different types of magnetic bioactive glass particles.
We characterized their magnetization, bioactivity and cytocompatibility in the

presence and absence of external static magnetic.

13
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CHAPTER 3

MATERIALS METHODS

3.1 Materials

FeCl2.4H,O (Iron (I1) chloride tetrahydrate), FeCls.6H2O (lron (111) chloride
hexahydrate), HCI (36%), ammonia solution (NHs, 25%), and sodium sulfate
(Na2SOa4) were purchased from Merck. NaOH (>97.0%), Tetraethyl orthosilicate
(TEOS, 99%), triethyl phosphate (TEP, 99.8%), calcium nitrate tetrahydrate
(Ca(NO3)2.4H20, CaN, 99%), sodium chloride (NaCl), sodium hydrogen carbonate
(NaHCOg), potassium chloride (KCI), di-potassium hydrogen phosphate trihydrate
(K2HP0O4.3H20), magnesium chloride hexahydrate (MgCl2.6H20), calcium chloride
(CaCly), tris-hydroxymethyl aminomethane ((HOCH2)sCNH.), and Tris were

purchased from Sigma Aldrich. All chemicals were used without any purification.

3.2  SPION Synthesis

Co-precipitation method was used to synthesize iron oxide (Fe3Os4) nanoparticles.
Briefly, FeCl2.4H20 and FeCls.6H.O were mixed at 1:2 molar ratio in 0.8M HCI
solution to improve the solubility of the iron salts. 1.5M NaOH (freshly prepared
basic solution) was injected into the prepared salt solution at 80°C under N
environment to control oxidation. The reaction was ended in 25 min after obtaining
a black-colored precipitate. SPIONs were rinsed three times with distilled water and
ethanol to remove unreacted compounds. Then, particles were dried under a vacuum
environment to prevent oxidation. Figure 3.1 illustrates the fabrication method for
SPIONSs production.

15
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Figure 3.1. Fabrication schematic for SPIONs

3.3  SPION Embedded Bioactive Glass Synthesis

For the synthesis of SEBG nanoparticles, initially SPIONs were dispersed
homogenously using an ultrasonic bath. First, 0.05g SPIONs were added to an
alkaline solution (pH 11) with a water to ethanol ratio of 0.66 and dispersed for 60
min. Simultaneously, a second solution was prepared using 25 mL ethanol, 2.25 mL
TEQOS, and 0.23 mL TEP. After SPIONs were dispersed in the first solution, the
second solution was immediately added into the first one to start nucleation of the
bioactive glass nanoparticles on SPIONs. After one hour of mixing, CaN was added
as Ca precursor to the mixture and mixed for another hour to promote growth of
bioactive glass nanoparticles. At the end of one hour, particles were collected, rinsed
three times with distilled water and ethanol. Then, particles were dried at 24h at
60°C. Following the drying step, calcination was applied at 700°C for 2h and Figure
3.2 indicates the SPION embedded glass synthesis. Additionally, Figure 3.4a
indicated the SPION embedded bioactive glass design desired after the synthesis.
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Figure 3.2. Fabrication schematic for SEBG nanoparticles

3.4  Bioactive Glass Synthesis

Before starting to the synthesis two solutions were prepared. The first solution was
the basic/alkaline solution which is prepared using a 0.66 volume ratio of
DW/Ethanol under 1.4M ammonia content. Ethanol, TEOS and TEP were used to
prepare the second solution (TEOS/Ethanol volume ratio ~ 0.09). The second
solution was then added to the first solution immediately to initiate the silica
nucleation. CaN was introduced to the system after one hour of stirring, and mixing
continued for another hour. Prior to drying, the particles were centrifuged and rinsed
three times with water and ethanol to get rid of unreacted compounds from the
system. Furthermore, the freeze-drying procedure was applied to eliminate the
possible agglomeration of the particles. Finally, calcination was applied as a final
step for 2h at 700°C to eliminate nitrates from the glass system.
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3.5  SPION Deposited Bioactive Glass Synthesis

