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Abstract

This research studied on synthesis of chitosan/iron oxide nanocomposites (CHI/IO) using two
methods, i.e. the in-situ and adsorption systems, incorporating with the aqueous based systems at low
reaction temperatures. In the in-situ synthesis, a chitosan solution was mixed with a mixture solution of
iron(ll) and iron(lll), namely ammonium ferrous sulphate hexahydrate ((NH,),SO,FeSO,e6H,0) and ferric
chloride hexahydrate (FeCl;e6H,0), with an initial Fe2+: Fe3+ concentration of 0.625 : 1.25 M. After that, a
solution of sodium tripolyphosphate (TPP) was added to the previous mixtures to crosslink chitosan, resulting
in the chitosan network (CC) and the incorporation of Fe” and Fe”" ions into the CC structure (CHI/Fe2+Fe3+).
The TPP concentration was varied at 0.2, 0.3, 0.4, 0.5 and 0.6 %w/v. The CHI/Fe2+Fe3+ samples were then
reacted in NaOH solution by hydrothermal and refluxing methods at 75, 100 and 125°C for 90 min, resulting
in the CHIZIO nanocomposites. In the adsorption synthesis, the CC precipitates were soaked in the mixture
solution of Fe”'Fe’ with Fe’": Fe’" concentration of 0.625 : 1.25 M, resulting in the adsorption of Fe” and
Fe”" ions into the CC templates (CC/Fe2+Fe3+). The CC/Fe e’ samples were reacted in NaOH solution by
hydrothermal and refluxing methods at 100°C, vyielding the CHI/IO nanocomposites. When the CHI/IO
nanocomposites prepared using both synthesis systems were analyzed by various techniques, it was
discovered that CHI/IO nanocomposites synthesized at temperatures higher than 100°C were primarily
composed of magnetite-maghemite nanocrystals embedded in the CC network. The iron oxide nanocrystals
prepared by in-situ method had an irregular spherical shape with sizes ranging from 3.9 to 4.3 nm, and the
iron oxide fraction in the nanocomposites was in the range of 70-75%. While the iron oxide nanocrystals
prepared by adsorption synthesis were quadrilateral in shape, with sizes ranging from 10.3 to 13.5 nm, and
the iron oxide fractions in the nanocomposites ranging from 28 to 35%. The increase of initial TPP
concentration promoted the formation of non-uniform CC network. The iron oxide nanocrystals with board
particle size distribution were obtained in the nanocomposites when the non-uniform CC template was used
as a template for crystal formation. The resultant CHI/IO nanocomposites exhibited superparamagnetic

behavior, with maximum magnetization (M values ranging from 8.6 to 15.2 emu/g. The nanocomposites

max)
were found to be extremely safe, with cell viability in the range from 57-96% after exposure to the CHI/IO
nanocomposites, indicating their suitability for medical applications, particularly the hybrid material for

hyperthermia applications.

Keywords : chitosan, superparamagnetic, reflux, iron oxide, hydrothermal
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Chapter 1

Introduction

1.1 Research Motivation

Cancer is the disease that causes many deaths. There were approximately
14 million people who were diagnosed with cancer each year and there were about
8 million people who died. In 2013, there were about 67,000 Thai people who died
from cancer, accounting for 16% of all deaths. Moreover, the number of patients and
deaths with cancer is on the rise every year [1].

Cancer occurs from the mutation of DNA within cells. Abnormal cells
divide, grow and become malignant tumor known as cancer. Furthermore, they can
spread to other organs and make those organs work abnormally. The treatment of
cancer depends on the detection period. In Thailand, many types of cancer
treatment, such as surgery, radiation therapy, chemotherapy, hormonal therapy and
immunotherapy are used together. However, almost of cancer treatment make
healthy tissues and healthy organs of human body cet side effects. Therefore, the
treatment that operates only cancerous tissues attracts the attention in order to
reduce those side effects [2].

Local hyperthermia is the local cancer heat treatment using medium heat in
the range of 39 to 45°C for damaging cancerous tissues. This level of heat treatment
can cause some cancer cells die and the properties of all cancerous tissues are
changed without affecting the normal tissues. Therefore, the response to radiation
therapy and chemotherapy will be enhanced [3]. The local hyperthermia is
generated by using the magnetic nanoparticles (MNPs) which have superparamagnetic
properties. The magnetic dipole moments of MNPs are fluctuated by using an
alternating magnetic field (AMF) generating localized heat for destroying cancerous
tissues. The MNPs do not retain any magnetism after removal of the magnetic field
[4]. Since the local hyperthermia treatment affects on specific area, it can reduce
the side effects to the neighboring healthy tissues. Therefore, the local hyperthermia
has potential to use for cancer treatment and the MNPs have been widely studied to

develop their properties for enhancing the efficiency of local hyperthermia.



Cobalt ferrite (CoFe,O4) nanoparticles have attracted much attention in
many studies because they have high magnetic properties. They have been
prepared by various methods, such as conventional, coprecipitation, normal micelles
and reverse micelles methods. Besides, various types of cations were used for
substitution of Fe’~ site in order to increase the magnetic properties of cobalt
compounds [5]. However, cytotoxicities of cobalt ion and cobalt metal have been
concerned because they can induce apoptosis and at higher concentrations necrosis
with inflammatory response. The cobalt metal and salts are genotoxic substances,
inducing oxidative DNA damage and inhibition of DNA repair [6].

From the above mentioned drawbacks of cobalt compounds, iron oxide
nanoparticles (10), especially magnetite (Fe;Oy), gradually play increasingly important
role because they have lower toxicity than other magnetic nanomaterials including
cobalt ferrite. Although the 10 nanoparticles have been reported that they can
accumulate in the liver, they will most likely be degraded and/or they can be reused
by the human body. They can be metabolized through heme oxygenase-1 to form
blood hemoglobin. From these merits, the 10 nanoparticles have been synthesized
in this study in order to develop the MNPs for hyperthermia applications [7].

Besides, one of the major problems of MNPs is agglomeration due to their
high surface energy and magnetic interactions, resulting in the increase of MNPs
cluster size. If the MNPs cluster size is higher than the critical value, the MNPs do
not have superparamagnetic properties. In order to prevent the agglomeration of
MNPs, synthetic polymers having long-chain molecules have been applied on the
MNPs, such as sodium oleate and polyethylenimine (PEl) [8]. These synthetic
polymers have wide range of chemical and physical properties; therefore, they were
used for several applications including biomedical applications [9-11]. Although the
synthetic polymers could effectively prevent the MNPs agglomeration, the important
restriction of usage is about their biological properties. Therefore, biopolymers,
which possess superior biodegradable, biocompatible and non-toxic properties, have
been studied and used. For preventing the agglomeration of MNPs for hyperthermia
application instead of synthetic polymers, the biopolymers, e.g. glycyrrhizic acid,
dextran, hyaluronic acid, etc., have been studied [12-15].

Chitosan is one of the most attractive biopolymers because it possesses a
linear polysaccharide of randomly distributed N-acetyl glucosamine and glucosamine
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units. The chitosan possesses several good biological properties, i.e. biocompatible,
bacteriostatic, biodegradable, non-toxic and eatable natural polymer. In addition, it
is a polyelectrolyte, being positive charge in acid environment; therefore, the
negatively charged cell membrane has bioadhesivity with it.  The chitosan is
approved by Food and Drug Administration (USA) for wound dressing. Besides, the
chitosan can bind materials, such as cholesterol, fats, proteins and tumor cells [15-
16]. From various advantages of chitosan, it has been used as coating agent for MNPs
in biomedical applications, such as drug delivery, magnetic resonance imaging (MRI)
and computerized tomography (CT) imaging, hyperthermia therapy, etc. [17-20].

In this research, the chitosan/iron oxide nanocomposites have been
synthesized by facile eco-friendly method in order to combine the advantages of
these organic-inorganic hybrid materials. = The 1O nanoparticles which have
superparamagnetic properties have been prepared within the ionically crosslinked
chitosan network, in which the chitosan not only acts as biological template for
growth of 10 nanoparticles, but also as the coating agent for preventing the
agglomeration. The formation and growth of 10 nanoparticles in the nanocomposites
have been prepared by using hydrothermal and refluxing methods. These two
methods can perform using low temperature and pressure in an aqueous based
system, in which they are easy, safe and environmentally friendly methods. The
synthesized chitosan/iron oxide nanocomposites are biocompatible
superparamagnetic materials which trend to degrade and reuse by the human body.
Tripolyphosphate acting as crosslinking agent can be hydrolyzed into simpler
phosphates and used as nutrient for human body like adenosine triphosphate (ATP).
The 10 nanoparticles can be metabolized to form blood hemoglobin. Therefore,
these nanocomposites have the potential to further develop for medical

applications, especially local hyperthermia treatment.



1.2 Objectives of the study

1) To study the effect of synthesis conditions on the structure and properties of
chitosan/iron oxide nanocomposites

2) To study the cytotoxicity of synthesized chitosan/iron oxide nanocomposites

3) To study the superparamagnetic behavior of synthesized chitosan/iron oxide
nanocomposites

4) To obtain the iron oxide nanoparticles which have the superparamagnetic
properties with narrow size distribution thoroughly dispersed in the crosslinked

chitosan network

1.3 Scopes of the study
1) Preparation of chitosan/iron oxide nanocomposites (CHI/IO) using various

conditions as follows:

® Precursor preparation method; i.e. adsorption and in-situ methods

® |nitial concentration of TPP solution; i.e. 0.2, 0.3, 0.4, 0.5 and 0.6 %w/v
® Synthesis method; i.e. hydrothermal and refluxing methods
® Hydrothermal reaction temperature; i.e. 75, 100 and 125°C

2) Characterization of synthesized composites by various techniques; i.e. X-ray
diffractrometry (XRD), differential scanning calorimetry (DSC), - thermogravimetric
analysis (TGA), vibrating sample magnetometry (VSM) and transmission electron
microscopy (TEM)

3) Testing of synthesized composites by cell viability assays

1.4 Benefits of the study

This research developed a new method for the synthesis of IO nanoparticles
with superparamagnetic properties by using the ionically crosslinked chitosan
template for the formation and growth of 10 nanoparticles. The crosslinked chitosan
not only acts as biological template, but also as the coating agent for preventing the
agglomeration of 10O nanoparticles.  Therefore, the crosslinked chitosan could
improve the particle size, particle size distribution and the distribution of 10
nanoparticles embedded in the chitosan matrix, leading to the enhancement of

superparamagnetic properties. In order to reduce the usage of toxic organic solvent
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in the process of surface modification and coating of IO nanoparticles, the developed
techniques use an aqueous system of low concentrations of non-hazardous
chemicals. The synthesis temperature is not high, but it can effectively induce the
formation of chitosan/iron oxide nanostructures. Therefore, the developed
techniques are considered to be a soft solution processing which is safe and
environmentally friendly process. In addition, the synthesized nanocomposites can
be applied and further developed in medical field. The synthesized materials will be

the tentative candidate for alternative cancer treatment.



Chapter 2

Theory and Literature Reviews

2.1 Iron oxide nanoparticles (I10)

2.1.1 Iron oxides

® (oethite (OL-FeOOH)

Goethite originates from rock named follow Johann Wolfgang von Goethe,
the German scientist. Its chemical composition has changed through the geological
processes. Goethite is iron oxide that is thermodynamically most stable at ambient
temperature, which has a diaspore structure which is hexagonal close packing of
anions (hcp). The color of bulk goethite is dark brown or black but the color of
goethite powders is yellow so the goethite powder is used as a pigment in several
industrial works [21].

® Hematite (OL-Fe,05)

Hematite is widespread in rocks and soils, which is the oldest known iron
oxide named from the Greek word ‘haima’ which means blood. The color of bulk
hematite is blood-red, while the color of fine powders is black and coarse powders is
grey. The hematite has a corundum structure which is hcp of anions. It is the most
stable iron oxide like goethite. It is also used as an important pigment [21].

® Magnetite (Fe5O,)

Magnetite is in rocks as titanomagnetite form that shows the magnetic
properties of rocks. = Besides, the magnetite is naturally produced by various
organisms, such as homing piseon and marine mollusk named chiton. Magnetite
contains both Fe(ll) and Fe(lll), in which it has a cubic inverse spinel structure. It has
ferrimagnetic properties, having black color, then it is used as a pigment for
cosmetics, polymer, rubber and magnetic inks [21-22]. Furthermore, the magnetite is
also applied in biomedical field.

® Maghemite (Y-Fe,05)

Maghemite is in soils, in which it changes from other iron oxides such as
magnetite because of heat and organic matter. It has a cubic tetragonal structure

and ferrimagnetic properties. Maghemite has red-brown color which is used as a



magnetic pigment in electronic recording media. It can be used in biomedical field
because it is biocompatible and non-toxic to humans [21].

Iron oxides including goethite, hematite, magnetite and maghemite have the
physical and magnetic properties as shown in Table 2.1 and have crystallographic

data as shown in Table 2.2.

Table 2.1 Physical and magnetic properties of iron oxides [21, 23-24]

Goethite Hematite Magnetite Maghemite

Molecular Ol-FeOOH | OL-Fe,0; Fes04 Y-Fe,05
formula
Molecular 88.85 159.69 231.53 159.69
weight (g/mol)
Color Yellow- Red Black Reddish-

brown brown
Melting point 2 1350 1383-1597 G-
(°0)
Density (g/cm’) | 4.26 5.26 5.18 4.87
Hardness 5-55 B oAb 5
Solubility in ; Insoluble Insoluble Insoluble
water
Solubility in HCL | - Very little Medium Little
Type of Antiferro- Weakly ferro- Ferro- Ferri-
magnetism magnetism | magnetism or magnetism | magnetism

antiferromagnetism

M; at 300 K - 0.3 92-100 60-80
(A-m”/kg)
Néel (Curie) 400 (956) (850) (820-986)
temperature (K)
Standard free -488.6 -742.7 -1012.6 -711.1
energy of
formation, AG°
(kJ/mol)



https://pubchem.ncbi.nlm.nih.gov/compound/hydrochloric%20acid

Table 2.2 Crystallographic data of iron oxides [21, 23]

Stacking of Lattice parameter

Crystallographic
Space| closed (nm)
Compound system Z

group| packed

(Structural type)
anions

Goethite Orthorhombic | Pnma| ABAB [001] | 0.9956 |0.30215]0.4608| 4

Hematite Hexagonal R3c | ABAB [001] | 0.5034 1.3752| 6
Rhombohedral 0.5427
(Corundum)
Magnetite Cubic Fd3m | ABCABC | 0.8396 8
(Inverse spinel) [111]
Maghemite Cubic P4;32 | ABCABC |0.83474 8
Tetragonal P4,2,2 [111] 0.8347 2501 | 24

(Defect spinel)

2.1.2 Formation of 10 nanoparticles
Magnetite can be formed by the addition of alkaline solution to a mixture of
Fe”" and Fe”" solution in a molar ratio of 2:1.
The formation of magnetite can be described as follows:
Fe”" & 2Fe’ 4 BOH =i > Fes0p + GH,0 (Eq. 2.1)
Whereas the maghemite is formed by the oxidation of magnetite as shown
in Eq. 2.2.
A B Sl > 6Y-Fe,0; (Eg. 2.2)
The end product of the oxidation of small magnetite crystals that have size
smaller than 30,000 nm is Y-Fe,0s; on the contrary, the end product of the oxidation
of large crystals that have size larger than 30,000 nm is Ol-Fe,O5 [25-26].
The goethite (OL-FeOOH) and hematite (OL-Fe,O3) are formed as the by-
products of hydrolysis of Fe’" as shown in Eg. 2.3 and 2.4.
Fe” + 30H —— > O-FeOOH + H,0 (ataround 25°C)  (Eq. 2.3)

oFe™ 4 60H e > O-Fe,05 + 3H,0 (ataround 100°C)  (Eq. 2.4)



2.1.3 Toxicity of 10 nanoparticles

Superparamagnetic iron oxide nanoparticles (SPIONs) such as magnetite and
maghemite are widely used for magnetic hyperthermia applications because they
can generate heat to damasge the cancerous tumors without damaging healthy
tissues. Moreover, they have superior biocompatibility that is metabolization through
heme oxygenase-1 to form blood hemoglobin, ease of synthesis and long term
stability [7]. The IO nanoparticles have no acute toxicity; however, the long term
impact of using them cannot verify. The IO nanoparticles which accumulate in the
liver will most likely be degraded and can potentially be reused by the human body.
Besides, it has been reported that the magnetite particles loaded to solid core as a
carrier were less toxic than nanoparticles of polysugars and the toxicity of 10

nanoparticles also depended on the surface coating [27].

2.2 Coating of IO nanoparticles
2.2.1 Types of coating

Coating of IO nanoparticles with organic materials such as chitosan, dextran
and polysugars or inorganic materials such as gold, carbon and silica is important for
biomedical applications. The coating of nanoparticles can be divided into two main
methods. Firstly, in-situ coating is the coating during synthesis of nanoparticles.
Secondly, post-synthesis coating is the coating after obtaining the nanoparticles. The
obtained nanoparticles from the latter method are known as core-shell MNPs. The
in-situ method has several advantages over post-synthesis method, including
reduction in agglomeration of nanoparticles because of immediate coating and fewer
preparing procedures. It is however the presence of coating substances during
synthesis can disturb the processes of nucleation and growth of crystals, in which the

in-situ coating has effect on the crystal structure [28].



2.2.2 Advantages of coating
The coating of 10 nanoparticles has several advantages for biomedical

applications as follows.

® |t can reduce agglomeration of IO nanoparticles. The agglomeration
occurs because the 10 nanoparticles have hydrophobic surfaces with large surface
area to volume ratio, resulting in the hydrophobic interaction between each other.
The agglomerated particles have poor dispersion and lose the superparamagnetic

properties owing to the increasing of cluster size.

® |t can prevent the 10 nanoparticles from oxidation and corrosion.

Although the IO nanoparticles are less sensitive to oxidation, the Fe;O4 nanoparticles
will be oxidized and converted to Ol-Fe,O; due to the presence of vulnerable Fe”"

The obtained 10 nanoparticles have weak magnetic properties because Ol-Fe,O;

displays no magnetism.

® |t can improve biocompatibility and cell adhesion properties of 10
nanoparticles. In case of the Fe;O4 nanoparticles, they have few hydroxyl groups on
the surface hence it is difficult to bond with organic materials. When the Fe;O,
nanoparticles are coated with polymer, the amount of hydroxyl groups will be
increased. Moreover, the polymer can be used as a matrix for drugs and genetic

materials.

® |t can enhance the circulation time of IO nanoparticles. In the event of
using the IO nanoparticles in vivo, the 10 nanoparticles must be prolonged their
circulation time in blood to reach the target site. The coating of IO nanoparticles can
resist the non-specific protein adsorption. The phagocytic cells can slowly recognize
IO nanoparticles as foreign substances. Therefore, the IO nanoparticles can stay
longer in blood circulation. Furthermore, the coated IO nanoparticles with slightly
negatively charged substances can protect them from endocytic cells’ uptake for the

reason that the cell membrane is negatively charged.