For the synthesis of SPION deposited bioactive glass nanoparticles, bioactive
glass nanoparticles were produced. Then, similar to SPIONs production, SPION
deposition was applied, and Figure 3.3 includes detailed illustration. Preprepared
bioactive glass nanoparticles were used, and they were dispersed in distilled water at
0.1g/mL concentration using an ultrasonic bath. After 10 min of dispersion of
bioactive glass nanoparticles, the ferric chloride solution (FeCl2.4H>0: FeCls.6H20,
1:2) was introduced to the system at 80°C. The pH of the solution was raised to
around 11 by incorporation of ammonia to initiate SPIONs nucleation under N
atmosphere. The reaction was completed in 25 min after obtaining a black-colored
precipitate. SDBG nanoparticles were collected and rinsed three times with distilled
water and ethanol to remove unreacted components. As a last step, drying process
was performed under vacuum for 24h to prevent possible oxidation of SPIONS.
Figure 3.4b indicated the SPION deposited bioactive glass design desired after the

synthesis.
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Figure 3.3. Fabrication schematic for SDBG nanoparticles
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Figure 3.4. Schematic of a) SPION embedded bioactive glass nanoparticles, and b)
SPION deposited bioactive glass nanoparticles
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CHAPTER 4

CHARACTERIZATION TECHNIQUES

4.1  Scanning Electron Microscopy (SEM)

The FESEM FEI NOVA NANO 430 model was used to examine each nanoparticle
morphology. Therefore, glass nanoparticles virtualize with high magnification and
resolution. For the SEM investigation, all the synthesized nanoparticles were coated

with gold for 3 min after particles being placed on the carbon tape.

4.2  Energy Dispersive Spectroscopy (EDS)

To confirmelemental compotions of  each glass nanoparticles. Elemental
composition (identifying and quantifying) was investigated at submicron resolution
using acommonly installed energy dispersive X-ray spectroscopy (EDS) attachment.
Therfore, EDS gave an elemenatal spectrum to compare the elemental weight

percentages in glass nanoparticles.

4.3 Transmission Electron Microscopy (TEM)

The nanoparticles were prepared on grids after being diluted with ethanol. The
solution was then dried on carbon-coated Cu TEM grids. The Jeol 2100F 200kV
RTEM and FEI 120kV CTEM were used to take TEM images at various
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magnifications using a 200kV accelerating voltage. TEM analysis was carried out
by an electron beam to visualize nanoparticles with higher resolution. TEM analysis
one of the common methods directly used to measure particle size, size distribution
and morphology.

4.4  X-Ray Diffraction (XRD)

XRD utilized to determine crystalline and amorphous phases of the synthesized
nanoparticles. XRD analyses were conducted with a Rigaku X-ray Diffractometer
model instrument at 10-70° diffraction angles at 2°/min scanning speed using
monochromatic Cu Ka radiation (40 kV, 30 mA). Diffraction patterns were collected
for each nanoparticle.

45  Vibrating-Sample Magnetometer (VSM)

The magnetization characteristics of the nanoparticles were measured at room
temperature with a magnetic field ranging from -1 to 1 Tesla (T) using a vibrating
sample magnetometer (Cryogenic Limited PPMS). For the measurement, a 300 mg
sample was employed. By the help of VSM analysis M-H curve could be obtained
and saturation magnetization values could be determined for each nanoparticle.
Besides, basic magnetic properties could be obtained with the hysteresis loops such

as superparamagnetism.
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4.6 Fourier Transformed Infrared Spectroscopy (FTIR)

The molecular bonding characteristics of the nanoparticles were determined using a
Perkin Elmer 400 spectrometer and the KBr pellet technique in the mid-infrared
(MIR) region of 4000-400 cm™. Depending on the spectrum, specific/characteristic
molecular groups could be determined. Briefly, absorption bands showed the

materials components for each sample.

4.7  Thermogravimetric Analysis (TA)

Thermal analysis of nanoparticles was conducted using TA Instruments SDT 650
Simultane TGA from 25°C to 1000°C at a heating rate of 10°C/min in N2
environment to investigate thermal behavior of each sample. Thermal analysis
provided information about materials by the mass change as a function of
temperature in a certain atmosphere. Therefore, chemical transformations,
sublimination, absorption, adsorption dehydration and decomposition could be
observed by TGA curves.

4.8 Cell Culture

Human osteoblast cells (hFOB, ATCC CRL-11372) were cultured at 37°C (% CO>)
in Dulbecco's Modified Eagle's Medium containing 10% fetal bovine serum (FBS,
Biological Industries, 04-001-1A), 1% penicillin-streptomycin (Biological
Industries, 03-031-1B), and 1% L-glutamine (Biological Industries, 03-020-1B)
(DMEM, Sigma Aldrich D6429).
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49  MTT Assay

For MTT assays, two types of media were prepared as direct contact and indirect
contact (extract). Three MTT designs were created in presence and absence of
magnetic field. Therefore, by the help of those designs the effect of magnetic field
on cells could be evaluated. Results were given as direct contact samples both in

presence and absence of magnetic field.

The hFOB's metabolic activity was measured using an MTT assay. All samples were
sterilized with 70% (v/0) ethanol, 1xPBS, and UV-light for 60 min before the MTT
assay. After completing the sterilization steps, cells were seeded on 96-well plates
with a density of 10,000 cells per well. Afterwards, seeded cells were incubated at
37°C for 24h in a humidified environment (5% CO. at 37°C). Following that, the
cells were cultured in DMEM with a certain nanoparticle concentration for each
sample (Img/mL) for up to 7 days (direct contact). On the first, third, fifth and
seventh days, after the aspiration, each well was washed with 1xPBS. Then, 125 mL
of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) was
added to each well, and the mixture was incubated for 4h to create formazan crystals.
Additionally, the same procedure was applied again by using magnetic plated to
evaluate magnetic field effect. Using a Multiskan GO spectrophotometer from
Thermo Scientific, the optical density was measured at 570 nm. Experiments were
performed in each sample for the three times. One-way analysis (ANOVA) and
Tukey's post hoc test were used by SPSS software to analyze the data, with *p<0.05

significance.

Extract samples were prepared in DMEM with a particle concentration of 1 mg/mL
and incubated at 37°C for 72h. After extract samples were prepared, cells were
seeded on 96-well plates with a density of 10,000 cells per well and then incubated
for 24h in humidified environment (5% CO2 at 37°C). Each well was washed twice
with 1xPBS after the medium was aspirated on the first, third, fifth and seventh days.
After that, each well was filled with 125 mL of 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT), which was incubated for 4 hours to
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develop formazan crystals. The optical density at 570 nm was measured using a
Thermo Scientific Multiskan GO spectrophotometer. The experiment was done three
times with three repeats in each run. The data were examined in SPSS software using
one-way analysis of variance (ANOVA) with Tukey's post hoc test, with *p<0.05

indicating significance.

4.10 Magnetic field Simulations

COMSOL Multiphysics version 5.5 was utilized to calculate magnetic field strength
for each well. A 3D model was designed with 24 permanent magnets and those plates
were placed under wells. Magnets were placed in plate as a 4x6 grid with 18 mm

center to center distance, which left one empty along both directions.