® |t can improve the physicochemical stability and biofunctionality of 10
nanoparticles since the IO nanoparticles have relatively low colloidal stability in

medium pH [28].
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2.2.3 Chitosan

Chitosan is a linear polysaccharide of 3-(1—>4) linked 2-acetamido-2-deoxy-
-p-glucopyranose or N-acetyl glucosamine units and 2-amino-2-deoxy-[3-b-
glucopyranose or glucosamine units. It is produced by treating chitin obtained from
shrimp shells, crab shells and squid pens with an alkaline substance such as sodium
hydroxide.  This process is known as deacetylation of chitin [24]. In the
deacetylation, the acetyl amine groups of chitin are converted into the amino groups
as shown in Fig. 2.1. If the amino groups have more than sixty percent, they are
known as chitosan [29].

CHs CH,
o= H o=
HO B Q  HO o
. O%OHO O%O“ Chitin
H
OH O={‘ OH

lChitin—Deacetylase

Figure 2.1 Deacetylation of chitin [29]

The chitosan has semi-crystalline structure, possessing several good
biological properties. It is biocompatible, non-toxic, eatable and biodegradable
natural polymer. It can be metabolized by human enzymes, especially lysozyme.
The chitosan has pH sensitivity. The amino group of chitosan has a pKa value of
about 6.5; hence, chitosan is insoluble in neutral and basic environment but it is
soluble in diluted acid. The chitosan is a polyelectrolyte, in which it possesses
positive charges when dissolving in acid environment and its charge density depends
on the environmental pH [30]. Since the cell membrane is negatively charged;
therefore, the chitosan which is positively charged has bioadhesivity. In addition, the
chitosan can combine with various organic materials, such as cholesterol, fats,
proteins, tumor cells, etc. It has been report that fibroblasts which have negatively

charged surface display higher adhesion to chitosan than keratinocytes which is the
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cell type in the epidermis [31]. Besides, the chitosan has bacteriostatic effect. The
amino groups of chitosan can be functionalized with other functional groups;
therefore, the chitosan can be used for encapsulation of drugs, immobilization of
enzymes and being a gene carrier [15-16]. From the above mentioned, the chitosan
is considered to be suitable material for coating the MNPs in biomedical applications,

such as drug delivery and hyperthermia.

2.2.4 Sodium tripolyphosphate (TPP)

Sodium tripolyphosphate (TPP) is an inorganic compound which has
chemical formula of NasP;04, as displayed in Fig. 2.2. TPP has low toxicity, in which
it is classified as Generally Recognized As Safe (GRAS) by the Foods and Drugs
Administration [32]. Besides, the polyphosphate units can be hydrolyzed into
simpler phosphates and used as nutrient for human body like ATP and it has no
effect on mutation and reproductive system.

The TPP has been widely used as a crosslinker for preparation of chitosan
products. TPP links chitosan chains and change them into network which has a
higher stability than chains. TPP is negatively charged so it can form with protonated
amine of chitosan through ionic interaction. This preparation is known as ionotropic
gelation which is the easiest synthesis because it is one-shot synthesis and uses the
mild environment.

It was observed that the chitosan nanoparticles prepared by using the
ionotropic gelation with- TPP had a nanometric size, narrow size distribution and
spherical shape, in which they were suitable for biomedical applications. Moreover,
the chitosan crosslinked with TPP has amphoteric properties having both negatively
charged and positively charged units; therefore, it can enhance the protein adhesion

[15, 33-34].

0 ?f 1
+

A 2% \o/ P\O'
5 o- o O

Figure 2.2 Sodium tripolyphosphate (TPP) structure [34]
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Some literature reviews related to the chitosan crosslinked with TPP are
shown below.

Gomathi, T. et al. [15] studied on the synthesis and size optimization of
chitosan nanoparticles using the agitation. The samples were prepared by mixing 50
mg of chitosan with 10 mL of 2 %v/v acetic acid, The mixtures were agitated at 600
rom for 20 min at room temperature. The agitation conditions were varied, i.e.
agitating speed, time and temperature. TPP crosslinker was added to create the
chitosan nanoparticles (CS NPs), in which they were dried in the open air and freeze
drier. The molar ratio of chitosan:TPP was varied, i.e. 1:0.5, 1:0.8 and 1:1, in which
the average particle size of synthesized CS NPs was 417, 242 and 295 nm,
respectively. The CS NPs obtained from 1:0.8-chitosan:TPP was considered to be the
optimum condition due to the complete crosslinking.  The CS NPs synthesized by
using different agitation speed of 200, 600 and 800 rpm resulted in the different
average particle size of 210, 50 and 54 nm, respectively. The CS NPs synthesized
with different agitation time of 30, 60 and 120 min created different the average
particle size of 101, 78 and 50 nm, respectively. These results indicated that the
average particle size was significantly reduced with increasing asitation time.
Moreover, the CS NPs synthesized under different agitation temperature of 25, 40, 50
and 60°C displayed that the agglomeration of resultant NPs increased with increasing
agitating temperature; therefore, the particle size and yield of CS NPs would
increased. Hence, the optimum condition was the synthesis using the agitation at
600 rpm for 120 min at room temperature. The study of drying method of
synthesized CS NPs indicated that the CS NPs obtained by drying under open air and
freeze drier had the average particle size of 50 and 5.6 nm, respectively. This was
probably because the drying under open air created the agglomeration of NPs. On
the other hand, the effect of supercritical expansion of freeze drying could efficiently
prevent the agglomeration, so the CS NPs dried using freeze drier had smaller

particle size and narrow particle size distribution.
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Razga, F. et al. [35] studied on the synthesis of chitosan-tripolyphosphate
(TPP) sub micron particles using dropwise adding method.  The different
concentrations of chitosan solution, i.e. 0.17, 0.22, 0.28, 0.33, 0.39, 0.56 and 0.67
meg/mL and TPP solutions, i.e. 0.42, 0.5, 0.72, 0.83, 1, 1.25 and 1.67 mg/mL were
prepared by dissolving chitosan chlorhydrate and TPP in 0.9 %w/v of NaCl (saline).
The pH of TPP solutions was then adjusted using HCl (pH=7.4). The samples were
prepared by dropwise adding of 9 mL of chitosan solution into 1 mL of TPP solution.
Then, the mixture was stirred under mild conditions at room temperature. The as-
prepared chitosan-TPP particles were dialyzed using a dialysis SpectraPor tubing with
molecular weight cut-off 3500 Da. The particles were prepared at pH=6, in which
chitosan adopts the coiled conformation, corresponding to the increasing of molar
ratio of TPP.  The particle size and zeta potential of sample synthesizing at pH=6
was about 400 nm and 22 mV, respectively. The colloidal stability with the testing
time of 24 h depends on the amount of TPP.

Pant, A. et al. [36] studied on the synthesis of chitosan-tripolyphosphate
(TPP)-beta cyclodextrin (R-CD) using ultrasonic method. The sample was prepared by
mixing 3-CD solution with TPP solution with the molar ratio of 3-CD:TPP of 1:1. Then,
the mixture was treated by using ultrasonic bath for 1 h at room temperature. The
as-prepared sample was filtered and dried. The FT-IR technique showed that the
TPP molecule formed inclusion complex with 3-CD. The size and zeta potential of
chitosan nanoparticles based on TPP--CD inclusion complex was about 27 mV and
104 nm with the PDI value of 0.35, respectively. While those of chitosan
nanoparticles based on TPP was about 48 mV and 169 nm with the PDI value of
0.67, respectively. Hence, TPP-Z-CD inclusion complex can be used for the
formation of chitosan nanoparticles with smaller and more uniform particle size in

comparison to conventional TPP based chitosan nanoparticles.

Gierszewska, M. et al. [37] studied on the synthesis of chitosan membrane
ionically crosslinked with pentasodium tripolyphosphate (TPP) using solution casting
and solvent evaporation techniques. The sample was prepared by immersing a

chitosan membrane in 100 mL of 1.3 %w/v aqueous TPP solution for 1 h at
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temperature of 4°C. The pH value of initial TPP solution was varied, i.e. 9.0 and 5.5.
The obtained membranes were thoroughly washed with deionized water and air-
dried at 37°C, then dried under vacuum at 60°C for 24 h. The FT-IR technique
confirmed the interaction between tripolyphosphate anionic groups of TPP and
protonated amino groups (—NH3+) of chitosan, resulting in the forming of ionic
crosslinking.  The intensity of the phosphate band at ~1215 e’ for membrane
crosslinked in TPP solution of pH 5.5 is higher than one of pH 9.0. This result
indicated that membrane crosslinked at pH 5.5 has higher crosslinking density
because —NH3+ of chitosan membrane are mostly deprotonated by OH ions at high
pH value. The wide-angle X-ray diffraction (WAXD) technique showed that
crystallinity of chitosan decreases after its crosslinking with TPP. The AFM technique

confirmed that ionic crosslinking leads to an increase in the membrane roughness.

2.3 Synthesis methods of iron oxide nanoparticles (10)
2.3.1 Soft solution processing

Soft solution processing is a wide group of synthesis processes of inorganic
substances such as multicomponent oxide that uses an agueous solution as
precursors and/or reaction media. In addition, the soft solution processing has
minimum steps and consumes low energy and materials. Due to using the aqueous
media and low energy, the soft solution processing is environmentally friendly and
economical process [38]. The solution treatment can be easily modified and/or
combined with different methods, such as electrochemical method, hydrothermal
method, refluxing method, microwave or ultrasonic-assisted methods, etc.
Morphology and chemical composition of the desired materials can be controlled by
adjusting the synthesis conditions [39].

Besides, the soft solution processing is capable of preparing iron oxides
because the starting reactants can dissolve in water, while the iron oxides products
aren’t dissoluble in the aqueous solution. It was observed that the inorganic
products obtained from the soft solution processing were also homogeneous and

monodispersed particles [40].
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2.3.2 Hydrothermal method

Hydrothermal method is the use of any heterogeneous chemical reaction in
an aqueous solution under the condition above room temperature, typically more
than 100°C and at pressure greater than 1 atm in a closed system for producing the
desired materials such as inorganic oxides. The aqueous medium can be used as a
catalyst of reaction by changing temperature and pressure. Besides, it is
environmentally friendly and economical method.

When comparing the hydrothermal method with other methods for
synthesis of inorganic oxide powders as shown in Table 2.3, the hydrothermal
method has a good compositional control, good morphology control and good
powder reactivity. It is because the hydrothermal method uses low temperature to
create the crystalline products without calcination; therefore, it can avoid point
defects of products and poor stoichiometric control owing to volatilization of
components. The obtained particles have homogeneities of chemical composition
and size. In addition, hydrothermal method is nonflammable, noncarcinogenic and
nonmutagenic method. It also has thermodynamical stability.

Since size and morphology of particles which are synthesized via
hydrothermal method can be controlled by reactions time and temperature, this
method is beneficial to various industries because it can produce powder materials
which have varieties of morphologies and sizes for desired applications. Besides, the
hydrothermal method doesn’t use any expensive catalysts, seeds or surfactants so it
is capable for large-scale and low-cost production with high-quality crystals.

In case of producing of iron oxides via hydrothermal method, the formation
of iron oxides occurs through two main routes including hydrolysis and oxidation and
neutralization of mixed iron hydroxides. The first method typically uses ferrous salts
as a precursor. The reaction conditions, such as temperature, time, starting
concentration, ratio of reactants, nature of precursors and addition of seeds, strongly
effect on the resultant products. It has been reported that the particle size of Fe;Oq4
increased with the increasing of reaction time. The precipitation of larger Fe;O4
particles will be obtained when the higher water content is used. The particle size of
FesO4 is depended on the rate of nucleation and grain growth. Nucleation might be

faster than grain growth at higher temperature as a result of decreasing in particle
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size. On the contrary, the grain growth increases with an increasing of reaction time

[41].

Hydrothermal method can also be combined with other methods such as

electrochemistry, mechanochemistry, microwave and ultrasound to enhance the

reaction kinetics and produce new advanced materials.

Table 2.3 Comparing advantages of different methods for synthesis of inorganic

oxide powders [38]

Solid state | Coprecipitation | Polymerized |  Sol-gel Hydrothermal
reaction complex
Cost Low- Moderate High High Moderate
moderate
State of Commercial | Commercial/ | R&D R&D Demonstration
development demonstration
Compositional | Poor Good Excellent | Good- Good-
control excellent | excellent
Morphology | Poor Moderate Moderate | Moderate = | Good
control
Powder Poor Good Good Good Good
reactivity
Purity (%) <99.5 >99.5 >99.9 £99:9 >99.5
Calcination | Yes Yes Yes Yes No
step
Milling step | Yes Yes Yes Yes No
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2.3.3 Aqueous based refluxing method

The aqueous based refluxing method is the heating the chemical reaction
using aqueous medium for a specific time, while continually cooling the vapour
produced back into liquid by a condenser. The thermal energy from heating mantle
is the reaction energy of chemical reactants. The reactants can be solid and liquid,
or both liquids. The temperature at which the reaction is heated depends on the
boiling points of water which is 100°C. The aqueous based refluxing method plays
an important role for green synthesis of various nanostructures, such as
nanoparticles, nanowires, nanorods and core-shell nanostructures.  The size,
morphology and crystallinity of the nanostructures can be controlled by varying the
parameters, such as the reaction time, cooling rate, order of addition of precursors
and concentration of reactants. The aqueous based refluxing method has several
advantages compared to traditional methods. This method provides a simple, low
cost and environmentally friendly process and the possibility of being applied on a

large scale [42].

® Parameters

- The reaction time: The nucleation occurs at the initial of reaction, then the

nucleus grow in the original direction, forming grains. - The grain growth and phase
transformation simultaneously take place. The increase of reaction time effects on
the grain growth and complete phase formation, resulting in the increase of crystal
size and desired phase.

- The cooling rate: The reaction energy is supplied by the heat from heating

mantle. The kinetic energies of molecules are high and the nucleation species
rapidly move at high temperature. If the reaction cools down with slow cooling rate,
the non-defective crystals were formed.

- The order of addition of precursors: The order of precursors is crucial for

the chemical reaction which used various precursors because secondary phase could
be formed if it is more stable than desired phase. Their reactivity and formation

energies should be considered for the order of precursors [42].
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2.4 Superparamagnetic properties

The MNPs for magnetic hyperthermia applications need to be
superparamagnetism, in which it depended on the particle size of MNPs as shown in
Fig. 2.3, that is the graph showing the relationship between nanoparticle radius (r)
and coercivity (Ho). The coercivity is the resistance of MNP to demagnetism. A large
magnetic particle has its multidomain structure. Magnetic dipole moments which
have the same direction are separated by magnetic domain walls. The number of
magnetic domains decreases when the particle size of magnetic particles decreases.
When the particle size decreases toward the single domain critical radius (ryy), the
coercivity increases to maximum, resulting in the difficulty in magnetism removal.
When the particle size is smaller than the ry, the particle becomes a single domain,
in which it is about 19 nm for magnetite and 26 nm for maghemite. When the
particle size is smaller than the superparamagnetic critical radius (rgy), in which it is
about 6 nm for magnetite and 10 nm for maghemite, the particle shows one
magnetic dipole moment within one magnetic domain because of the fluctuated
magnetic dipole moments, resulting in the magnetism removal of particle is easy;
therefore, the coercivity value is zero and this particle has superparamagnetic

properties [43-45].

g% Multidomain

Coercivity (Hc)
Superparamagnetic @

Single domain

f'sp "d  Nanoparticle radius (r)

Figure 2.3 Relationship between nanoparticle radius (r) and coercivity (H,) [43]
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The superparamagnetic properties can be explained by hysteresis curves as
shown in Fig. 2.4, showing the relationship between external or alternative magnetic
field (H) and magnetization (M). In the ideal case, the superparamagnetic curve has
no hysteresis loop, so it is observed as S-curve. This type of graph indicates that the
MNPs response very fast to the external magnetic field when the magnetic field is
applies. Al magnetisms of MNPs disappear when the external magnetic field is
removed as shown that the magnetization becomes zero in Fig. 2.5 (a). Therefore,
the superparamagnetic particles are suitable for biomedical applications, such as
magnetic hyperthermia, because they do not retain any magnetism after removal of
external magnetic field. The graph with loop as shown in Fig. 2.5 (b) is similar to the
data of soft ferromagnetic case. This case means the MNPs retain magnetism when

the magnetic field is removed [43].

(a) Superparamagnetic (b) Soft ferromagnetic
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Figure 2.4 Hysteresis curves that obtained from (a) superparamagnetic and (b) soft

ferromagnetic materials [43]

The hysteresis curves can show the magnetic properties as displayed in Fig.
2.5. The MNPs magnetize to saturate with alignment of every magnetic dipole
moments known as saturation magnetization (M,). When driving an external
magnetic field drops to zero, the MNPs retain magnetization, in which this position is
retentivity (M,). With a further driving the external magnetic field, the magnetization
value is zero and this position is coercivity (H). The external magnetic field is
increased in the negative direction, the MNPs become magnetically saturated but

they occur in the opposite direction [30].
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Figure 2.5 Hysteresis loop and magnetic properties of ferromagnetic materials [45]

2.5 Magnetic hyperthermia

Hyperthermia is a type of cancer treatment using heat to increase the
temperature of cancerous tumors to the range of 42-46°C. This temperature range
can change protein metabolism of the cancerous cells and finally lead to cellular
degradation and apoptosis or a cell suicide mechanism [7]. Therefore, partial tumor
tissues are dead and the properties of all tumor tissues are changed, meanwhile
normal tissues are not injured because the normal tissues can transfer heat better
than the cancerous tumors. The alteration of tumor tissues due to the hyperthermia
can enhance the efficiency of other cancer therapies, such as chemotherapy,
radiation therapy, immunotherapy, etc., because of a consequence of reducing the
cancerous tumor size [3].

However the major problem of conventional hyperthermia is an
inhomogeneity heat distribution which could create the partially unheated tumors,
resulting in reduction of therapeutic efficiency. Furthermore, the increase of
temperature in various spots of neighboring tissues could damage the healthy cells
and nerves in vicinity of the treated area, resulting in the side effects to the

neighboring tissues, such as burn, swell, blister, discomfort, and/or pain. Based on

21



the effects of conventional hyperthermia, magnetic hyperthermia has been
developed as a new method for solving these problems.

Magnetic hyperthermia is a type of local hyperthermia using heat which is
generated from magnetic nanoparticles (MNPs) under the alternating magnetic field
(AMF). The AMF is a continuous magnetic field that periodically reverses direction,
usually sinusoidally [14]. The AMF can change the magnetic dipole moment
direction of MNPs and the magnetic dipole moment continuously reverses direction
as a consequence, the MNPs can generate the heat to damage the cancerous
tumors.

The efficiency of magnetic hyperthermia depends on the magnetic
properties of MNPs. They are considered to be related to the heat generation from
the MNPs and distribution to the cancerous tumors, in which they can improve the
therapeutic efficiency and reduce the side effects to the neighboring tissues [46].