4.11 Simulated Body Fluid (SBF) Preparation

The in vitro bioactivity of the samples was evaluated by the Simulated Body Fluid
(SBF) immersion test, as described by Kokubo et al.[26]. The compound list and
amount of the reagents with the addition order was illustrated in table 4.1.
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Table 4.1. Prepared Simulated Body Fluid (SBF) solution reagents and amounts
were given with addition order [27]

Order of addition Reagent Amount  Purity MW

to the vessel (%)

1 NaCl 8.035g 995 58.4430

2 NaHCO; 0355 995 84.0068

3 KCl 0225 g 995 T74.5515

4 K;HPO,3H,O0 0231 g 990 228.2220

5 MgCl,.6H,0 0311 g 930 203.3034

6 1.0 M-HCI 39 ml — -

7 CaCl 0292 g 950 110.9848
Na,50, 0072 g 990 142.0428

9 Tris 6,118 g 990 121.1356

10 1.0 M-HCl 0-5ml - -

To prevent nucleation, SBF solution was prepared in a plastic container. Then, each
reagent was weighed for 1000 mL SBF preparation. Then, preparation was started
with the 700 mL of distilled water heated up to 36.5+1.5°C. Ingredients was added
one by one with an order (given in table a list) once at a time.

As noted, each reagent was added to until dissolving completed totally without
precipitation. During the progress temperature control was also necessary to prevent
precipitation. As a last step, tris was added to the solution slowly and carefully.

During that step the pH was below 7.45 while keeping the temperature at 36.5°C, the
pH needed to raise slowly. Without precipitation, all the weighted Tris needed to
dissolve in a pH 7.45 environment. If necessary 1M-HCI was added dropwise to the
solution in range (0-5 mL), to maintain the pH of the solution in the safe range. After
the entire amount of Tris had dissolved, the temperature was set at 36.5°C. Then, pH
was adjusted as given a value of 7.40. When the solution was completed with
distilled water to its final volume, the preparation process was complete. Afterwards,

the prepared solution was carefully cooled to 20°C without any precipitation.
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For seven days at 37°C, samples were soaked in SBF solution with a particle
concentration of 1 mg/mL. The samples were then dried at 60°C after being rinsed

in distilled water.
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CHAPTER 5

RESULTS AND DISCUSSION

Scanning electron microscopy (SEM) results were shown in Figure 5.1. SEM images
demonstrated that magnetic bioactive glass nanoparticles were successfully
synthesized with both fabrication systems. Moreover, SPIONs were effectively
produced with co-precipitation technique, and they had irregular morphology as
expected. Similarly several studies showed that co-precipitation method provides

irregular morphology [20,28,29].

Additional to that, spherical morphology was not observed for SPION embedded
bioactive glass nanoparticles. In short, since fabrication process relied on the
nucleation of silica nanoparticles on SPIONs by modified sol-gel (stober) technique,
the morphology of SEBG nanoparticle has been inevitable. Since BG nanoparticles
were already produced by stober method SDBG had spherical morphology. SPIONs
created a thick layer on the BG nanoparticles where iron salts nucleated and grew as

desired.

In short, while the smoother round shape was obtained for SDBG particles. Due to
the SPIONs presence within the nanoparticles, SEBG samples did not have spherical
morphology. Namely, the irregular morphology of SPIONSs led to spheroidal-like
fused morphology.
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Figure 5.1. SEM images of a) SPIONs, b) SEBG and c) SDBG nanoparticles (scale

bars are 1um)

Transmission Electron Microscopy (TEM) analysis was employed to verify the SEM
findings and closely examine the morphology, structure, and size of synthesized
nanoparticles for each system. In addition, diffraction pattern was obtained from

SPIONSs synthesized by co-precipitation to identify and demonstrate sample.

Briefly, diffraction pattern was used to prove that the crystal phase formed obtained
as Fes04[30,31]. Similar to SEM results, spherical morphology was observed of both
magnetic bioactive glass systems and irregular morphology for the SPIONs was
observed in Figure 5.2 TEM images.
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ImageJ software was used to process the size measurements for each nanoparticle
systems. measurements were achieved by measuring over two hundred particles. In
particular, SEBG nanoparticles were measured as closest to the diameter for
nanoparticles. By using a log-normal function to fit histogram, the average diameter
determined for both SEBG and SDBG were 180 = 9 nm and 420 + 10 nm. Since
production relied on the classical nucleation theory, SPIONs with only a decent
amount of size polydispersity have been produced [29,32]. This was apparently due
to a process overlap between the nucleation and growth phases during the addition
of basic solution [33,34]. The difference between average particle sizes for magnetic
bioactive glass nanoparticles could be explained by the nucleation and growth rate.
During SDBG nanoparticle synthesis, silica particles nucleated homogeneously, and
the growth mechanism worked immediately. Though, for SEBG nanoparticles,
bioactive glass grew on SPION clusters in an aqueous solution. The effectiveness of
SPION dispersion inside the solution determined the surface contact between the
glass phase surrounding the particles, which in turn limited the particle size
generated using this approach. It really was probable that efficient SPION dispersion
within the aqueous solution enabled SPION clusters to be positioned close together,
which upon particle growth resulted in smaller SEBG nanoparticles. It is possible
that SEBG nanoparticles started interacting with one another while particle
development was still occurring, which would account for the resulting fused-like
particle shape. Additionally, TEM images also demonstrated that homogeny was
olso observed for each sample. Consequently, all fabricaiton systems worked

sucessfully.
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Figure 5.2. TEM images and the particle size distribution for a) SPION, b) SEBG

and c) SDBG nanoparticles
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X-ray diffraction (XRD) examination was required for more detailed data on the
structure of synthesized particles. As shown in diffraction patterns obtained from
TEM images, again expected crystal peaks came from magnetic phase came from
SPIONSs. Besides, an amorphous silica hump was obtained in SEBG and SDBG (seen
in Figure 5.3). Amorphous silica hump was more prominent for SEBG with respect
to SDBG. The reason for that could be briefly explained by the bioactive glass
formation on the SEBG nanoparticles. However, particles had a thick SPION layer
outside of the BG nanoparticles for the SDBG nanoparticles. Therefore, silica hump
was less prominent. Moreover, magnetic phase peaks planes were shown as hkl
values (220), (311), (400), (422), (511), (440). Additionally, XRD spectra was given
in Figure 5.3 and the crystal phase peaks belonged to magnetic phase (JCPDS 19-
0629) and a 20-25° amorphous silica hump (JCPDS 82-1574). Consequently, XRD
data showed that production techniques worked effectively when producing
nanoparticles for both systems and silica hump was more significant for SEBG

nanoparticles [35,36].
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Figure 5.3. XRD spectra of SPION, SEBG and SDBG nanoparticles
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Magnetic properties of the nanoparticles are measured by using a vibrating-sample
magnetometer (VSM) at room temperature to obtain hysteresis curves for each
sample. Saturation magnetization values (Ms) were obtained from Figure 5.4 with
M-H curves for SEBG and SDBG nanoparticles. It was clear that Ms value was
decreasing 4 emu/g for SEBG and 9 emu/g for SDBG. Magnetization characteristics
demonstrate that both nanoparticles showed zero coercivity and zero remanence
[15,37-39]. Primary results were indicating that the particles could be candidate
materials for biomedical applications as they were targetable with zero coercivity.

The decrease in magnetization was related to the thick bioactive glass layer created
around the SPIONs of the synthesized magnetic bioactive glasses therefore as the
shell thickness increases magnetization values decreases. Particle size increase effect
decreased magnetization value for both particles. Similar to the litearure, the
magnetization decrase could direcly related to the created silica layer and heat

treament conditions[17,36].
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Figure 5.4. M-H hysteresis curves of SEBG and SDBG nanopatrticles
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In Figure 5.5, FTIR results showed all characteristic bands exist in each system,
respectively. SPION originated from Fe—O stretching vibrations (570cm™) of the
iron oxide cores. The weak band and the broadbands were attributed to the adsorbed
water and surface hydroxyl groups (—OH). The bands were shown in Figure 5.5 as
1632 and 3432cm™.