The heating efficiency of MNPs for magnetic hyperthermia is typically
evaluated from the specific absorption rate (SAR) and intrinsic loss power (ILP) as

shown in Eq. 2.5 and 2.6, respectively [43].

Specific absorption rate (SAR; W/g) = Cymy + Cyoo Moo dT ~ (Eq. 2.5)

my dt

Where Cy and my, are the specific heat capacity and mass of MNPs,

Cioo and myp are the specific heat capacity (4.18 J/¢K) and
mass of water,
dT/ dt is the initial temperature rising rate that was estimated by

the Bekovic and Hamler method.

Intrinsic loss power (ILP, nHmZ/kg) = SAR (Eq. 2.6)
Hf
Where SAR (W/g) is the specific absorption rate,
H (Oe) is the strength of magnetic field,
f (Hz) is the field frequency.
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Some literature reviews related to preparation of magnetic nanoparticles,
their magnetic properties and hyperthermia applications are shown below.

Ristic, M. et al. [47] studied on the synthesis and magnetic properties of
CoFe,O4 NPs. They were prepared by using 0.5 M cobalt(lll) nitrate solution and 1 M
ferric nitrate solution. The NaOH solution was added to adjust the pH value of 5.2,
53, 6.3, 7.2 and 11.4. The starting solutions were treated by ultrasonic or
hydrothermal method at 160°C for the reaction time of 0, 1, 4, 24 and 72 h. The
crystallite size of CoFe,O4 NPs increased with the increasing of pH value and heating

time. All samples were mainly composed of CoFe,0O, crystalline phase; however, the

samples synthesized at pH 7.2 and 11.4 showed the additional hematite (Ol-Fe,Os)
crystalline peaks in the XRD patterns. The study of magnetic properties displayed
that the Mg and blocking temperature (Tg) increased with the increasing of the
crystallite size. The CoFe,O4 NPs with the crystallite size of 8.7 and 18.1 nm had the
M, of 65.4 and 74 emu/g, respectively.

Amirabadizadeh, A. et al. [48] studied on the synthesis of ferrofluids based
on CoFe,O4 NPs and the influence of reaction time on their structural, morphological
and magnetic properties. In the preparation 1 M cobalt (Il) nitrate solution was mixed
with 2 M iron(lil) nitrate solution and then 3 M NaOH solution was added. The
mixture solutions were agitated at 90°C for various reaction times, i.e. 0.5, 2, 3.5, 5
and 6.5 h. The as-prepared CoFe,O; NPs were treated by 2 M HNOs;. Then the
precipitates were dispersed in tetramethylammonium hydroxide (TMAOH), resulting
in the ferrofluids. When the reaction time was increased, the average crystallite size
and microstrain would increase to a maximum value at 3.5 h-reaction time and then
they would decrease because of the decreasing and increasing of the surface tension
of the «crystallites, respectively.  The FESEM showed that the synthesized
nanoparticles were spherical shape. The nanoparticles synthesized at 3.5 and 5 h -
reaction time were agglomeration; however, the nanoparticles synthesized at 0.5, 2,
and 6.5 h-reaction time had smaller particle size, less agglomeration and more
uniform distribution because the TMAOH surfactant well coated on the NPs surfaces.
The study of magnetic properties indicated that the M, and H. values increased with

the increasing of CoFe,O4 particle size because of the existence of larger particles
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with higher ordered spines. Furthermore, the reduction in H. of ferrofluids as
compared to nanoparticles could be justified by the presence of water as carrier
liquid and its effectiveness on Brownian rotation, resulting in the increasing of spin
magnetization rotation. Besides, the M values of ferrofluids were lower than that of

the nanoparticles due to the volume fraction of CoFe,O4 NPs in ferrofluids.

Cabuil, V. et al. [49] studied on the synthesis of ferrofluid based on CoFe,O,
NPs and the influence of hydrothermal treatment on size of nanoparticle. The
CoFe,O; NPs were prepared by using classical heating method (CH-NPs) and
hydrothermal method (HT-NPs) at 100°C for 1 h. The hydrothermal treatment time
was varied, i.e. 1, 2, 24 and 120 h. The CoFe,O4 NPs were dispersed in 0.2 M HCL.
The XRD technique showed that the crystallite size of the HT-NPs was slightly larger
than CH-NPs. The TEM results displayed that the HT-NPs are more spherical shape
than that of CH-NPs. The spherical shape of HT-NPs was changed into cubic shape
when the hydrothermal time was increased. It was because cubic shape is the most

stable product.

Phong, P.T. et al. [43] studied on the sized-controlled heating ability of
CoFe,O4 NPs for hyperthermia applications. The CoFe,O4 NPs with the particle size
of 135 (Col), 17.8 (Co2) and 24.2 (Co3) nm were prepared using microwave
irradiation and hydrothermal methods. The study of magnetic properties using
magnetic field of 80 Oe and frequency of 178 kHz showed that the M, and H. of
increased with the increasing of their particle sizes. Because the effect of H. was
beyond the effect of M, due to the low applied magnetic field, the SAR value which
indicated that heating ability decreased with the increasing of H.. This was probably
because the H. of the Col sample was smaller than the applied magnetic field
strength. Thus, the magnetic moments of Col sample fully responded to magnetic
field excitation. The Col sample could generate the highest amount of heat. On
the other hand, the H. of the Co2 and Co3 samples were larger than the applied
magnetic field; therefore, the magnetic moments were unable to fully respond as a

consequence, the samples generated the low amount of heat.
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Bricefio, S. et al. [50] studied on the solvothermal synthesis of cobalt ferrite
hollow spheres with chitosan. The CoFe,O4 NPs coated with chitosan were prepared
using in-situ coating (M1 sample) and post-synthesis coating (M2 sample) methods.
The CoFe,O4 NPs obtained from post-synthesis coating were treated with oleic acid.
In the synthesis, ethylene glycol was used as the solvent and the starting mixtures
were treated in autoclave at 250°C for 13 h. The XRD technique revealed that the
synthesized nanoparticles were mainly composed of CoFe,O, crystalline phase and
the M2 sample had sharper crystalline peaks than the M1 sample, corresponding to
the greater degree of crystallinity. The TEM results displayed that the particle size of
CoFe,O4 in M1 and M2 samples was 4 and 6 nm, respectively. The CoFe,O; NPs in
M1 sample had irregular shape, whereas those of M2 sample were uniform in size
and morphology. Besides, the agglomeration was obtained in both M1 and M2
samples; however, the M2 sample had better dispersibility. The study of magnetic
properties indicated that both M1 and M2 samples had narrow hysteresis loops,
representing the soft ferromagnetic properties with a small response to the external
magnetic field. The M1 and M2 samples exhibited the maximum magnetization of
15.6 and 28.9 emu/s, respectively. The greater degree of crystallinity and better
dispersibility with more uniform shapes of CoFe,O4 NPs in the M2 sample resulted in

the higher ordered magnetic vector and the stronger magnetic behavior.

de Lima, L.J. et al. [51] studied on the magnetic behavior of CoFe,-CoFe,O4
nanocomposites obtained from colloidal synthesis using chitosan and borohydride
reduction. The samples were prepared by mixing cobalt(ll) chloride and iron(ll)
chloride solutions. Then the chitosan and sodium borohydride (NaBH,4) were added
to create the precipitates. The precipitates were treated at 380°C for 2 h under
N,/H, atmosphere, resulting in the non-crosslinked sample (NPT1). The
glutaraldehyde was used in order to crosslink NPT2 sample. The XRD technique
presented that the NPT1 and NPT2 samples were metallic iron-cobalt alloy (CoFe),)
and cobalt ferrite (CoFe,Q,), respectively. The proportion of CoFe, representing the
soft ferromagnetic properties of the NPT1 was more than the NPT2. The average
particle size of CoFe, was unchanged in both samples; however, the average particle

size of CoFe,O, increased from 3.9 nm of the NPT1 to 13.1 nm of the NPT2. The
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addition of glutaraldehyde could modify the arrangement of the chitosan chains in
the aqueous solution and thus enhanced the exposure of the nanoparticles to
progressive oxidation. The study of magnetic properties at different temperatures of
testing revealed that the H, of NPT1 and NPT2 sample increased with the decreasing
temperature of testing. The M, of NPT1 sample was 192 emu/g which is similar to
that CoFe, in bulk and the hysteresis curves showed the soft ferromagnetic
properties at room temperature. These were because the effect of the soft magnetic
phase of CoFe, was beyond the effect of the hard magnetic phase of CoFe,04. For
the NPT2, the hysteresis curves displayed a characteristic deformation at temperature
below 100 K, resulting from an exchange-sprink-like magnetic coupling which
occurred between the soft and hard magnetic phases corresponding to a greater

amount of CoFe,0Oy.

Fazio, E. et al. [52] studied on the synthesis of 10 nanoparticles using laser
ablation. The 10 nanoparticles were prepared by using laser with frequency of 100
kHz, the pulse width of 6 to 8 ps and laser power of 0.1, 0.5 and 1.5 W in water and

PVA aqueous solution.  The Raman spectroscopy technique showed that the

synthesized nanoparticles were mainly composed of hematite (O-Fe,0;). The
nanoparticles were spherical particles which their diameters were in the range of 20
to 100 nm, in which the particle size was directly proportional to the laser power
used in the synthesis. The study of antibacterial activity on Staphylococcus aureus
(S. aureus) found that the iron oxide nanoparticles in water showed a partial

antibacterial effect, while those in PVA aqueous solution had slight effect.

Nemati, Z. et al. [11] studied on the synthesis of superparamagnetic iron
oxide nanodiscs for hyperthermia therapy. The disc-shaped MNPs were synthesized
via the soft template-assisted synthesis in a binary system of
H,O/Cetyltrimethylammonium bromide (CTAB) using refluxing method.  Iron(lll)
acetylacetonate was used as the precursor. The resultant products obtained in disc-
shaped MNPs were compared with the ones with spherical MNPs synthesized via
refluxing method. The TEM results showed that the discs had average diameter

around 11.5 nm. The thicknesses of disc-shaped MNPs obtained from AFM technique
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was in between 2.5 and 3 nm. The XRD technique confirmed that both samples
were either magnetite or maghemite. The study of magnetic properties presented
that the blocking temperature (Tp) of the spherical MNPs was around 55 K, while that
of the disc-shaped MNPs did not define because the zero-field-cooling/field-cooling
(ZFC/FC) curve presented much broader maximum. The different in Tz between
both samples, despite having a similar volume, could be related to an increase of
anisotropy (K) values for the nanodiscs. The estimated anisotropy values of spherical
MNPs and disc-shaped MNPs were 8.5x10° and 10.1x10° erg/cc, respectively. The
increasing of anisotropy values could be associated with the shape (shape
anisotropy) and the increase in surface area (surface anisotropy) of the nanodiscs.
The study of magnetic hyperthermia exhibited that the specific loss power (SLP)
value of nanodiscs was higher than spherical MNPs with a similar volume, especially
at low magnetic fields.  This confirmed that the disc-shaped MNPs showed
advantages over the spherical MNPs for hyperthermia therapy. Besides, the size
reduction of the nanodiscs hindered the heating capacity due to the loss of the
vortex magnetic domain structure, despite the potential improvement of the
circulation life time in the blood or the MNPs disageregation. Therefore, the size of
these nanodiscs should be carefully tuned in order to enhance their heating
properties  while conserving the in-vivo advantages associated with small

superparamagnetic nanoparticles.

Das, H. et al. [53] studied on the superparamagnetic properties of
magnesium ferrite nanoparticles (MgFe,O, NPs) synthesized using ultrasonic spray
pyrolysis technique for hyperthermia application. The nanoparticles were prepared
using magnesium nitrate solution and iron(lll) nitrate solution which molar ratio of
Mg:Fe was 1:2. The mixture was treated by ultrasonic spray pyrolysis technique
under various temperatures of 600, 700, 800 and 900°C. The XRD technique
confirmed that the nanoparticles were magnesium ferrite.  The MgFe,O4 NPs
synthesized at 600, 700, 800 and 900°C had the crystallite size of 4.05, 9.6, 15.97 and
31.48 nm, respectively. The study of morphology found that the MgFe,O, NPs had
smooth spherical shape. When the pyrolysis temperature was increased, the

agglomeration of nanoparticles would be decreased. MgFe,O4 NPs with the crystallite

27



size of 4.05 and 9.6 nm possessed the superparamagnetic properties, whereas the
MgFe,O4 NPs with the crystallite size of 15.97 and 31.48 nm had the ferromagnetic
properties. The Ms of MgFe,O; NPs increased with the increasing of pyrolysis
temperature. The study of heat generation displayed that the MgFe,O, NPs with the
crystallite size of 9.6 and 15.9 nm could generate heat, inducing the temperatures to
37 and 31°C, respectively. Therefore, the MgFe,O, NPs synthesized at 700°C having
crystallite size of 9.6 nm could generate the highest amount of heat, in which it was

possible to develop for hyperthermia application.

Thomas, R.G. et al. [14] studied on the preparation of iron oxide
nanoparticles and their hyperthermia and the magnetic resonance imaging (MRI)
properties. The surfaces of iron oxide nanoparticles were modified with oleic acid
and dopamine (HA-SPIONs) and oleic acid, dopamine and methoxy PEG succinimidyl
succinate (HA-PEG10-SPIONs). The as-prepared nanoparticles were then conjugated
with hyaluronic acid (HA) by using 1-ethyl-3-(3-dimethylaminopropyl) solution and N-
hydroxy-succinimide solution. - The DLS technique revealed that the HA-SPIONs and
HA-PEG10-SPIONs had hydrodynamic sizes of 149 and 176 nm, respectively. From
the study of the MRI properties, the obtained images after injection of the HA-SPIONs
and HA-PEG10-SPIONs into SCCT7 cells (Squamous cell carcinomas) for 3 h had T2
contrast of about 40 and 20%, respectively. The results of SAR measurement at 293
kHz and the magnetic field strength of 12.57 Oe showed that the specific absorption
rate (SAR) values of the HA-SPIONs and HA-PEG10-SPIONs were 79.42 and 146.3 \W/g,
respectively. The study of the hyperthermia properties presented that both HA-
SPIONs and HA-PEG10-SPIONs were less than 40% of live squamous cell carcinomas.

Lahiri, B.B. et al. [7] studied on the preparation of magnetite nanoparticles
coated with phosphate and their hyperthermia properties. They were prepared using
coprecipitation method from 0.2 M ferric chloride solution and 0.1 M ferrous
sulphate solution. The mixture of starting solutions was diluted with water in order
to obtain the concentrations of samples of 0.5 1.0 1.5 2.0 2.5 and 6.0 wt%. 25 mL of
orthophosphoric acid was added into the diluted solution and the mixture was

incubated for 1 h. The hyperthermia properties of the products were analyzed by
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using various magnetic field strength, i.e. 0.36, 0.52, 0.64, 0.73 and 0.82 kAmfl. The
XRD and FTIR data confirmed that the synthesized nanoparticles were magnetite with
the crystallite size of 7.75 nm. The VSM results showed that the uncoated and
coated magnetite nanoparticles had the saturation magnetization (M;) of 63.6 and 52
emu/g respectively, in which they had superparamagnetic properties. The TEM
results displayed that the nanoparticles were spherical shape with the average
particle size of 14 nm. The measurement of hydrodynamic size distribution
presented that the size of magnetite nanoparticle was about 32 nm, which is four
times greater than the crystallite size calculated from the XRD data, indicating the
agglomeration of nanoparticles. In the hyperthermia study, all samples showed an
intrinsic loss power (ILP) in the range of 158 to 125 nHm? kg_l, indicating that all
samples had high efficiency of heat generation. These ILP values were recorded at
the product of magnetic field and frequency (H.f) = 0.92-1.03 x 10" Am~ s which
was lower than the' specified threshold of 4.85 x 10° Am s , indicating that the
samples were safe for hyperthermia application in the human body. The sample of
the concentrations of 1.5 wt% with magnetic field strength of 0.82 kAm ' exhibited

the highest value of heat generation.

Araujo-Neto, R.P. ‘et al. [9] studied on the synthesis of magnetite
nanoparticles and their surface modification with sodium oleate for hyperthermia
application. The products were obtained by coprecipitation between iron(lll) chloride
hexahydrate and iron(ll) sulphate heptahydrate. The XRD technique confirmed that
the synthesized particles were magnetite and had an average crystallite size of 9.8
nm. In TEM images, it can be seen that the diameter of synthesized nanoparticles
were in the range of 6 to 12 nm. From DLS technique, the hydrodynamic diameter
of the nanoparticles was about 60.6 nm and polydispersity index (PDI) value was
about 0.128. These result indicated that the agglomeration of nanoparticles when
they were in the aqueous media. The VSM results presented that the Mg of the
nanoparticles was 64 emu/g which accounted for 64% of unmodified nanoparticles.
The study of hyperthermia properties displayed that the SAR value of the
nanoparticles was 14 W/g at 62 kHz and a magnetic field strength of 15.9 kA/m, in
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which the temperature could be increased to 42.5°C within 1.9 min when using the

oleated coated magnetite nanoparticle density of 50 mg/mL.

Harraz, F.A. [54] studied on the synthesis of magnetite nanowires, in which
they were modified surface with polyethylene glycol (PEG). Magnetite were prepared
by mixing ferrous sulphate heptahydrate (FeSO47H,0) with sodium thiosulphate
pentahydrate (Na,S,05:5H,0). The obtained products were grinded and treated by
hydrothermal method at 100, 125 and 150°C for 24, 48 and 72 h. The PEG aqueous
solutions with the volume ratios of PEG:water, i.e. 0:4, 1:3, 1:2, 1:1, 3:1 and 4:0. were
used as medium. It was found that synthesized nanowires obtained by using the
volume ratio of PEG:water of 1:2 and hydrothermal treatment at 150°C for 24 h were
magnetite crystalline phase without any impurities, having the crystallite sizes in the
range of 30 to 45 nm. The TEM images displayed that those nanowires had the
average diameter of 25 nm with the maximum length of 1.5 pm. Those nanowires
were straight with smooth surface. The VSM technique showed that the M of those
nanowires ‘was about 90.94 emu/g. It is because the coexisting magnetite

nanoparticles and their shape anisotropy.

Soares, P.IP. et al. [17] studied on the synthesis of magnetite nanoparticles
by chemical precipitation (Fe;O4-CP NPs) and thermal decomposition (Fe;O4-TD NPs).
The magnetite nanoparticles were coated with chitosans having molecular weight of
38 (Cs 38 kDa) and 469 kDa (Cs 469 kDa) kDa for hyperthermia application. Iron(lll)
acetylacetonate (Fe (acac);) was used as a reactant and TPP was a crosslinking agent.
The TEM results showed that the average diameters of pristine Fe;O4-CP NPs and
Fes04-TD NPs were 8.5 and 8 nm, respectively. The XRD technique confirmed that
the crystalline phase of both synthesized pristine Fe;04-CP NPs and Fe;O4-TD NPs
was magnetite, having the same crystallite size of 9.7 nm. The VSM measurement
indicated that the pristine Fe;O4-CP NPs and Fe;O4-TD NPs had the M, of 58 emu/g
and 61 emu/g, respectively. It can be concluded that the chemical precipitation and
thermal decomposition methods did not significantly affect on the particle size and
magnetic properties of the synthesized magnetite NPs. Besides, the SAR

measurements revealed that the SAR value was inversely proportional to the
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molecular weight of chitosan, in which the SAR values of Fe;O4-CP NPs and Fe;04-TD
NPs coated with Cs 469 kDa were respectively decreased by 1 and 7 times from

those of Fe;04-CP NPs and Fe;O4-TD NPs coated with Cs 38 kDa, respectively.