Since silica is the major component of the BG nanoparticles, Si-O-Si bands were
existing at 813cm™ and 465cm™ in the glass systems. Besides, asymmetric P-O bands
(1097cmt) were present due to phosphate component of the bioactive glass in both
SEBG and SDBG nanoparticles. Additionally, the extra -OH group (3434cm™) was
present in the magnetic bioactive glass nanoparticles represent water absorption [40—
42].
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Figure 5.5. FTIR spectra of a) SPIONs, b) SEBG and SDBG nanoparticles

Figure 5.6 showed the TGA curve for dried bioactive glass sample to evaluate the
thermal behavior of the samples as a function of increasing temperature and weight

loss is observed in three main steps.
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Total weight loss was evaluated as 14% for SPION embedded bioactive glass
nanoparticles. The first step was between 25°C and 300°C and between that range

water and alcohol was removed from the glass system.

During the second step which is between 450°C and 600°C, nitrates detachment is
observed. Besides, after 600°C weight loss was seen constant which indicates the

stabilization of the glass.

Last step was related to the beginning of the crystallization which was defined as
800°C for the sample. Consequently, decided heat treatment temperature used in
synthesis (700°C) which proofed that heat treatment temperature was enough to
promote complete elimination of nitrates (without crystallization), as the

crystallization was only observed at temperatures higher than 800°C [40,43-45].

Additionally, since SDBG samples were prepared by BG particles (heat treatment
applied), TGA results for SDBG particles showed the almost the same behavior with
SPIONs and 7% total weight loss [46].
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Figure 5.6. Thermogravimetric analysis curve for SEBG and SDBG nanoparticles
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By soaking the sample in simulating body fluid (SBF), a salt solution resembling the
inorganic component of human plasma, and monitoring the sample mineralization
process, the bioactivity of both synthesized magnetic bioactive glass nanoparticles
were addressed (hydroxyapatite formation) [2,47].

After 7 days of SBF soaking for two magnetic bioactive glass nanoparticles, on the
surface of the particles, a heterogeneous development of crystals could be obtained.
X-ray diffraction and FTIR spectra have been used to determine HCA formation on

the glass surfaces.

In Figure 5.7c, XRD pattern revealed that are typical of hydroxyapatite (JCPDS 09-
0432) [48]. Besides, additional to apatite phase, peaks coming from the magnetic
phase (SPION) was indicated by XRD results. Basically, all essential hkl planes were

demonstrated according to the magnetic phase existence of peaks [49].

Since the same HCA layer formation observed for the two particles and all related
characterizations were given in Figure 5.7. SEM images were shown in Figure 5.7a
for both nanoparticles. SDBG nanoparticles had higher particle size showed slower
crystallization compared to the SEBG samples. Briefly, the particle size was one of
the determining factors for the HCA layer formation rates. Similarly, according to
several studies, rate of HCA layer formation was related to the rate of interaction of
the bioactive glass surfaces [9,50-53]. In short, the particle size of bioactive glasses
had a direct impact on the reaction rate during SBF interaction. As a result, as particle
size decreased, ion exchange and crystallization steps were completed more quickly
[54,55]. Besides, particle surfaces have been gaining importance because it was
promoting faster crystallization on the glass surface when core was SPION compared
to the SPION was deposited the glass sample. Furthermore, when SPION was
deposited on the glass surface (SDBG), slower crystallization behavior was observed
because the BG surface could not contact directly. As a result, all the steps were

happened more rapidly for SEBG samples with respect to the SDBG samples.
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nanoparticles after being soaked in the simulated body fluid for 7 days
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Figure 5.8 indicates the magnetic plate used in MTT assays to crate static magnetic
field and magnetic field strength for created by neodymium magnets in x and y
direction. Here, the effect of the magnetic field created by the magnetic plate was
expressed. Briefly, how the well plate system was set up and cells/particles were
affected in these circumstances are simply summarized. It was proven that there is
no magnetization in the region of wells where magnets do not exist. COMSOL
program computed the magnetic field strength field in the x, y, and z planes as the
highest strength exhibited in red and the lowest strength shown in blue. The 24 wells
magnetic field conditions were equal for each well with a mean strength of 0.4T, and
these values were achieved by spacing the magnets apart by leaving one empty well

in between.