Tran, HV. et al. [55] studied on the synthesis of chitosan/magnetite
composite beads by hydrothermal treatment for removal of Pb(ll) and Ni(ll) from
aqueous solution. Chitosan solution was prepared by mixing 0.5 ¢ of chitosan, 5 mL
of acetic acid and 45 mL of distilled water. Then ferrous chloride (FeCl,) and ferric
chloride (FeCls) with the molar ratio of 1:2 were dissolved in the chitosan solution.
The mass ratio of chitosan to magnetite was varied, i.e. 1:2 and 4:1. Then, the as-
prepared mixture was dropped into 30 wt.% NaOH solution. The suspension was
kept at room temperature for 24 h. The obtained particles were separated, washed
with distilled water and dried in vacuum at 70°C for 24 h. The synthesized
chitosan/magnetite beads were studied for adsorption behaviors.  They were
investigated in agueous solution at room temperature by using the different pH
values, i.e. 4, 5 and 6. The XRD technique confirmed that the crystalline phase of all
chitosan/magnetite beads were magnetite, having the same crystallite size of 35 nm.
The TEM images showed that all chitosan/magnetite beads were spherical shape and
their size were in the range of 25-30 nm. The VSM technique indicated that all
chitosan/magnetite beads had superparamagnetic properties with the Mg of 55
emu/g. Moreover, the chitosan of chitosan/magnetite beads could coordinate with
heavy metal ions at pH 4-6. Maximum adsorption capacities for Pb(ll) and Ni(ll) at pH
6 of chitosan/magnetite beads using the mass ratio of 4:1 were 63.33 and 52.55 mg/g,

respectively. The adsorption capacity increases with the increase of pH value.

Unsoy, G. et al. [56] studied on the synthesis of chitosan-coated iron oxide
nanoparticles (CS MNP) by chemical coprecipitation. Chitosan solution was prepared
by dissolving 0.15 g of chitosan in 30 mL of 1% acetic acid and the pH was adjusted
to 4.8 by 10 M NaOH. 1.34 ¢ of Ferrous chloride tetrahydrate (FeCl,-4H,0) and 3.40 ¢
of ferric chloride hexahydrate (FeCls-6H,0) were dissolved in 30 mL of 0.5% chitosan
solution. Then, the as-prepared solution was mixed with 10 mL of 7.5% TPP and

32% NH4OH with vigorously stirring under N, gas flow at room temperature. The final
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NH,OH concentration was varied, i.e. 31% (CS MNP-S1), 33% (CS MNP-S2), 38.5% (CS
MNP-S3) and 43% (CS MNP-S4). The ammonia solution was added to produce iron
oxide nanoparticles, then the resulting mixture was stirred for 1 h. The CS MNP
nanoparticles were washed with deionized water and separated by magnetic
decantation for several times. The XRD technique confirmed the presence of the
magnetite crystal in CS MNP nanoparticles, having an inverse cubic spinel structure.
The crystal size of the bare magnetite and the CS MNP nanoparticles were about 18
and 8 nm, respectively. The XPS technique revealed that the photoelectron peaks
at 711.7 and 725.2 eV were the characteristic doublet of Fe 2p3/2 and 2p1/2 core-level
spectra of iron oxide, respectively, corresponding to the oxidation state of Fe in
magnetite. Additionally, the CS MNP nanoparticles expressed a new band for N1s at
around 400 eV. This new band was assigned to chelation between the amino groups
and iron ions (NH,-Fe). - The TEM images showed that the synthesized CS MNP
nanoparticles were almost spherical and have uniform size distribution. The average
diameters were in the range of 6-8 nm (CS MNP-S1), 5-7 nm (CS MNP-S2), 3-5 nm
(CS MNP-S3) and 1-3 nm (CS MNP-S4). The sizes of the nanoparticles get smaller as
the concentration of NH4;OH increases in the solution during the synthesis. The DLS
technique presented that the average sizes of the nanoparticles were about 103 nm
(CS MNP-S1), 86 nm (CS MNP-S2), 66 nm (CS MNP-S3) and 58 nm (CS MNP-S4). These
results were in parallel with the results inferred by TEM. The TGA technique
indicated that the principle chains of chitosan began to degrade at about 250°C and
the final temperature of decomposition was ~700°C. The average mass content of
chitosan in CS MNP nanoparticles were around 23% (CS MNP-S1), 20% (CS MNP-S2),
17% (CS MNP-S3) and 15% (CS MNP-S4).  The VSM technique showed that the M
values were about 39 emu/g (CS MNP-S1), 33 emu/g (CS MNP-S2), 29 emu/g (CS MNP-
S3) and 25 emu/g (CS MNP-S4). There is no M, and H. observed in the hysteresis
curves of all CS MNP nanoparticles. The M values of CS MNP nanoparticles

increased with the size of the magnetic core.
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Chapter 3

Research methodology

3.1 Materials

Sodium tripolyphosphate (TPP), Commercial grade, Union Chemical 1986.
Chitosan (deacetylation >98%), Commercial grade, Bio21 Co., Ltd.

Ammonium  ferrous sulphate hexahydrate ((NH4),SO4FeSO4:6H,0)),
Analytical grade, Loba Chemie.

Ferric chloride hexahydrate (FeCls+6H,0), Analytical grade, Loba Chemie.
Sodium hydroxide (NaOH), Analytical grade, Carlo Erba.
Acetic acid (CH;COOH), Analytical grade, Labscan Asia.

Distilled water

3.2 Apparatus

Differential scanning calorimeters (DSC), NETZSCH, DSC 204 F1
Thermogravimetric analyzer (TGA), PERKIN ELMER, PYRIS 1 TGA

X-ray diffractrometer (XRD), Bruker, SRS 3400

An in-house vibrating sample magnetometer (VSM), Kasetsart University
Transmission electron microscope (TEM), FEI, TECNAI 62 20stwin

Freeze dryer, Labogene, Coolsafe 110-4

Glass bottle and lid for hydrothermal method

Glassware

Heating mantle

Magnetic stirrer, IKA

Oven
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3.3 Studied parameters
Preparation of CHI/IO nanocomposites
® Precursor preparation method; i.e. adsorption and in-situ methods
® |nitial concentration of TPP solution; i.e. 0.2, 0.3, 0.4, 0.5 and 0.6 %w/v
® Synthesis method; i.e. hydrothermal and refluxing methods

® Hydrothermal reaction temperature; i.e. 75, 100 and 125°C

3.4 Experimental procedure
3.4.1 Preparation of iron oxide nanoparticles (I0)

10 mL of 0.625 M ammonium ferrous  sulphate hexahydrate
((NH,),SO4FeS0O,+6H,0) solution was mixed with 10 mL of 1.25 M ferric chloride
hexahydrate (FeCls-6H,0) solution and mechanically stirred for 30 min. The as-
prepared mixture was added into 50 mlL of 1.5 M NaOH solution treated by
hydrothermal method at 100°C for 90 min in pressurized glass vessel. The treated
precipitate was filtered and washed with 50 mL of distilled water. Finally, the
obtained precipitate was dried overnight in the hot air oven at 100°C. Fig. 3.1 shows

the process for preparation of 10 nanoparticles.
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(NH,),SO,FeSO,-6H,0 solution FeCl;-6H,0 solution

0.625 M 10 mL 1.25 M 10 mL

\ 4

Stirring

30 min

NaOH solution
1.5 M 50 mL

A 4

Hydrothermal 100°C 90 min

A 4

Filtering
Washing
Drying

'

[ IO nanoparticles }

Figure 3.1 Preparation of iron oxide nanoparticles (I10)
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3.4.2 Preparation of crosslinked chitosan precipitates (CC)

1.2 ¢ of chitosan was dissolved in 20 mL of 2 %v/v acetic acid solution and
mechanically stirred for 30 min. The obtained solution was dropped into 100 mL of
sodium tripolyphosphate (TPP) solution and mechanically stirred for 30 min. The
initial concentrations of TPP solution were varied, i.e. 0.3, 0.4, 0.5 and 0.6 %w/v. The
crosslinked chitosan precipitates (CC) were filtered, washed with distilled water and

dried using freeze dryer. Fig. 3.2 shows the process for preparation of CC precipitates.

Chitosan Acetic acid solution

12¢ 2 %v/v 20 mL

y

Stirring
30 min

v

Dropwise adding

v
TPP solution
X %w/v 100 mL
(X: 0.3, 0.4, 0.5 and 0.6 %w/v)

-

Stirring

30 min

A 4

Filtering
Washing

Freeze-drying

\ 4

[ CC precipitates }

Figure 3.2 Preparation of crosslinked chitosan precipitates (CC)
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3.4.3 Preparation of chitosan/iron oxide nanocomposites (CS/IO) by in-situ
method

200 mL of 0625 M ammonium ferrous sulphate hexahydrate
((NH4),SO4FeSO4-6H,0) solution was mixed with 20 mL of 1.25 M ferric chloride

hexahydrate (FeCl;-6H,0) solution. The mixture was mechanically stirred for 30 min.
Meanwhile, 1.2 ¢ of chitosan was dissolved in 20 mL of 2 %v/v acetic acid solution
and mechanically stirred for 30 min. The mixture of iron solutions was mixed with
the chitosan solution with stirring for 30 min. The mixture was dropwisely added into
100 mL of TPP solution, in which the initial concentrations of TPP solution were
varied, i.e. 0.2, 0.3, 0.4, 0.5 and 0.6 %w/v. Then the as-prepared mixture was stirred
for 30 min, resulting in the CHI/Fe Fe’" precursor. The CHI/Fe”'Fe™ precursor was
filtered and added into 100 mL of 1.5 M NaOH solution. The obtained mixture was
treated by hydrothermal method at 75, 100 and 125°C for 90 min or refluxing
method for 90 min. The treated precipitates were filtered and washed with 100 mL
of distilled water. Finally, the obtained precipitates were dried using freeze-dryer.
Fig. 3.3 shows the procedure for preparation of CS/IO nanocomposites by in-situ
method.

The preparation of CS/IO nanocomposites by in-situ method was performed

using various conditions as follow:
® |njtial concentration of TPP solution; i.e. 0.2, 0.3, 0.4, 0.5 and 0.6 %w/v
® Synthesis method; i.e. hydrothermal and refluxing methods

® Hydrothermal temperature; i.e. 75, 100 and 125°C
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(NH,),S0,FeSO46H,0 solution

0.625 M 20 mL

FeCls+6H,0 solution

1.25M 20 mL

Chitosan
1.2 ¢

Acetic acid solution

2 %v/v 20 mL

y

Stirring

30 min

Stirring

30 min

v

Stirring

30 min

Dropwise

adding

NaOH solution
1.5 M 100 mL

TPP solution
X %w/v 100 mL
(X:0.2,0.3,0.4, 05
and 0.6 %w/v)

A 4

Stirring

30 min

A 4

Filtering

v

CHI/Fe Fe

precursor

\ 4

\ 4

Refluxing: 100°C 90 min

Hydrothermal. 75,

100, 125°C 90 min

!

Filtering
Washing

Freeze-drying

'

CS/10-R

nanocomposites

v

Filtering
Washing
Freeze-drying

!

CS/IO-HT

nanocomposites

Figure 3.3 Preparation of CHI/IO nanocomposites by in-situ method, i.e. CS/IO-HT

and CS/10-R nanocomposites
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3.4.4 Preparation of crosslinked chitosan/iron oxide nanocomposites (CC/IO)
by adsorption method

200 mL of 0625 M ammonium ferrous sulphate hexahydrate
((NH4),SO,4FeSO4-6H,0) solution was mixed with 20 mL of 1.25 M ferric chloride

hexahydrate (FeCl;-6H,0) solution and then the mixture was mechanically stirred for
30 min. The as-prepared CC precipitate was added into the mixture of iron solutions
with mechanical stirring for 30 min in order to adsorb the iron ions into the CC
structure, resulting in the cC/re’'Fe” precursor. The cC/Fe’'Fe™ precursor was
filtered and added into 100 mL of 1.5 M NaOH solution. Then the obtained mixture
was treated by hydrothermal method at 100°C for 90 min or refluxing method for 90
min, producing the CC/IO nanocomposites. The resultant nanocomposites were
filtered, washed with 100 mL of distilled water, and dried using freeze-dryer. Fig. 3.4
shows the process for preparation of CC/IO nanocomposites by adsorption method.
The preparation of CC/IO nanocomposites by adsorption method was

performed using various conditions as follow:
® |nitial concentration of TPP solution; i.e. 0.3, 0.4 and 0.5 %w/v

® Synthesis method; i.e. hydrothermal and refluxing methods
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(NH,),50,FeS0O,*6H,0 solution
0.625 M 20 mL

FeCl;-6H,0 solution
1.25 M 20 mL
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Freeze-drying
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Figure 3.4 Preparation of CHI/IO nanocomposites by adsorption method, i.e. CC/IO-

HT and CC/IO-R nanocomposites

40



Table 3.1 Experimental conditions and abbreviations of the samples

Sample Chitosan:TPP Synthesis conditions
Synthesis Heating Temperature
gg | %w/v
method method (°0)

IO-HT100 - - - Hydrothermal
CC0.3 1:1.67 | 1:.0.3 - -
CCo.4 1:2 1:0.4 S - 100
CC0.5 1:25 | 1:.0.5 - -
CCo.6 1:3 1:0.6 - -
CS0.3/I10-HT75 1 6 - \[50-3 75
CS0.3/10-HT125 | 1:1.67 | 1:0.3 125
CS0.2/10-HT100 1:1 1:0.2
CS0.3/I0-HT100 | 1:1.67 | 1:0.3 In-situ Hydrothermal
CS0.4/10-HT100 10 1:0.4 100
CS0.5/10-HT100 | 1:25 | 1:0.5
CS0.6/10-HT100 1:3 1:0.6
CS0.2/10-R 1:1 1:0.2
CS0.3/10-R 1:1.67 | 1:0.3
CS0.4/10-R 1:2 1:0.4 In-situ Refluxing 100
CS0.5/10-R 1:25 | 1:.05
CS0.6/10-R 1:3 1:0.6
CCO0.3/I0-HT100 | 1:1.67 | 1:0.3
CCO0.4/10-HT100 | 1:2 1:0.4 | Adsorption Hydrothermal 100
CCO0.5/10-HT100 | 1:25 | 1:0.5
CC0.3/10-R 1:1.67 | 1:0.3
CC0.4/10-R 1:2 1:0.4 Adsorption Refluxing 100
CC0.5/10-R 1:2.5 1:0.5

41



3.4.5 Characterization and testing of CHI/IO nanocomposites

® X-ray diffractrometer (XRD)
The crystalline phase of synthesized 10 nanoparticles and CHI/IO
nanocomposites were analyzed by XRD technique by scanning 28 from 20 to 70°,

step size of 0.02°/step and step time of 1 sec/step.

® Differential scanning calorimeter (DSC)
The thermal properties of the as-prepared CHI/IO nanocomposites were
analyzed by DSC technique using a heating rate of 10 °C/min in the temperature

range of 25-400°C under nitrogen (N,) atmosphere (flow rate of N, = 20 mL/min).

® Thermogravimetric analysis (TGA)

The thermal stability of the CHI/IO nanocomposites were analyzed by TGA
technique using a heating rate of 10 °C/min in the temperature range of 50-800°C
under air zero atmosphere and nitrogen (N,) atmosphere (flow rate of N, = 20

mL/min).

® Transmission electron microscopy (TEM)

The morphologies of the synthesized 10 nanoparticles and CHI/IO
nanocomposites were analyzed by transmission electron microscopy (TEM, FEl,
Tecnai G2 20 S-Twin, bright field image mode, 200 kV). The CHI/IO nanocomposites,
dispersed in distilled water, were dropped onto a carbon coated Cu grid and then
dried overnight at room temperature for TEM analysis. The average sizes of 10
nanocrystals in the CS/IO nanocomposites were determined from the TEM images at
150000x magnification (60 particles) using ImageJ software. While the average sizes
of 10 nanocrystals in the CC/IO nanocomposites and their size distributions were
determined from the TEM images at 150000x magnification (50 particles) using Image)

software.

® Vibrating sample magnetometer (VSM)

An in-house developed vibrating sample magnetometer (VSM) calibrated
with a 3 mm-diameter Ni sphere (Lakeshore 730908, USA) was used for determination
the magnetic properties of the as-prepared |0 nanoparticles in comparison with
those of CHI/IO nanocomposites. The measurement was performed using the
magnetic field (H) from -10,000 to 10,000 Oe at room temperature with time per
point of 5 s/pt.
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3.4.6 Cell viability assays

Cell viability of the as-prepared CHI/IO nanocomposites were tested using
African green monkey fibroblast (Vero) cells by Dulbecco’s Modified Eagle’s Medium
(DMEM) elution method or Primary screening. In the preparation of stock solution,
0.4 g of the sample was sterilized at 121°C for 15 min. Then the sample was mixed
with 10 mL of DMEM and 5% Fetal Bovine Serum (FBS). The mixture was incubated
at 37°C for 24 h, then the fermented substance was filtered and diluted to a
concentration of 1,000 pg/mL. In the cell culture, 100 pL of the mixture of cells and
cell culture media with the concentration of 5x10° cells/mL was dispensed into well.
The as-prepared sample was incubated at 37°C for 24 h under 5% carbon dioxide
(CO,) atmosphere. Then, the cell culture media was sucked out and 100 pL of the
as-prepared stock solution was added into well. The sample was incubated at 37°C
for 24 h. Then, 10 pL of MTT solution with the concentration of 5 mg/mL was
added into well.  The sample was incubated at 37°C for 4 h under 5% CO,
atmosphere. The MTT solution was sucked out and 150 pL of the mixture of 100%
dimethyl sulfoxide (DMSO) and 10% sodium dodecyl sulfate (SDS) with the volume
ratio of 9:1-DMSQ:SDS was added into well. The sample was mechanically shaked
for 5 min, then the optical density (OD) of sample was measured at a wavelength
570 nm using a microplate reader (Thermo Fisher Scientific, Varioskan). The
percentage of cell viability (% Cell viability) was calculated as shown in Eqg. 3.1 [57]:

% Cell viability = _B X 100 (Eq.3.1)
A

where A is the absorbance of the control well that has cells in the cell culture
media, B is the absorbance of the sample’s well that has cells in the stock solution,
A and B must be removed the absorbance of the blank’s well that has only 100%

DMSO:10% SDS off before calculating.
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Chapter 4

Main results and discussion

4.1 Synthesis of 10 nanoparticles

Iron oxide exists in several phases, including hematite (Ol-Fe,0;), magnetite
(FesO4), maghemite (Y-Fe,Os), goethite (Ol-FeOOH) and feroxyhite (O'-FeOOH).
However, some phases, i.e. magnetite and maghemite have the magnetic properties.
Especially, the nano-sizes of magnetite and maghemite exhibit superparamagnetic
properties which are useful for medical applications. In this synthesis, the Fe Fe™"-
precursor was hydrothermally treated in NaOH solution at 100°C for 90 min in
pressurized glass vessel. The pressurized system produced the magnetite and

maghemite nanoparticles which had the superparamagnetic properties.

® (Crystal structure and morphology

Fig. 4.1 shows the XRD patterns of I0-HT100 nanoparticles synthesized by
hydrothermal method at reaction temperature of 100°C. It can be seen that the
XRD peaks of 10-HT100 samples appeared at 26 = 30.2, 35.5, 43.4, 53.5, 57.2, and
62.7° corresponding to (220), (311), (400), (422), (511), and (440) planes, respectively.
The XRD patterns were corresponded to the crystalline phases of magnetite (Fe;O,)
in the JCPDS No.19-0629 and/or maghemite (Y-Fe,0s) in the JCPDS No.04-0755.
Although the main crystalline peaks of magnetite and maghemite phases almost
overlapped, the concurrent presence of magnetite and maghemite phases brought
about the formation of asymmetrical shoulder of the diffraction peak at 20~35.5°.

The formation of magnetite and maghemite phases occurred from the reaction
between the stoichiometric proportion of Ferrous (Fe?t) and Ferric (Fe3*) ions with

the hydroxide ions (OH7) of strong basic solution, producing the magnetite
nanocrystals as described in Eqg. 4.1. It was, however, the magnetite nanocrystals
could be partially oxidized further in the presence of oxygen to maghemite

nanocrystals as shown in Eq. 4.2 [58-59].
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Fe”" + 2Fe™ + 80H —> Fe,0, + 4H,O ; pH 8-14 (Eq.4.1)
4Fe;sO, + O, —> 6’Y—Fe203 (Eq42)

The average crystallite size of magnetite-maghemite nanocrystals (Dygp)
calculated from the (311) peak by using Scherrer equation of 10-HT100 was about

16.2 nm as shown in Table 4.1.

em (311)

¢ Magnetite (Fe;0,)

s Maghemite (y-Fe,0,)
o
E
=
=
o
<
N’
g
[}

235 ) 3005 5 w0 s s ss. | 60 | 65 70

Figure 4.1 XRD pattern of IO-HT100 nanoparticles
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Table 4.1 Parameters used for in-situ synthesis of CS/IO nanocomposites and their

XRD and TEM data

Synthesis conditions XRD TEM
Sample ) )
% TPP Heating T . Dyro A c Avg. size
Phase Shape of 10
(%w/v) method (°Q) (nm) of 10 (nm)
|O-HT100 Fe,O,,/ D,
- Hydrothermal | 100 Oa/Y e n/a n/a
-Fe,0, 16.2
' Doz 15
FeOOH 32.2 ‘
CS0.3/I0-HT75 0.3 75 Rod-like 31.3
% Dui0 W 1.6-4.7
FeOOH 34.3
CS0.2/I0-HT100 | 02 il MR AN \ Sl I
. . Y-Fe, 05 4.3 spherical ‘
CS03/10-HT100 | 0.3 TL A~ "€ | 4z
. ' -Fe,O 3.9 spherical .
Hydrothermal KK
Fes0,/ D11 Irregular
CS0.4/10-HT100 0.4 100 D41
Y-Fe,0;, 4.1 spherical
CS0.5/10-HT100 |~ 05 b s IV e | YT
j ' Y-Fe 05 43 spherical .
CS0.6/10-HT100 | 06 Dol bESRE | YT
. / Y-Fe,0, 4.3 spherical ‘
CS0.3/10-HT125 0. 9 Fe;0,4/ D1 Irregular 5ad
. Y-Fe,05 3.9 spherical ‘
C50.2/10-R 0.2 P 8P F T | bss
‘ ' Y-Fe,05 . 74 spherical .
C50.3/I0-R 0.3 SO P | nedar |
. : Y-Fe,05 3.9 spherical ‘
Fe;0,,/ D11 Irregular
CS0.4/10-R 0.4 Reflux 100 D35
Y-Fe,05 33 spherical
C<0.5/10R 05 FesO,/ D) Irregular 55
. . Y-Fe,05 3.2 spherical ‘
C50.6/I0R 0.6 P/ | By | megular |
. . Y-Fe 0, 2.8 spherical .

**T=Temperature, L=Length, W=Width, D=Diameter
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4.2 In-situ synthesis of CS/IO nanocomposites

The superparamagnetic properties depend on the particle size of iron oxide
nanoparticles. However, the small iron oxide nanoparticles promote the
agglomeration due to their high surface energy and magnetic interactions leading to
the decrease of superparamagnetic properties [28]. In the in-situ synthesis, the Fe”
and Fe”" ions trapped in the free volume space of crosslinked chitosan network. The
iron oxide nanoparticles were obtained in the 3D network by low temperature heat
treatment in NaOH solution. It was found that the crosslinked chitosan prevent the
agglomeration of MNPs; therefore, the synthesized nanocomposites had the

superparamagnetic properties due to the nano-size of iron oxide nanoparticles.

4.2.1 Effect of hydrothermal temperature
Iron oxide forms in several phases which depend on synthesis conditions
such as temperature and pressure. In' this synthesis, the chitosan/iron oxide
precursor was treated in basic solution by hydrothermal method at 75, 100 and
125°C for 90 min because the different hydrothermal temperatures led to the

various phases of iron oxide.

® (Crystal structure and morphology

Fig. 4.2 shows the XRD patterns of CS/IO nanocomposites synthesized by
hydrothermal from the chitosan/ Fe"Fe™ precursors crosslinked by 0.3 %w/v TPP. It
can be seen that the XRD pattern of CS0.3/I0-HT75 nanocomposite synthesized by

hydrothermal method at reaction temperature of 75°C was composed of goethite

(0-FeOOH) and feroxyhite (®'-FeQOH) phases, in- which their formation reactions
were described in Eqg. 4.3-4.5.  This result indicated that the hydrothermal
temperature of 75°C could induce the hydrolysis of Fe2+Fe3+—precursor impregnated
in the crosslinked chitosan, however, this reaction temperature was not high enough
to transform the goethite and feroxyhite phases to magnetite and/or maghemite

phases [58-59].

Fe” + 20  —  Fe(OH), (Eq.6.3)
4Fe(OH), + O, —> 4, O'-FeOOH + 2H,0 (Eq.4.4)
Fe’ + 30H  —  0-FeOOH + H,0 (Eq.4.5)
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o Magnetite (Fe;0,)

B Maghemite (7-Fe;03)

¥ Feroxvhite (3-FeQOH)
(311} & Goethite (p-FeOQOOH)

on
(110) (100 (c) CS0.310-HT 125
4 (1300 & (111

" {440)

(220) ol

Lin (counts)

26(deg)
Figure 4.2 XRD pattems of (a) CS0.3/I0-HT75, (b) CS0.3/I0-HT100 and (c) CS 0.3/10-

HT125 nanocomposites

In" Fig. 4.3(a), the TEM image of (CS0.3/I0-HT75 nanocomposite was
composed of the rod-like nanocrystals dispersed in the crosslinked chitosan matrix.
These rod-like nanocrystals were corresponded to the orthorhombic crystal structure
of goethite (ICSD No.00-029-0713) and hexagonal crystal structure of feroxyhite (ICSD
No.00-013-0087) [59]. The average crystallite size of rod-like nanocrystals of
feroxyhite calculated from the (002) peak and goethite calculated from the (110)
peak were about 32.2 and 34.3 nm, respectively, as shown in Table 4.1. Similarly,
the lengths and widths of feroxyhite-goethite nanocrystals obtained from TEM images
were in the range of 12.5-31.3 nm and 1.6-4.7 nm, respectively. It can be seen that
the average crystallite sizes of rod-like nanocrystals of feroxyhite and goethite were

correlated to lengths of nanocrystals obtained from TEM image [60].
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Figure 4.3 TEM images of (a) CS0.3/I0-HT75 and (b) CS0.3/I0-HT100 nanocomposites

In Fig. 4.2(b) and 4.2(c), the crystalline peaks observed in the XRD patterns of
CS0.3/I0-HT100 and CS0.3/I10-HT125 nanocomposites synthesized by hydrothermal

method at reaction temperature of 100 and 125°C, respectively, were assigned to

magnetite (Fe;O4) and/or maghemite (Y-Fe,0s) phases as observed in the I0-HT100
nanoparticles. ~ However, the crystalline peaks in the XRD patterns of all
nanocomposites were obviously broadened, indicating the formation of very small
magnetite-maghemite nanocrystals within chitosan matrix. =~ These results were
considered to be because the Fe'" and Fe’'ions impregnated in the crosslinked
chitosan of chitosan/Fe2+Fe3+ precursors could simultaneously react with hydroxide
ions in the solution media creating the magnetite-maghemite phase when the
reaction temperature was about 100°C or higher. It was, however, the growth of
magnetite-maghemite crystals were restricted to nano-size due to the confinement
of crosslinked chitosan network. In Fig. 4.3(b), the microstructure of magnetite-
maghemite crystals in the CS0.3/I0-HT100 nanocomposite was observed as the
irregular quasi-spherical nanocrystals formed in the crosslinked chitosan matrix, in
which these nanocrystals were considered to be corresponded to the cubic inverse
spinel and cubic tetragonal structures of magnetite and maghemite, respectively.

The average crystallite sizes of magnetite-maghemite nanocrystals formed in
the CS0.3/I0-HT100 and CS0.3/10-HT125 nanocomposites calculated from the (311)
peak were quite similar, in which they were about 3.9 nm as summarized in Table
4.1.  The average particle sizes of the CS0.3/I0-HT100 and CS0.3/I0-HT125

nanocomposites evaluated from the TEM images were about 4.2 and 4.4 nm,
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respectively, in which they were in agreement with their average crystallite sizes
calculated from the XRD data. It can be concluded from these results that the
magnetite-maghemite nanoparticles might form as polycrystalline phases in the
chitosan matrix. Besides, the increase of hydrothermal treatment temperature from
100 to 125°C had no obvious effect on the average crystallite sizes of the
synthesized iron oxide nanocrystals. It was considered to be because the network
structure of crosslinked chitosan matrix plays a dominant role in the constraint on
growth of iron oxide nanocrystals.

These finding suggested that the various hydrothermal temperatures
contributed to the different phases of iron oxide. The reaction temperature of 75°C
could induce the goethite and feroxyhite phases. The increase of hydrothermal
temperature from 100 to 125°C could transform to magnetite and/or maghemite
with irregular spherical shape. However, the temperature increased in this range had
no significantly effect on the average crystallite sizes of iron oxide nanocrystals due
to the constraint on their growth by the crosslinked chitosan network.

Fig. 4.4 shows the schematic model represented the formation of CS/IO
nanocomposites. When the mixture solution of Fe2+, Fe™ and protonated chitosan
was added into the TPP crosslinking solution, the protonated amine groups (—NH3+) of
chitosan reacted with the phosphate groups (—PO43-) of TPP, resulting in the
ionotropic gelation of chitosan as the network structure. The Fe”"and Fe’" ions were
simultaneously swallowed in the crosslinked chitosan network, in which it was
obtained as the chitosan/ Fe 'Fe’" precursor as shown in step (). In step (I), the
Fe”'and Fe”" ions embedded in the chitosan/ Fe'Fe’' precursor were reacted with
the hydroxyl groups (-OH) in the basic media during the hydrothermal and refluxing
methods as expressed in Eq. 4.1, in which the magnetite nanocrystals were obtained
in the crosslinked chitosan matrix forming as the CS/IO nanocomposites. The
magnetite nanocrystals formed at the surface of nanocomposites might partially
react with oxygen as expressed in Eqg. 4.2, forming as the maghemite nanocrystals.

The CS/I0 nanocomposites were then composed of biphasic iron oxide.
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Step (1)

CS/Fe*Fe* precursor
OH- | Hydrothermal/Refluxing Step (II)
Crosslinked
chitosan
matrix
Fe,O,
nanocrystals

CS/10 nanocomposites

Figure 4.4 Schematic model of the formation of CS/IO nanocomposites prepared

using in-situ synthesis
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® Thermal properties

The TGA and DTG thermograms of CS0.3/I0-HT75, CS0.3/I0-HT100 and
CS0.3/I0-HT125 nanocomposites were shown in Fig. 4.5.  The decomposition
temperatures (Ty) of crosslinked chitosan matrix in  the nanocomposites were
determined from the TGA and DTG profiles analyzed under N, atmosphere as shown
in Fig. 4.5 (N,), while the percentages of weight loss were determined from the TGA
profiles analyzed under air zero atmosphere as shown in Fig. 4.5 (O,). Similar trend
of thermal behavior was observed in all nanocomposites, in which the major stage of
decomposition of these nanocomposites occurred at the T4 in the range of 222.8-
255.6°C with 14-20% weight loss as summarized in Table 4.2.

This thermal event was considered to be the cleavage of glucosidic linkages
of crosslinked chitosan matrix via dehydration and deamination reactions [15]. The
T4 value of CS0.3/I0-HT125 nanocomposite shifted to the lower value than those of
the CS0.3/I0-HT75 and CS0.3/I0-HT100 nanocomposites. It was considered to be
because the higher hydrothermal reaction temperature, the higher swelling capacity
of crosslinked chitosan might be obtained, promoting the growth of magnetite-
maghemite nanocrystals and weakening the crosslinked = structure of chitosan
network. Besides, the percentage of residuals in those nanocomposites were in the
range of 70-75% weight, indicating the quantities of iron oxide nanocrystals formed
in the nanocomposites and trace of phosphorus from the TPP crosslinker. Besides,
the percentages of water and organic solvent in these nanocomposites were in the

range of 10-11%.
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Figure 4.5 TGA and DTG thermograms of (a) CS0.3/I0-HT75, (b) CS0.3/I10-HT100 and

(c) CS0.3/10-HT125 nanocomposites under N, and air zero atmospheres



Table 4.2 TGA, DSC, VSM and cell viability of CS/IO nanocomposites synthesized by

in-situ synthesis

TGA DSC VSM

Weight

Cell
Sample T loss Residual T AH Mmax My H. |viability

O at T, (9%)** €O | e (emu/g)|(emu/9)|(0e) %0

(%)**
IO-HT 100 - - - - - 53.3 1.0 7.8 68
CS 0.3/I0-HT 75 253.2 20 70 189.6 | 117.7 7.0 0 0 n/a
cs ofdhT reo 2015 | pge 71| 1905 | 1362 | 9.6 0 0 | o
CS 0.3/I0-HT 100 255.6 14 75 185.3 | 194.0 14.5 0 0 82
CS 0.4/I0-HT 100 241.6 16 74 184.4 | 164.5 | 13.6 0 0 95
dlon. D oiised o 72118997 15391 140 |- 0 | 0 | o
ANCrr 152 [ 1S 71 | 1743 | 2029 | 143 0 0| o3
cs MNGRT 105 222 R\, T 72 |1868 | 1399 | 150 | 0 | 0 | o
CS 0.2/10-R 220.9 18 70 183.6 | 183.6 7.2 0 0 72
CS 0.3/I0-R 254.9 17 73 183.1 | 1933 | 14.2 0 0 75
CS 0.4/10-R 259.0 19 69 180.7 | 202.9 11.0 0 0 75
CS 0.5/I0-R 223.1 19 69 185.1 | 179.2 9.7 0 0 57
CS 0.6/10-R 256.2 20 69 176.3 | 165.0 10.3 0 0 90

* T4 values of chitosan were determined from TGA profiles under N,.

** Weight losses at Ty and residual were determined from the TGA profiles under air

zero. The remaining fraction out of the weight loss at T4 and residual was considered

to be the amount of water and organic solvent.
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Fig. 4.6 shows the DSC thermograms of CS0.3/I0-HT75, CS0.3/I0-HT100 and
CS0.3/I0-HT125 nanocomposites. It was found that the endothermic peaks observed
in all samples were in the range of 185.3-189.6°C, corresponding to the melting
temperatures (T,,) of crosslinked chitosan [24]. The T,, values were slightly different
on each samples, it might be because all samples were synthesized by using the

same concentration of TPP crosslinking agent. It was, however, the values of

enthalpy of fusion (AH) were significantly varied in the range of 117.7-194.0 J/g as

summarized in Table 4.2.

T Endothermic

T=189.6°C
AH=117.7J/g

, T=
(2) €S 0.3/10-HT 75 A

T=1853°C
AH=194.0T/g

(b) €5 0.3/10-HT 100

T=186.8°C

(c) CS0.3A0-HT 125 Al3307 15

T
25 500 75 100 125 150 175 200 225 250 ZF5 300 325 350 375 400

Temperature (°C)

Figure 4.6 DSC thermograms of (a) CS0.3/I0-HT75, (b) CS0.3/I10-HT100 and
() CS0.3/I0-HT125 nanocomposites

The AH value of CS0.3/I0-HT100 nanocomposite was higher than that of
CS0.3/I0-HT75 nanocomposite.  This result was considered to be the effect of
different hydrothermal reaction temperature resulted in the formation of different

crystalline phases of iron compounds in these nanocomposites as described
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previously. The presence of irregular quasi-spherical magnetite-maghemite
nanocrystals regularly distributed in the crosslinked chitosan and/or the interaction

between O° of magnetite-maghemite and the free NH3+ of chitosan could enhance

the thermal stability of CS0.3/I0-HT100 nanocomposite. In contrast, the AH value of
CS0.3/10-HT125 nanocomposite was significantly lower than that of CS0.3/I0-HT100
nanocomposite.  These results insisted the weakening of crosslinked chitosan
structure when the reaction temperature was increased to 125°C as discussed in the
TGA results.

These results suggested that all nanocomposites had a similar thermal
behavior trend. The major decomposition of crosslinked chitosan matrix in these
nanocomposites occurred at the Ty in the range of 222.8-255.6°C with 14-20%
weight. The residual, 70-75% weight, was considered to be the components of iron
oxide nanocrystals and trace of phosphorus from the TPP crosslinker. Besides, the
presence of irregular quasi-spherical magnetite-maghemite nanocrystals uniformly
distributed in the crosslinked chitosan could enhance thermal stability in the
CS0.3/I0-HT100 nanocomposite due to the interaction between 0 of magnetite-
maghemite and the free NH3+ of chitosan. However, the thermal stability decreased

when the reaction temperature was increased to 125°C because of the weakening of

crosslinked  chitosan  structure as shown in the lower T4 and AH value in the

CS0.3/I10-HT125 nanocomposite.