Q _______ > Cell culture plate

—

_______ > Magnetic plate

MAGNET

Figure 5.8. Schematics of the magnetic plate and placement of the neodymium

magnet on the cell culture plate surface

Bone cells proliferated in vitro following treatment with bioactive glass samples. To
observe the cytotoxic effects of the magnetic bioactive glass nanoparticles, MTT
assay results were displayed for up to 7 days and results were shown in Figure 5.9.
SDBG and SEBG demonstrated improved cell proliferation compared to other
groups, particularly on days 3 and 7 [56]. Day 3 exhibited increase in the SDBG and
SEBG samples compared to control group of 21% and 18%, respectively. The
increase in direct contact samples about 20% and 10% in day 7 with respect to the
control group for SDBG and SEBG samples. According to SEM and TEM pictures,
the presence of SPIONSs caused the SDBG nanoparticle surfaces to become rougher,
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which may have boosted hFOB viability. Additionally, the increase in nanoparticle

size for SEBG may have resulted in improved interactions with cells

Particularly under magnetic field, SDBG gave better cell responses after third day.
According to the results obtained on day 3 and day 7, 15% increase was observed
with respect to the control group for SDBG. Indirect contact MTT results showed
that specially on day 7, SDBG and SEBG samples 10% and 19% respectively.
Indirect contact results proofed the extract medium of SEBG gives better cell
responses with respect to other groups [16,17,56,57]. The reason for that could be
related to the easy therapeutic ion release [12] for SEBG with respect to the SDBG
samples. Those results could be briefly associated with SBF interactions because
SEBG indicated faster mineralization with respect to the SDBG samples. Thus,
samples having higher mineralization rate could interact with bone cells faster and

increase the number of cells.

According to studies, ionic dissolution products were demonstrated to play vital roles
in bone metabolism processes, such as bone tissue formation, calcification, collagen
creation, osteoblast proliferation and differentiation, and extracellular matrix
mineralization [36]. Besides, it could also be related to the smaller particle size with
respect to the SDBG nanoparticles which was relayed to the easy crystallization and
faster dissolution due to higher surface areas. In addition, depending on the primary
MTT assays SPION did not show any toxic effect on osteoblasts. This effect was
more significant on direct and indirect contact samples. Although, working
concentration was under toxic limit; under magnetic field SPION cell proliferation
was shown to be reduced. This could be attributed to increased particle accumulation,

presumably due to intense magnetization [58-61].

Overall, cell culture data showed that physical contact with the osteoblasts for the
magnetic glass nanoparticles affected their viability rather than their dissolution
products. Surface roughness was a significant feature that encouraged cellular
viability. Cellular response may vary depending on the texture and roughness of the

particle. Studies have shown that nanoparticle surface shape greatly affects cellular
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functions in vitro [41]. For instance, cellular responsiveness may be enhanced by
smaller surface features (50 nm) produced on silica nanoparticles as opposed to

larger surface features. [38,42].