® Magnetic properties

Fig. 4.7 shows the VSM curves of CS0.3/I0-HT75, CS0.3/I0-HT100 and
CS0.3/10-HT125 nanocomposites. It can be seen that the maximum magnetization
(Mmay) Value of CS0.3/I0-HT75 nanocomposite was about 7 emu/g. This low M.
value was considered to be because of the existence of non-magnetic phases of
goethite and feroxyhite. Therefore, its magnetic characteristic was considered to be
weak antiferromagnetic.

The Mpa Values of CS0.3/I0-HT100 and CS0.3/I0-HT125 nanocomposites
possessed the magnetite-maghemite phases were significantly higher than that of the
CS0.3/I0-HT75 nanocomposite, i.e. 14.5 and 15 emu/g, respectively, with zero

coercivity (HJ) and magnetic remanence (M,), as shown in Table 4.2. These results
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indicated that the M, values increased with the increase of size of iron oxide
nanocrystals.  Moreover, the obtained iron oxide nanocrystals had the single
magnetic domain structure with the superparamagnetic behavior due to their particle
sizes that were less than the superparamagnetic critical diameter of both magnetite
and maghemite, which they were about 12 nm for magnetite and 20 nm for
maghemite.

The hysteresis curves obtained from CS0.3/10-HT100 and CS0.3/I0-HT125
nanocomposites revealed that their magnetic characteristics were superparamagnetic.
However, the M, values of these nanocomposites were lower than I0-HT100
nanoparticles, in which it was 53.3 emu/g. It was considered that the large reduction
of Mpmay Values occurred due to the significant decrease of the size of iron oxide

nanoparticle [56, 61-65].
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Figure 4.7 VSM curves of (a) CS0.3/I0-HT75, (b) CS0.3/I0-HT100 and (c) CS0.3/10-

HT125 nanocomposites
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4.2.2 Effect of synthesis method and the initial concentration of TPP solution
The heat treatment methods for synthesis of chitosan/iron oxide
nanocomposites, i.e. hydrothermal and refluxing, exhibited the different effects on
crystal growth in the nanocomposites. The hydrothermal method was carried out
under the pressurized system, in which it could promote the formation reaction of
iron oxide nanocrystals; however, it could destroy the crosslinked chitosan structure.
Besides, the initial concentration of TPP solution led to the various crosslinking
densities in crosslinked chitosan templates. These results affected the properties of

chitosan/iron oxide nanocomposites, especially their thermal stabilities.

® Crystal structure and morphology

Fig. 4.8 shows the XRD patterns of CS/IO nanocomposites hydrothermally
synthesized from the chitosan/ Fe”Fe’ precursors - crosslinked by different TPP
concentrations, i.e. 0.2 %w/v (CS0.2/I10-HT100), 0.3 %w/v (CS0.3/I0-HT100), 0.4 %w/v
(CS0.4/10-HT100), 0.5 %w/v (CS0.5/10-HT100) and 0.6 %w/v (CS0.6/I0-HT100). Fig.
4.9 shows the XRD patterns of CS/IO nanocomposites synthesized by refluxing
method from the chitosan/ Fe Fe precursors crosslinked by the similar TPP
concentrations, i.e. 0.2 %w/v (CS0.2/10-R), 0.3 %w/v (CS0.3/I0-R), 0.4 %w/v (CS0.4/10-
R), 0.5 %w/v (CS0.5/10-R) and 0.6 %w/v (CS0.6/I0-R).
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Figure 4.8 XRD patterns of (a) CS0.2/10-HT100, (b) CS0.3/10-HT100, (c) CS0.4/10-

HT100, (d) CS0.5/10-HT100 and (e) CS0.6/I0-HT100 nanocomposites
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Figure 4.9 XRD patterns of (a) CS0.2/I0-R, (b) CS0.3/I0-R, (c) CS0.4/10-R, (d) CS0.5/10-R
and (e) CS0.6/10-R nanocomposites

The XRD patterns revealed that the magnetite and maghemite in these
nanocomposites were main crystalline phases of iron oxide corresponded to the
JCPDS No0.19-0629 and JCPDS No.04-0755, respectively. The crystalline peaks were
noticeably broadened due to the formation of very small magnetite-maghemite
nanocrystals in crosslinked chitosan matrix. ~ The average crystallite sizes of
magnetite-maghemite nanocrystals of CS/IO nanocomposites synthesized by
hydrothermal and refluxing methods, in which they were calculated from the (311)
peak, were in the range of 3.9-4.3 nm and 2.8-3.9 nm, respectively, as shown in
Table 4.1. It can be seen that the TPP concentration used in the in-situ preparation
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had no significant effect on the crystalline phases of iron oxide nanocrystals obtained
in the nanocomposites; however, it showed the effect on the average crystallite size
of iron oxide nanocrystals. Fig. 4.10 shows the relationship between the average
crystallite sizes of iron oxide (I0) nanocrystals in the CS/IO nanocomposites
calculated from the (311) peak and the varied TPP concentrations used in the
synthesis. The average crystallite sizes of iron oxide nanocrystals in CS/IO-HT and
CS/IO-R samples represented the sizes of iron oxide in the nanocomposites
synthesized using hydrothermal and refluxing methods, respectively. The average
crystallite sizes of CS/IO-R samples tended to decrease with the increase of TPP
concentrations, in which it was considered to be the effect of TPP concentration on
the crosslinking density of chitosan matrix.  Besides, the average crystallite sizes of
magnetite-maghemite nanocrystals of CS/IO-HT samples were bigger than those of
CS/IO-R samples.  These results were because the pressurized system of
hydrothermal method could promote the nucleation and growth of iron oxide

nanocrystals to be greater than those in the refluxing method.
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Figure 4.10 Relationship between the average crystallite sizes of iron oxide (I0)
nanocrystals in CS/I0 nanocomposites synthesized using hydrothermal
method (CS/IO-HT) and refluxing method (CS/IO-R) and TPP

concentrations used in the synthesis

61



Fig. 4.11 shows the TEM images of (CS0.2/I0-HT100, CS0.3/I0-HT100,
CS0.4/10-HT100, CS0.5/10-HT100 and CS0.6/10-HT100 nanocomposites while Fig. 4.12
shows the TEM images of CS0.2/I0-R, CS0.3/10-R, CS0.4/10-R, CS0.5/10-R and CS0.6/10-
R nanocomposites. All nanocomposites were composed of the irregular quasi-
spherical nanocrystals dispersed in the crosslinked chitosan matrix.  These
nanocrystals were considered to be corresponded to the cubic inverse spinel and

cubic tetragonal structures of magnetite and maghemite, respectively.

Figure 4.11 TEM images of (a) CS0.2/I0-HT100, (b) CS0.3/10-HT100, (c) CS0.4/10-
HT100, (d) €S0.5/I0-HT100 and (e) CS0.6/I0-HT100 nanocomposites
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Figure 4.12 TEM images of (a) CS0.2/I0-R, (b) CS0.3/10-R, (c) CS0.4/10-R, (d) CS0.5/10-
R and (e) €S0.6/10-R nanocomposites

The average particle sizes of magnetite-maghemite nanocrystals of CS/IO
nanocomposites synthesized by hydrothermal method were quite similar in all
nanocomposites, in which they were in the range of 4.1-4.3 nm while those of CS/IO
nanocomposites synthesized by refluxing method were different, in which they were
in the range of 3.1-3.8 nm as summarized in Table 4.1. It was considered to be
because the pressurized system of hydrothermal method brought about the
distortion of crosslinked chitosan network; therefore, it cannot be obviously seen the
effect of TPP concentration on the size of magnetite-maghemite nanocrystals.
Besides, it can be seen the average particle sizes of magnetite-maghemite
nanocrystals of CS/IO nanocomposites synthesized by hydrothermal method were
bigger than those of CS/IO nanocomposites synthesized by refluxing method. Fig
4.13 shows the relationship between the average particle sizes of iron oxide
nanocrystals obtained from TEM images of CS/IO nanocomposites synthesized using
hydrothermal method (CS/IO-HT) and refluxing method (CS/IO-R) and TPP
concentrations. The average particle sizes of CS/IO-R samples tended to decrease
with the increase of TPP concentration because of the effect of crosslinking density

of chitosan matrix. Besides, the average crystallite sizes of iron oxide of CS/IO-HT
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samples were bigger than those of CS/IO-R samples. These results were in
agreement with the XRD results, in which it was because the pressurized system of
hydrothermal method could promote the nucleation and growth of iron oxide
nanocrystals.  In contrast, it cannot be obviously seen the effect of TPP
concentration on the shape of magnetite-maghemite nanocrystals. Those of all
nanocomposites were in agreement with their average crystallite sizes from the XRD
data. Besides, the SAED pattern of the CS0.6/I0-HT100 sample as the ring pattern as
shown in Fig. 4.14. Thus, it can be concluded that the magnetite-maghemite might
form as polycrystals in the chitosan matrix.

These results indicated that the heat treatment conditions and the initial
TPP concentrations used in the in-situ preparation had no significant effect on the
crystalline phases and shapes of iron oxide nanocrystals. All nanocomposites were
composed of irregular spherical magnetite-maghemite nanocrystals dispersed in the
crosslinked chitosan matrix. ~However, the pressurized system of hydrothermal
method brought about greater nucleation and growth of iron oxide nanocrystals than
the refluxing method.  Besides, the average crystallite size decreased as TPP
concentration increased because the TPP concentration affected the crosslinking

density of chitosan matrix.
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Figure 4.13 Relationship between the average particle sizes of iron oxide (IO)
nanocrystals in CS/I0 nanocomposites synthesized using hydrothermal
method  (CS/IO-HT) and refluxing method (CS/IO-R) and TPP

concentrations used in the synthesis

Figure 4.14 Electron diffraction of CS0.6/I0-HT100
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® Thermal properties

TGA and DTG thermograms of (CS0.2/I0-HT100, CS0.3/I0-HT100, CS0.4/10-
HT100, CS0.5/10-HT100 and CS0.6/10-HT100 nanocomposites analyzed under N, and
air zero atmosphere were shown in Fig. 4.15(N,) and 4.15(0,), respectively. While
TGA and DTG thermograms of CS0.2/I0-R, CS0.3/I0-R, CS0.4/10-R, CS0.5/10-R and
CS0.6/10-R nanocomposites analyzed under N, and air zero atmosphere were shown
in Fig. 4.16(N,) and 4.16(0,), respectively. It can be seen from the summarized data
in Table 4.2 that all nanocomposites exhibited the similar trend of thermal
behaviors. The T4 values of CS/IO nanocomposites synthesized by hydrothermal and
refluxing method, in which they were in the range of 233.8-261.5°C and 220.9-
259.0°C, respectively. Fig. 4.17 shows the relationship between the decomposition
temperatures  of chitosan (Tg) in CS/I0  nanocomposites synthesized using
hydrothermal method (CS/IO-HT) and refluxing method (CS/IO-R) and TPP
concentrations. - The Ty values of CS/IO-HT samples tended to decrease with the
increase of TPP concentration. However, The Ty values of CS/IO-R samples were
fluctuated because the higher TPP concentration promoted the greater difference in
crosslinking density of chitosan in the CS/IO-R samples.

The percentages of weight loss of chitosan matrix were in the range of 13-
20%; therefore, the percentages of iron oxide were in the range of 69-75%. These
results sugeested that the in-situ preparation of chitosan/ Fe’'Fe™* precursor using
different TPP concentrations resulted in the similar content of Fe’ Fe’  ions
swallowed into the crosslinked chitosan network; therefore, the compositions of
resultant nanocomposites were quite similar. This result did not show any significant
data about the effect of synthesis method on the thermal behavior of resultant

nanocomposites.
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Figure 4.17 Relationship between the decomposition temperatures of chitosan (Ty)
in CS/I0 nanocomposites  synthesized using hydrothermal method
(CS/IO-HT) and refluxing method (CS/IO-R) and TPP concentrations used

in the synthesis

Fig. 4.18 shows the DSC profiles under N, atmosphere of CS0.2/I0-HT100,
CS0.3/10-HT 100, CS0.4/10-HT100, CS0.5/10-HT100 and CS0.6/10-HT100
nanocomposites. It can be seen that the T,, values of crosslinked chitosan matrix in
these nanocomposites were in the range of 184.4-190.5°C as summarized in Table
4.2, in which they slightly changed when the TPP concentrations were increased from

0.2 to 0.5 %w/v. However, the CS 0.2/I0-HT100 nanocomposite showed the lowest
AH value, that is 136.2 J/s.

The AH value significantly increased to 194.0 J/g when the TPP
concentration was increased from 0.2 to 0.3 %w/v in the CS0.3/I0-HT100

nanocomposite, attributing to the increase of degree of crosslinking. It was, however,
the AH values decreased when the TPP concentration was increased from 0.3 to 0.4
and 0.5 %w/v, and then the AH values again increased when the TPP concentration

was increased to 0.6 %w/v. The fluctuation of AH values was considered to be

owing to the increase pH of in-situ preparation by increasing the TPP concentration.
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Figure 4.18 DSC thermograms of (a) CS0.2/10-HT100, (b) CS0.3/I0-HT100, (c) CS0.4/10-
HT100, (d) CS0.5/10-HT100 and (e) CS0.6/I0-HT100 nanocomposites

The TPP crosslinker normally dissociated into hydroxide and phosphoric ions
at high pH values, in which they can rapidly interact with the ~NH," groups of
chitosan, resulting in the formation of crosslinked chitosan particles. The higher TPP
concentration, the faster crosslinking and then the higher difference of crosslinking
density between the outer surface and the inner bulk of nanocomposite particles

were obtained, leading to the non-uniform crosslinked network. The formation of
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non-uniform crosslinked chitosan network could evidentially observe as the broad
DSC peak and the shift of T,, value to 174.3°C corresponded to the T,, of crosslinked
chitosan with the absence of iron oxide nanocrystals were obtained in the CS 0.6/10-
HT100 nanocomposite as shown in Fig. 4.18(e) [37, 66].

Fig. 4.19 shows the DSC profiles under N, atmosphere of (a) CS0.2/I0-R, (b)
CS0.3/10-R, (c) €S0.4/10- R, (d) CS0.5/10-R and (e) CS0.6/10-R nanocomposites. The T,
values in these nanocomposites were in the range of 180.7-185.1°C as summarized

in Table 4.2. The thermal properties of nanocomposites of refluxing method were

slightly lower than those of hydrothermal method. The AH values significantly
increased to 202.9 J/¢ when the TPP concentration was increased from 0.2 to 0.4

%w/v in the CS0.4/10-R nanocomposite due to the increase of degree of crosslinking.

However, the AH values decreased when the TPP concentration was increased from
0.4 to 0.6 %w/v.  Moreover, the T, value of the CS0.6/I0-R nanocomposite
decreased to 176.3°C. ~ These results insisted the formation of non-uniform
crosslinked chitosan network. The higher TPP concentration, the faster crosslinking
occurred, resulting in the greater difference in crosslinking density of chitosan in the

CS0.6/10-R nanocomposite.
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Figure 4.19 DSC thermograms of (a) CS0.2/10-R, (b) CS0.3/10-R, (c) CS0.4/10- R,
(d) CS0.5/10-R and (e) CS0.6/10-R nanocomposites

These results showed that the fluctuation of T4 and AH values in the CS/10
nanocomposites synthesized wusing hydrothermal and refluxing methods was
considered to be because the higher TPP concentration promoted the higher
difference of crosslinking density. The non-uniform crosslinked network formed in
the nanocomposites. Besides, the thermal properties of hydrothermal
nanocomposites were superior to those of refluxing nanocomposites because of the
slightly larger proportion of iron oxide nanocrystals in the hydrothermal CS/IO

nanocomposites.
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® Magnetic properties

Fig. 4.20 shows the VSM curves of CS0.2/I0-HT100, CS0.3/I0-HT100, CS0.4/10-
HT100, CS0.5/10-HT100 and CS0.6/10-HT100 nanocomposites, while Fig. 4.21 shows
the VSM curves of CS0.2/10-R, CS0.3/I0-R, CS0.4/10-R, CS0.5/I10-R and CS0.6/10-R
nanocomposites. It can be seen that the hysteresis curves of these nanocomposites
revealed their superparamagnetic behavior with zero coercivity and magnetic
remanence, in which their magnetic properties were summarized in Table 4.2.

The (€S0.2/10-HT100 and CS0.2/10-R nanocomposites possessed the low
Mmax Values of about 9.6 and 7.2 emu/g, respectively, in which it was because the
deficiency of TPP resulted in the presence of free —NH3+ groups of chitosan. The free
—NH3+ group could interact with iron oxide nuclei, resulting in the inhibition of

formation and growth of some iron oxide nuclei [56].
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Figure 4.20 VSM curves of (a) CS0.2/I0-HT100, (b) CS0.3/10-HT100, (c) CS0.4/10-HT100,
(d) CS0.5/10-HT100 and (e) CS0.6/I0-HT100 nanocomposites
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Figure 4.21 VSM curves of (a) CS0.2/10-R, (b) CS0.3/I0-R, (c) CS0.4/10-R, (d) CS0.5/I0-R
and (e) €S0.6/10-R nanocomposites

The M, Values significantly increased about 14 emu/g in the CS0.3/10-
HT100, CS0.4/10-HT100,  CS0.5/10-HT100,  CS0.6/I0-HT100 ~and  CS0.3/I0-R
nanocomposites; however, they decrease to the range of 10-11 emu/g in the
CS0.4/10-R, CS0.5/10-R" and  CS0.6/I10-R  nanocomposites. ~ Fig. 4.22 shows the
relationship between the average particle sizes of iron oxide nanocrystals in CS/I0
nanocomposites synthesized using hydrothermal and refluxing method and the
highest M., Value of each size. The M. values of CS/IO nanocomposites tended
to increase with the increase of particle size of iron oxide nanocrystals. Moreover,
the obtained magnetite-maghemite nanoparticles of CS/IO nanocomposites had the
single magnetic domain structure with the superparamagnetic properties because
their particle size was below the superparamagnetic critical diameter of both

magnetite (12 nm) and maghemite (20 nm).
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Figure 4.22 Relationship between the average particle sizes of iron oxide (I0)
nanocrystals in CS/I0 nanocomposites synthesized using hydrothermal
and refluxing method and the highest maximum magnetization (M) of

each size

In the in-situ synthesis, the very small particle size of magnetite-maghemite
nanocrystals in all CS/IO nanocomposites were caused by the constraining effect of
the crosslinked chitosan network on the growth of the nanocrystals. The magnetite-
maghemite nanocrystals in all CS/IO nanocomposites possessed the irregular
spherical shape with the particle size of 3.1-4.4 nm. Besides, the magnetite-
maghemite nanocrystals decreased in crystallite size with an increase of the
crosslinking density in the CC templates: the CS/IO nanocomposites crosslinked by
0.3 %w/v TPP resulted in magnetite-maghemite nanocrystals with the smallest
average crystallite size, 3.9 nm. The high proportions of iron oxide in all CS/IO
nanocomposites were in the range of 69-75%, while the proportions of chitosan
matrix were in the range of 13-20%. The (CS0.3/I0-HT100 nanocomposites
synthesized using 0.3 %w/v TPP concentration and treated by hydrothermal method
at 100°C had an average particle size of 3.9 nm and M., value of 14.5 emu/g with
the highest degree of crosslinking. The resultant nanocomposites have the potential

to be further developed for hyperthermia application.
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4.3 Adsorption synthesis of CC/IO nanocomposites

In the adsorption preparation of the chitosan/iron oxide nanocomposites,
the chitosan solution was mixed with TPP solution, resulting in the crosslinked
chitosan (CC) template. Then the CC template was soaked in the mixture of iron
solutions with stirring. The crosslinked chitosan swelled and adsorbed Fe”" and Fe’'
ions in the 3D network of CC template. The Fe”'/Fe”" ions reacted with hydroxide
ions in the free volume of the crosslinked chitosan template as shown in Fig 4.23.