In this study, we suggested a method for creating magnetic bioactive glass
nanoparticles by fusing SPION's superparamagnetic capabilities with the
biocompatible and bioactive properties of glass nanoparticles driven by sol-gel.
Regardless of whether SPIONs were deposited on the surface or incorporated into
the bioactive glass nanoparticles, successful results were obtained both in the
presence and absence of an external static magnetic field. Despite this, the results of
the indirect contact experiment did not show any negative effects of any particle on
osteoblasts. However, when SPIONs were applied to bioactive glass nanoparticles,
magnetization and osteoblast viability increased. In actuality, both magnetic
bioactive glass nanoparticles had minimum saturation magnetization values that
were higher than those reported in comparable research in the literature [36]. This
study's effective synthesis of biocompatible and targetable magnetic bioactive glass
nanoparticles. The produced magnetic bioactive glass nanoparticles might make
good candidate materials for a range of biomedical uses, including targeted

treatments.
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CHAPTER 6

CONCLUSION

Due to their bioactivity and extensive customization potential, magnetic bioactive
glasses and magnetic bioactive glass ceramics stand out among other magnetic
materials as intriguing materials. The composition choice and processing procedures
covered in this thesis proves that various characteristics of magnetic glasses could
be improved. The true nature of certain additives must be better understood to

develop suitable biomaterials for accurate biological applications.

In this study, superparamagnetic iron oxide nanoparticles were used to create
magnetic bioactive nanoparticles created using a multi-step design process. A
straightforward co-precipitation procedure was used to prepare the SPION and then
SEBG nanoparticles were synthesized with sol-gel silica (a modified sol-gel/Stober
approach) onto the SPIONSs. In addition, pre-synthesized BG nanoparticles were
prepared to cover their surfaces with SPION again using co-precipitation to
synthesize SDBG nanoparticles. SEM and TEM analysis confirmed successful
synthesis of both magnetic bioactive glass nanoparticle. The size of nanoparticles for
SPION, SEBG and SDBG were evaluated as 9 = 0.5 nm, 180 + 9 nm, 420 = 10 nm
respectively. Besides, magnetic bioactive glass nanoparticles expressed crystal peaks
originating from the magnetic phase and amorphous silica humps. FTIR results
showed characteristic bands for each system. Room temperature magnetization
values for SEBG and SDBG particles were 4 and 9emu/g, respectively. The obtained

spectral properties show that nanoparticles had zero coercivity and remanence.

Bioactivity was evaluated for the synthesized magnetic bioactive glasses
nanoparticles by soaking in SBF for seven days and the results showed precipitation

of hydroxyapatite on nanoparticle surfaces. Primary cellular responses were
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evaluated by in vitro MTT assay and the results showed successful proliferation of

bone cells after being treated with magnetic bioactive glass samples up to 7 days.

After briefly summarizing the results, it is necessary to discuss our objectives and
results closely. Especially magnetization values obtained from two bioactive glass
systems were higher than the ones obtained in literature which was around 2 emu/g
[36,62]. In addition, the cell viability tests showed bone cells were viable up to 7
days of culture both in the presence and absence of external static magnetic field.
Therefore, the synthesized nanoparticle could be used to target them to desired

location in the body.
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FUTURE WORK

In this work, several challenges related to magnetic bioactive glass were tackled,
including convenient control of the synthesis parameters, maintaining the
magnetization after nanoparticle synthesis, and cytotoxicity of the nanoparticles.

However, there are still unexplored issues remain to be investigated in future studies.

Two of the main problems that needs to be addressed are low magnetization values
and potential therapeutic effects. Magnetization value obtained in this thesis was 9
emu/g for SPION deposited bioactive glass nanoparticles. Although saturation
magnetization values were higher than similar studies in the literature, future studies
could be structured to improve the values of saturation magnetization to expand the
application areas of magnetic bioactive glass nanoparticles. Improvements in
magnetization value could be obtained by decreasing the particle size of the magnetic
bioactive glass nanoparticles and increase in magnetic phase amount for each
particle. The second avenue to be explored is improvement of the therapeutic effect
of bioactive glass nanoparticles. lon incorporation, i.e. strontium and silver, into the
glass structure, would address this issue. By the ion incorporation, magnetic
bioactive glass nanoparticles could have capability to show improved cellular
response or antibacterial properties, and thus help alleviate critical healthcare issues.
In addition, in vivo experiments can be designed to address efficacy of the particles

in more realistic scenarios.
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