The nucleation and growth of iron oxide nanoparticles embedded in
crosslinked chitosan templates were considered to minimize oxidation and increase
dispersion, hence improving the superparamagnetic characteristics of the resultant
nanocomposites. Moreover, the constrained swelling of crosslinked chitosan could
limit the amount of adsorbed iron ions, resulting in a high proportion of chitosan
matrix in the nanocomposites. For hyperthermia applications, a large proportion of
the chitosan matrix could be loaded or functionalized by medicinal substances for
cancer treatment. As a result, the nanocomposites could be used as hybrid

materials with specificity to the target organ.
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Figure 4.23 The adsorption preparation of the chitosan/iron oxide nanocomposites
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4.3.1 Effect of TPP concentration on CHI templates

The effect of TPP concentrations on crosslinked structures of CC templates

were analyzed from DSC thermograms.

Fig. 4.24 shows the DSC thermograms of

CC0.3, CCO0.4, CCO.5 and CCO.6 templates obtained by using TPP concentrations of

0.3, 0.4, 0.5 and 0.6 %w/v, respectively. The melting temperatures (T ) of the CC

templates were in the range of 158.3-178.5°C, corresponded to the crosslinked

chitosan.
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Figure 4.24 DSC thermograms of (a) CC0.3, (b) CC0.4, (c) CC0.5 and (d) CCO.6

templates
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The melting enthalpy (AH,,) values of the CC templates were considered to
be related to the crosslinking density of chitosan. It can be seen that the T, values
of CC0.3, CC0.4 and CCO.5 templates were almost similar, however, their AHm values
significantly increased with the increasing of TPP concentration used in the
preparation of CC templates from 0.3 to 0.5 %w/v. The higher TPP concentration

induced the higher dissociation of phosphoric and hydroxide ions, therefore, these

ions speedily interacted with the -NH,™ groups of chitosan for crosslinking, resulting
in the higher crosslinking densities. In the opposite direction, the Tm and AHm
values of CCO0.6 template drastically decreased when the TPP concentration was
increased to 0.6 %w/v. This result was considered to be because the rapid
crosslinking immediately occurred when the droplets of chitosan solution were
added to very high TPP concentration, resulting in the difference of crosslinking
density between the outer surface and inner bulk of chitosan. Therefore, the CC0.6
template formed as non-uniform crosslinked chitosan, in which it can be evidentially
shown as the broad endothermic peak around 158°C.

In addition, all samples showed the exothermic change at the temperature
ranging from 226.4 to 232.1°C, in which it was related to the decomposition of free
amine units in chitosan [66]. It was, therefore, the decomposition enthalpy (AH,) was
corresponded to the number of free amine groups of chitosan. These AH, values
were fluctuated by increasing the TPP concentrations. The AH, value of CCO0.6
templates was higher than those of CC0.3, CC0.4 and CCO.5 templates. It was
considered to be because the higher quantity of free amine groups of chitosan and
lower crosslinking density were obtained in the CC0.6 template. These results
insisted that the usage of high TPP concentration created a gradient crosslinking
between the outer surface and inner bulk of chitosan, resulting in the non-uniform
crosslinked density and high quantity of free amine groups of CC templates as
obviously observed in the CC0.6 sample [37]. It was, therefore, the CC templates
prepared by using TPP concentrations of 0.3, 0.4 and 0.5 %w/v would be further used

as the precursors for the preparation of CC/IO nanocomposites.
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4.3.2 Effect of synthesis method and the initial concentration of TPP solution
on CC/IO nanocomposites
In the adsorption method for preparation of the CC/IO nanocomposites, the
constrained swelling of crosslinked chitosan could limit the particle sizes and amount
of magnetite-maghemite nanocrystals in the nanocomposites. Higcher TPP
concentration could promote higher crosslinking density and non-uniform crosslinked
structure, leading to varying particle sizes of iron oxide nanocrystals in the CC/IO
nanocomposites. The different particle sizes of iron oxide nanocrystals influenced
the interfacial interaction between the nanocrystals and CC templates, resulting in
varying thermal stability. Besides, the pressurized hydrothermal reaction system
could induce the turbulent movement of materials within the system. The iron
oxide precursors might partially migrate from the CC template during the nucleation
and growth of the nanocrystals and then hydrothermally reacted in the solution
media. This phenomenon could promote the different particle sizes of iron oxide

nanocrystals, resulting in the fluctuation of thermal stability of the nanocomposites.

® Crystal structure and morphology

Fig. 4.25 shows the XRD patterns of CC0.3/I0-HT100, CC0.4/I0-HT100 and
CC0.5/10-HT100 nanocomposites, while Fig. 4.26 shows the XRD patterns of CC0.3/I0-
R, CC0.4/10-R and CCO.5/I0-R nanocomposites. The main characteristic peaks of all
CC/I0 nanocomposites synthesized using reflux and hydrothermal methods were

corresponded to the overlapping peaks of crystalline phases of magnetite (Fe;0,)

(JCPDS No.19-0629) and maghemite (Y-Fe,0,) JCPDS No.04-0755). The asymmetrical
shoulder observed around 20~35.5°was considered to be due to the concomitant

presence of the magnetite and maghemite phases in the CC/IO nanocomposites. The
formation of magnetite occurred from the reaction of Fe?t/Fe3t fons and the

hydroxide ions (OH") of strong basic solution, producing the magnetite nanocrystals.
However, the magnetite phase might be oxidized further to maghemite resulting in
the biphasic iron oxide nanocrystals. The crystallite sizes (Dyg,) of magnetite-
maghemite nanocrystals in the CC/IO nanocomposites were calculated from the (311)
peak (20=35.6°) using the Scherrer equation with K = 0.9. It was found that the D5,

values were in the range of 11-14 nm as summarized in Table 4.3.
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The magnetite-maghemite nanocrystals grew and embedded in the restricted
free volume among the crosslinked structure of CC templates, leading to the finite
particle sizes of magnetite-maghemite nanocrystals. It was, therefore, the CC
templates positively impacted on the growth of magnetite-maghemite nanocrystals

with the small particle sizes and the narrow size distribution [67].
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Figure 4.25 XRD patterns of (a) CC0.3/I0-HT100, (b) CC0.4/10-HT100, (c) CCO.5/10-
HT100 and (d) CC0.6/I0-HT100 nanocomposites
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Figure 4.26 XRD patterns of (a) CC0.3/I0-R, (b) CC0.4/10-R, (c) CCO.5/I0-R and (d)

CC0.6/10-R nanocomposites
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Table 4.3 Parameters used for adsorption synthesis of CC/IO nanocomposites and

their XRD and TEM data

Sample Synthesis conditions XRD TEM
Avg. size
% TPP Heating T Diz1)™
Phase Shape of IO | of I0***
(%w/v) method (°Q) (nm)
(nm)
Fe O,/
CCO.3/I0-HT100 | 03 | Hydrothermal | 100 |~ | 14.0 | Quadrilateral| D 10.9
Y-Fe,O5
Fe;04/
CC0.4/10-HT100 | 0.4 Hydrothermal | 100 11.7 | Quadrilateral D 10.7
Y-Fe,O5
CC0.5/10-HT100 Fe;0,,/
0.5 Hydrothermal | 100 11.3 | Quadrilateral D 13.1
Y-Fe,04
Fe;0,,/
CCO0.3/I10-R 0.3 Reflux 100 12.4 | Quadrilateral D 10.3
Y-Fe,O4
Fez0,/
CC0.4/10-R 0.4 Reflux 100 11.2 | Quadrilateral D 135
Y-Fe,05
Fes0,,/
CC0.5/10-R 0.5 Reflux 100 14.1 | Quadrilateral D125
Y-Fe,O5

*T was the temperature of heating method.
**Dy311) was calculated by Scherrer equation.

***0 nanocrystals size was analyzed by ImageJ software.
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The TEM images and particle size distributions of CC0.3/I0-HT100, CC0.4/10-
HT100 and CC0.5/I0-HT100 nanocomposites are shown in Fig. 4.27, while those of
CCO0.3/10-R, CC0.4/10-R and CC0.5/I0-R nanocomposites are shown in Fig. 4.28. The
microstructures of all nanocomposites were observed as the quadrilateral
nanocrystals of magnetite-maghemite embedded in the CC templates. These
nanocrystals were associated with the cubic inverse spinel structure of magnetite and
the cubic tetragonal structure of maghemite, inferred from the XRD patterns. Some
researches [68-69] reported that the magnetite nanoparticles treated by refluxing
method had the outstanding cubic morphology with a board size in the range of 9-80
nm. Besides, maghemite nanoparticles treated by hydrothermal method had the
quadrilateral shape with an average size of 11 nm. However, the 10 nanoparticles in
this study were corresponded to the quadrilateral nanocrystals of magnetite-

maghemite embedded in the CC templates synthesized using adsorption synthesis.
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Figure 4.27 TEM patterns and particle size distribution (PSD) of (a) CC0.3/I0-HT100,
(b) CC0.4/10-HT100 and (c) CCO.5/I0-HT100 nanocomposites
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Figure 4.28 TEM patterns and particle size distribution (PSD) of (a) CCO0.3/I0-R,
(b) CCO.4/10-R and (c) CCO.5/I0-R nanocomposites

The average sizes of magnetite-maghemite nanocrystals measured from the
TEM images were in the range of 10-14 nm as shown in Table 4.3, in which they were
in agreement with their average crystallite sizes from XRD data. The magnetite-
maghemite nanocrystals in the particle size distribution of the CC0.3/I0-HT100,
CC0.4/10-HT100 and CC0.5/I0-HT100 nanocomposites showed the primary size in the
range of 4-16, 4-20 and 8-16 nm, respectively. Meanwhile, the magnetite-
maghemite  nanocrystals inthe CC0.3/I0-R, CC0.4/10-R and  CCO0.5/10-R
nanocomposites were found to be primarily in the range of 8-12, 8-16 and 8-20 nm,
respectively. Besides, the size distributions of magnetite-maghemite nanocrystals
synthesized by hydrothermal and refluxing methods became wider when the TPP
concentration was increased. These findings were attributed to the fact that higher
TPP concentrations promoted faster crosslinking, which resulted in greater difference
in crosslinking density between the outer surface and the inner bulk of
nanocomposite particles, leading to the non-uniform crosslinked network.

These findings indicated that the synthesis conditions used, as well as the
initial TPP concentration used in the adsorption method, had no obvious effect on
the crystalline phases and shapes of iron oxide nanocrystals. The quadrilateral
magnetite-maghemite nanocrystals of all CC/IO nanocomposites grew and embedded
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in the restricted free volume of the CC templates, leading to the finite particle sizes
of the nanocrystals. This effect led to the positive impact on the growth of
magnetite-maghemite nanocrystals with small particle sizes and narrow size
distributions. However, their size distributions were wider when the TPP

concentration increased due to the presence of non-uniform crosslinked structure.

® Thermal properties

TGA and DTG curves of CC0.3/I0-HT100, CC0.4/I0-HT100 and CC0.5/10-HT100
nanocomposites are shown in Fig. 4.29, while those of CC0.3/I0-R, CC0.4/I10-R and
CC0.5/I10-R nanocomposites are shown in Fig. 4.30. The TGA and DTG analysis under
N, atmosphere was used to determine the decomposition temperatures (Ty) of CC
template as shown in Fig. 4.29(N,) and 4.30(N,), while the analysis under air zero
atmosphere was used to quantify the relative crosslinked chitosan and iron oxide in

the nanocomposites as shown in Fig. 4.29 (O,) and 4.30(0,).
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Figure 4.29 TGA and DTG thermograms of (a) CC0.3/I10-HT100, (b) CCO0.4/10-HT100
and (c) CC0.5/I0-HT100 nanocomposites under N, and air zero

atmosphere
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Figure 4.30 TGA and DTG thermograms of (a) CC0.3/I0-R, (b) CC0.4/10-R and (c)

CCO0.5/10-R nanocomposites under N, and air zero atmosphere
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The CC/IO nanocomposites synthesized by hydrothermal method showed
similar thermal events as shown in Fig. 4.29(N,). There are two major stages of
degradations at Ty, and Ty, related to the degradation of CC templates. The Ty,
value of the first degradation stage in all nanocomposites corresponded to the
breaking of glucoside linkage [15] was observed in the range of 252.9-264.5°C - see
Table 4.4. Fig. 4.31 shows the changes of the 1" decomposition temperature (Ty;)
and the 2" decomposition temperature (Tg,) of CC templates in CC/IO
nanocomposites with the varing TPP concentrations used in the hydrothermal
synthesis.  The Ty value tended to significantly decrease when the TPP
concentrations were increased from 0.3 to 0.4 and 0.5 %w/v. These results were
considered to be because the higher TPP concentration led to the higher crosslinking
between chitosan chains and TPP crosslinker and then the hydrogen bonding of
chitosan chains decreased. The decreasing of hydrogen bonding brought about the

lower degradation temperature.
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Figure 4.31 Changes of the 1" decomposition temperature (Tyy) and the 2"

decomposition  temperature  (Ty;) of CC  templates in  CC/IO
nanocomposites with the varying TPP concentrations used in the

hydrothermal synthesis
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The second degradation stage was observed at the Ty, value of 424.8-
482.0°C.  This degradation temperature was considered to be caused by the
degradation of the CC templates, which interacted with the magnetite-maghemite
nanocrystals. Fig. 4.31 shows the T, value significantly increased to 482.0°C when
the TPP concentration was increased from 0.3 to 0.4 %w/v in the CC0.4/I0-HT100
nanocomposite, attributing to the increase of small particle sizes of magnetite-
maghemite nanocrystals inferred by the particle size distribution. It was, however,
the Ty, value decreased when the TPP concentration was increased from 0.4 to 0.5
%w/v. The fluctuation of Ty, values was thought to be due to higher TPP
concentration causing a non-uniform crosslinked structure, resulting in the different
particle sizes of obtained magnetite-maghemite nanocrystals.  The interfacial
interaction between the magnetite-maghemite nanocrystals and CC templates
increased when the proportion of small: particle sizes of magnetite-maghemite
nanocrystals increased, corresponding to the particle size distribution.

The thermal behavior of CC/IO nanocomposites synthesized by reflux
method, as shown in Fig. 4.30(N,), similarly occurred as those of CC/IO
nanocomposites synthesized by hydrothermal method. The Ty, values of the CC/IO
nanocomposites synthesized by refluxing method were in the range of 250.6-
256.2°C. Fig. 4.32 shows the changes of the i decomposition temperature (Ty4;) and
the 2™ decomposition temperature (Ty,) of CC templates in CC/IO nanocomposites
with the varing TPP concentrations used in the refluxing synthesis. The Ty, values
slightly decreased when the TPP concentration was increased from 0.3 to 0.5 %w/v,
attributing to the decrease of the hydrogen bonding of chitosan chains. Meanwhile,
the Ty, values tended to significantly decrease with increasing TPP concentrations,
reducing from 431.6°C to 409.2°C. These results demonstrated that increased TPP
concentration resulted in a non-uniform crosslinked network. The large particle size
of formed magnetite-maghemite nanocrystals reduced the interfacial interaction

between the nanocrystals and CC templates.
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Figure 4.32 Changes of the 1" decomposition temperature (Tyy) and the 2"
decomposition  temperature  (Tg,)  of CC  templates in  CC/IO
nanocomposites with the varying TPP concentrations used in the

refluxing synthesis

The fractions of CC templates and iron oxide in the CC/IO nanocomposites
were determined using weight losses and remaining in the TGA thermograms under
air zero atmosphere as shown in Fig. 4.29(0,) and 4.30(0,). All hanocomposites were
composed of water and organic solvent, evaporating at around 53.0-55.1°C with the
weight loss in the range of 10-15%. The large proportion calculated from the sum of
weight losses at Ty and Ty, was attributed to the chitosan quantity, in which the
large proportions in all nanocomposites were in the range of 53-67%. While
residuals ranged from 21 to 35% - see Table 4.4., representing the relative amount
of iron oxide nanocrystals and a trace of phosphorus from the TPP crosslinker.

The CCO0.4/I0-HT100 nanocomposites had the highest chitosan proportion
around 67% and the lowest iron oxide and TPP proportions around 21%. These
proportions in the CC0.4/10-HT100 nanocomposites were significantly different from
the other nanocomposites. This phenomenon was seen due to the turbulent
movement of materials in the system caused by the pressurized hydrothermal
reaction system. Therefore, the iron oxide precursors might partially migrate from
the CC0.4 template and hydrothermally reacted in the solution media. Besides, the
more proportion of small iron oxide nanocrystals in the CC0.4/10-HT100
nanocomposites might contribute the migration of iron oxide nanocrystals in the

reaction.
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Table 4.4 TGA, DSC, VSM and cell viability of CC/IO nanocomposites synthesized by

adsorption synthesis

Sample TGA DSC VSM
! Cell
Weight Weight ...
Ty, of T, Of[ T | AH,, M M H. [viabilit
CC* | loss at ccx 0ss at| 4al Ta AHy e ' (%)
) co | T | oo €O | g | €O | (g [emwNemu/e) oe)
Tar** (%) (%)
CCOO- 12645 | 31 |dz71| 28 |31 |1850| 947 [ 2057|807 | 13.1 | 01 |27 | g
HT100
CCOMMO- 12509 | 31 [ag20| 36 |21 |1854 | 104.1 | 2580|-1183| 127 | 04 [116| g
HT100
CCO5/0- | 2554 | 26 |4248/| 32 | 28 {1855 [119.9 | 2546 [-1043| 139 | 0.4 [118]

HT100

256.2 30 431.6 27 28 | 184.0 | 133.3 | 251.2 |-1295| 8.6 0 0 82
CCO0.3/I0-R

CCO.4/I0-R 252.9 28 412.3 25 35 | 183.1 | 111.6 | 249.8 |-100.2 | 15.2 0 0 81

CCO.5/I0-R 250.6 29 409.2 27 34 1 187.7 | 675 | 2494 | -959 | 148 0 0 80

* T4 values of chitosan were determined from TGA profiles under N».
** Weight losses at Ty and residuals were determined from the TGA profiles under air
zero. The remaining proportion out of the weight loss at T4 and residuals was

considered to be the amount of water and organic solvent.
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The DSC thermograms of CC0.3/I0-HT100, CC0.4/10-HT100 and CCO0.5/10-
HT100 nanocomposites are shown in Fig. 4.33.  The melting points (T,,) of CC
templates in these nanocomposites were about 185°C as summarized in Table 4.4.
These T, values were higher than the T,, of the as-prepared CC templates shown in

section 4.3.1, insisting the occurrence of interfacial interaction between magnetite-

maghemite nanocrystals and CC templates. The AH,, values of the nanocomposites
increased with the increasing of TPP concentration. Furthermore, a large exothermic
change was observed in all nanocomposites at temperatures ranging from 245.7 to
258.0°C, which occurred at a higher temperature than the precursor CC templates
and were corresponded to Ty values from the TGA data. The CC0.4/I10-HT100
sample had the highest AHy value of 1183 J/g because the smaller sizes of

magnetite-maghemite nanocrystals promoted the higher interfacial interaction

between magnetite-maghemite nanocrystals and CC templates.

T Endothermic

T=185.0°C
AH=94.7]/g
(a)cc 0.3/IO-HT1i' T =245.7°C
AH =-80.7 J/g
TEN854 4
AH=104.11J/g
(b)CC 0.4/10-HT100 T =258.0°C
AH=-118.31J/g
T-="785.52€
AH=1199J/g
(c) CC 0.5/10-HT100
T=254.6°C

Temperature (°C)

Figure 4.33 DSC thermograms of (a) CC0.3/I0-HT100, (b) CC0.4/10-HT100 and (c)
CC0.6/10-HT100 nanocomposites
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The DSC thermograms of CC0.3/I0-R, CC0.4/10-R and CCO0.5/I0-R
nanocomposites are shown in Fig. 4.34. The T,, values of CC templates in these
nanocomposites were in the range of 183.1-187.7°C as summarized in Table 4.4.
These T, values were similar to the T, of the nanocomposites synthesized by
hydrothermal method due to the presence of interfacial interaction between iron

oxide nanocrystals and CC templates in both systems. The CC0.3/I0-R had a higher

AH,, value than the CC0.4/I0-R and CC0.5/I0-R nanocomposite, in which they were
attributed to the effect of interfacial interaction of nanocrystals and CC template. As
previously mentioned, the CC0.3/I0-R nanocomposite had smaller magnetite-

maghemite nanocrystals, which tended to provide a greater interfacial interaction
with the CC0.3 template, resulting in a higher AH,, value than the others. The large

exothermic peaks in all nanocomposites ranged from 249.4 to 251.2°C. The AH,
value decreased with the increasing of TPP concentration. The lone pair electrons of
free amine groups could interact with the Fe Fe’ precursors-and then react with
the basic solution, forming as the magnetite-maghemite nanocrystals. As a result,

nanocomposites containing small magnetite-maghemite nanocrystals would have

higher AH, values than those containing large nanocrystals.

These results insisted that higher TPP concentration promoted non-uniform
crosslinked structure, forming the larger particle size of magnetite-maghemite
nanocrystals in the CC/IO nanocomposites.  This affected on the decrease of the
interfacial interaction between the magnetite-maghemite nanocrystals and CC
templates, resulting in the reduction of thermal stability in the nanocomposites.
Furthermore, the thermal properties of CC/IO nanocomposites synthesized by
hydrothermal method varied with the increasing of TPP concentration, corresponding
to the variation of magnetite-maghemite nanocrystal primary size. These results
were attributed to the turbulent movement of materials in the system caused by the
pressurized hydrothermal reaction system. The iron oxide precursors might partially
migrate from the CC template during the nucleation and growth of magnetite-
maghemite nanocrystals and then hydrothermally reacted in the solution media. In
contrast, the primary sizes of CC/IO nanocomposites synthesized by refluxing method
were obviously wider as TPP concentration increased, indicating a decrease of

thermal stability of the nanocomposites.
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Figure 4.34 DSC thermograms of (a) CC0.3/I0-R, (b) CCO0.4/10-R and (c) CC0.5/10-R

nanocomposites
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® Magnetic properties

The magnetic properties of CC/IO nanocomposites were measured as a
function of the magnetic field at room temperature. The magnetization curves of
CC0.3/10-HT100, CCO.4/I0-HT100 and CC0.5/10-HT100 nanocomposites are shown in
Fig. 4.35 and summarized in Table 4.4. The hysteresis loops in all nanocomposites
showed the superparamagnetic behavior. The maximum magnetization (M,,.,) values
in all nanocomposites were in the range of 12.7-13.9 emu/g. The little change of
Max Values can be explained by the size of magnetite-maghemite nanocrystals as
discussed in the particle size distribution. However, the particle sizes of the
synthesized magnetite-maghemite nanocrystals in all nanocomposites were less than
the superparamagnetic critical diameter of both magnetite (12 nm) and maghemite

(20 nm); therefore, they were considered to be single magnetic domain structures.

M (emu)

13

(a) CC 0.3/I0-HT 100

"""""""

— .- (b) CC O4TO-HT100  {;

-------- (c) CC 0.5T0-HT 100

5000 10400

Figure 4.35 VSM curves of (a) CC0.3/I10-HT100, (b) CC0.4/10-HT100 and (c) CCO0.5/10-

HT100 nanocomposites

Meanwhile, the magnetization curves of CC0.3/I0-R, CC0.4/I0-R and
CC0.5/10-R nanocomposites are shown in Fig. 4.36. The absence of hysteresis loops

was found in all nanocomposites because their coercivity (H.) and magnetic
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remanence values (M,) were close to zero, attributed to superparamagnetism. The
CCO0.3/I0-R nanocomposite showed the lowest value of maximum magnetization
(Mpay) of ~8.6 emu/g. The M., values significantly increased to ~15 emu/g in the
CC0.4/10-R and CCO0.5/10-R nanocomposites. The lowest M, value in the CC0.3/I10-R
nanocomposite can be explained by the smallest size of magnetite-maghemite
nanocrystals with the narrowest particle size distribution. The CC/IO nanocomposites
are promising candidates for targeted delivery for alternative medical treatments due

to their superparamagnetic behavior.
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Figure 4.36 VSM curves of (a) CCO0.3/I0-R, (b) CC0.4/I0-R and (c) CCO.5/I0-R

nanocomposites

The crosslinked chitosan swelled and adsorbed Fe”" and Fe” ions in the CC
template during the adsorption synthesis. The Fe”'/Fe’" ions reacted with hydroxide
ions, resulting in the nucleation and growth of magnetite-maghemite nanocrystals.
The quadrilateral magnetite-maghemite nanocrystals in all CC/IO nanocomposites
grew and embedded in the restricted free volume of CC templates, leading to the

finite particle sizes, which their average particle sizes were in the range of 10.3-13.5
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nm with the narrow size distribution. However, their size distributions widened as
TPP concentration was increased because the higher TPP concentration, the greater
difference in crosslinking density between the outer surface and the inner bulk of the
nanocomposite, leading to the non-uniform crosslinked network as shown in Fig.
4.37. The difference of crosslinking density could evidentially observe as the
chitosan droplets when the chitosan solution was dropped into the TPP
concentration of 0.6 %w/v. Furthermore, the restriction of Fe”/Fe” ions by the free
volume of crosslinked chitosan could improve the high proportion of chitosan matrix
in the nanocomposites and the dispersion of iron oxide nanoparticles, leading to the
improvement of superparamagnetic properties in the CC/IO nanocomposites. The
CC0.4/10-R nanocomposites synthesized using 0.4 %w/v TPP concentration and heat
treated by refluxing method had an average particle size of 13.5 nm and the highest
Mmax Value of 15.2 emu/g with zero coercivity and magnetic remanence. The CC/IO
nanocomposites could enhance the superparamagnetic properties, therefore, they
have the potential to be further developed for hyperthermia applications. Moreover,
a large proportion of the chitosan matrix could be loaded or functionalized by
medicinal substances for cancer treatment as hybrid materials with specificity to the

target organs.
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Figure 4.37 Schematic diagrams of the crosslinking chitosan networks in the CHI/IO

nanocomposites obtained by using different TPP concentrations
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4.4 Comparison of in-situ and adsorption syntheses

The synthesized CHI/IO nanocomposites obtained by in-situ and adsorption
methods consisted of iron oxide nanoparticles embedded in CC matrix. The
crosslinked chitosan network could prevent the agglomeration of formed magnetic
nanoparticles, therefore, the resultant nanocomposites from both methods had the
superparamagnetic properties due to the nano-size of iron oxide nanoparticles.
However, the particle sizes and shapes of CHI/IO nanocomposites from both
methods were significantly different, affecting on their superparamagnetic
characteristics and thermal stabilities.

The CS0.3/I0-HT100 nanocomposite synthesized by the in-situ method was
compared with the CC0.4/I0-R nanocomposites synthesized by the adsorption
method because they were representatives with high M., values and thermal
stabilities. ~ Although the iron oxide nanocrystals in both nanocomposites were
magnetite and maghemite phases as shown in the XRD patterns (Fig. 4.38), the
crystallize size of magnetite-maghemite nanocrystals in CC0.4/10-R nanocomposite
(11.2 nm) was approximately three times larger than the nanocrystals of CS0.3/10-
HT100 nanocomposite (3.9 nm), resulting in the sharper XRD pattern peaks of
CC0.4/10-R nanocomposite.

. ® Magnetite (Fe;Oy)
B Maghemite (7-Fe,0;)

(a) CCO.4TO-R

Lin (counts)

(b) C50.3/TO-HT100

Figure 4.38 XRD patterns of (a) CC0.4/10-R and (b) CS0.3/I0-HT100 nanocomposites
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The magnetite-maghemite nanocrystals in the CC0.4/I0-R nanocomposite
had a quadrilateral shape with primary sizes ranging from 8 to 20 nm as shown in Fig.
4.39(a) and 4.39(b).  Meanwhile, the primary size of magnetite-maghemite
nanocrystals with an irregular spherical shape in CS0.3/I0-HT100 nanocomposite was
2-8 nm as shown in Fig. 4.39(c) and 4.39(d). It can be seen that the particle size
distribution of CC0.4/I0-R nanocomposite was obviously wider than another one.
Although the magnetite-maghemite nanocrystals in the CC0.4/I0-R nanocomposite
had a larger particle size than the CS0.3/I0-HT100 nanocomposite, their quantity was
less. The M. values of both nanocomposites were similar, which they were about
15 emu/g as shown in Fig 4.40. This was thought to be because the M., value of
the iron oxide nanocrystals in the nanocomposites increases with particle size and
quantity. However, the hysteresis curve of CC0.4/I0-R nanocomposite had a more
obvious S-shape than that of (CS0.3/I0-HT100 nanocomposite.  This result
demonstrated the obvious superparamagnetic property of CC0.4/I0-R nanocomposite

with rapid magnetization and demagnetization.
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Figure 4.39 TEM images and particles size distributions of (a, b) CC0.4/I0-R and (c, d)
CS0.3/10-HT100 nanocomposites
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Figure 4.40 VSM curves of (a) CC0.4/10-R and (b) CS0.3/10-HT100 nanocomposites

Moreover, the CC0.4/10-R nanocomposite had higher thermal stability than
the other because it degraded in two major stages at 252.9°C and 412.3°C as shown
in Fig. 4.41(N,) related to the degradations of CC templates and CC templates which
had the  interfacial ~interaction with the embedded magnetite-maghemite
nanocrystals, respectively. Meanwhile, the CS0.3/10-HT100 nanocomposite showed
only one stage of degradation at Ty values of 255.6°C. Besides, the content of
degraded chitosan in CC0.4/I0-R nanocomposite was approximately 67%, in which it
is about five times higher than that of 14% of CS0.3/I0-HT100 nanocomposite as
shown in Fig. 4.41(0,). The crosslinked chitosan network in the CC0.4/I0-R
nanocomposite could limit the adsorption of Fe”"/Fe”" ions through the constrained
swelling, resulting in the high proportion of chitosan. The high proportion of chitosan
matrix could be applied for loading some medicinal substances for cancer treatment;
therefore, the CC0.4/I0-R nanocomposites have the potential to be hybrid materials
for hyperthermia and drug-loading applications, as they had the specificity of target

organs.
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4.5 Cell viability assays of CHI/IO nanocomposites

To assess the toxic behavior of the CC/IO nanocomposites to mammalian
continuous cells, a preliminary study on the viability of African green monkey
fibroblast (Vero) cells was performed. As shown in Table 4.2 and 4.4, most of all
nanocomposites have cell viability in the range of 70-96%, indicating that they have
high cell viability. AWl nanocomposites exhibit no toxic behavior. These findings
supported the safety of CC/IO nanocomposites in mammalian continuous cells.
Some researches [56, 70-71] reported that the iron oxide nanoparticles, such as
magnetite and maghemite nanoparticles, had the mild cytotoxicity effect at high
concentration because they led to the production of excess reactive oxygen species
(ROS). It was, however, the resultant nanocomposites containing the iron oxide
nanoparticles embedded in the biocompatible chitosan matrix; therefore, the
biocompatibility of chitosan matrix plays a more dominant role than the mild
cytotoxicity effect of iron oxide nanoparticles. It can be concluded that the resultant

nanocomposites have the potential to further develop for medical applications.
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Chapter 5

Conclusions and Suggestions

5.1 Conclusions

The chitosan/iron oxide nanocomposites (CHI/IO) were synthesized at low
temperatures using an aqueous soft solution system. The tripolyphosphate
crosslinked chitosan was used to control the particle size of iron oxide at the nano-
level and prevent their agglomeration in order to maintain the superparamagnetic
properties. The iron precursor ions were trapped in the crosslinked chitosan network
and then heat treated in NaOH solution, leading to the formation of iron oxide
nanoparticles embedded in crosslinked chitosan matrix. The magnetite-maghemite
nanocrystals obtained in the resultant CHI/IO nanocomposites were mammal safe.
The proposed synthesis systems were facile, low temperature hydrothermal and
refluxing approaches that are soft solution eco-friendly and easy to scale up. The
CHI/ZIO nanocomposites would demonstrate the synergistic effect of iron oxide
nanocrystals and crosslinked chitosan matrix. The advantages of superparamagnetic
nanoparticles were specificity to target organ and demagnetism after medical
treatments. Therefore, they were considered to be the potential candidates for the

hyperthermia applications.

5.1.1 In-situ synthesis

The CHIZIO nanocomposites were synthesized by using soft solution in-situ
synthesis, i.e. hydrothermal and refluxing methods. These methods produced
polycrystals of quasi-spherical shape having magnetite-maghemite crystalline phases
distributed in a crosslinked chitosan matrix. The magnetite-maghemite nanocrystals
in the nanocomposites synthesized by hydrothermal method ranged in size from 3.9-
4.3 nm, while those of refluxing method were in the range of 2.8-3.9 nm. The
pressurized hydrothermal system promoted the growth of iron oxide nanocrystals,
leading to slightly larger crystallites, compared to the refluxing system. The
magnetite-maghemite nanocrystals decreased in size with an increase of the

crosslinking density in the chitosan matrix. The polycrystals of magnetite-maghemite
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nanoparticles were caused by the constraining effect of the chitosan network on the
growth of the nanocrystals. The resultant CHI/IO nanocomposites showed
superparamagnetic behavior with low coercivity and magnetic remanence. Since the
magnetite-maghemite particles formed in the CHI/IO nanocomposites had a single
magnetic domain structure because they were smaller than the superparamagnetic
critical radius. The CS0.3/I0-HT100 nanocomposite synthesized by the hydrothermal
method at 100°C had an average 4.2 nm particle size and M., = 14.5 emu/g with the
highest degree of crosslinking. Similarly, the M, value of CS0.3/I0-R nanocomposite
synthesized by the refluxing method had 14.2 emu/g with an average particle size of
3.8 nm. The resultant CHI/IO nanocomposites were not toxic to healthy Vero cells;

therefore, they have the potential to be further developed for medical applications.

5.1.2 Adsorption synthesis

The chitosan templates were crosslinked with 0.3, 0.4 and 0.5 %w/v of TPP
crosslinker were utilized as the host materials for the nucleation and growth of iron
oxide nanocrystals in hydrothermal and refluxing systems, resulting in the CC/IO
nanocomposites. In the resultant nanocomposites, the hydrothermal and refluxing
forms of iron oxide nanocrystals were detected as quadrilateral shaped magnetite-
maghemite nanocrystals embedded in the CC matrix.  The increase of TPP
concentrations resulted in the increase of non-uniform crosslinked CC templates with
higher free volume, leading to the formation of larger magnetite-maghemite
nanocrystals in the CC/IO nanocomposites. The average crystallite sizes of magnetite-
maghemite nanocrystals in the CC/IO nanocomposites were in the range of 10-14
nm, in which they were three times larger than those of CHI/IO nanocomposites
prepared by in-situ synthesis, corresponding to the sharper XRD pattern.
Furthermore, magnetite-maghemite nanocrystals hydrothermally grown in the CC/IO
nanocomposites had a smaller crystallite size but a wider size distribution than those
obtained by refluxing. The resultant CC/IO  nanocomposites  exhibited
superparamagnetic behavior with M5, values in the range of 8.6-15.2 emu/g. The
hysteresis curve of the CC/IO nanocomposites was more obvious S-shape than CHI/IO
nanocomposites from in-situ synthesis due to the larger size of iron oxide

nanoparticle, resulting in the rapidly magnetize and demagnetize. Besides, all
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nanocomposites demonstrated high cell viability, ranging from 80 to 899%, indicating
that they were safe for mammals. The chitosan contents of CC/IO nanocomposites
were in the range of 53-67%, in which they were about five times more than those of
CHI/IO nanocomposites from in-situ synthesis. The high chitosan content in CC/IO
nanocomposites could improve biocompatibility. Furthermore, the chitosan matrix
could be modified for alternative medical treatments such as drug delivery,
bioseparation, cell labeling, and hyperthermia. Because of their hybrid functions, the
synthesized CC/IO nanocomposites are a promising candidate for improving the

optimization of medical therapies.

5.1.3 Comparison of in-situ and adsorption syntheses

The CS0.3/I0-HT100 nanocomposite synthesized by the in-situ method was
compared to the CC0.4/10-R nanocomposites synthesized by the adsorption method
because they were representatives with the highest M., values and thermal
stabilities among all resultant nanocomposites. The iron oxide nanocrystals in both
nanocomposites were composed of magnetite and maghemite phases. However,
the nanocrystal shapes in both nanocomposites were different, in which the
CC0.4/10-R and CS0.3/10-HT100 nanocomposites had a quadrilateral and irregular
spherical shapes, respectively.  The crystallize size of magnetite-maghemite
nanocrystals in CC0.4/10-R nanocomposite (11.2 nm) was approximately three times
larger than the nanocrystals of €S0.3/I0-HT100 nanocomposite (3.9 nm). Although
the magnetite-maghemite nanocrystals in the CC0.4/10-R nanocomposite had a larger
particle size than those in the CS0.3/I0-HT100 nanocomposite, their quantity was
less. The M. values of both nanocomposites were similar (15 emu/g) because the
Mmax Value of the iron oxide nanocrystals in the nanocomposites increased with their
particle size and quantity. However, the hysteresis curve of CC0.4/I10-R
nanocomposite had a more obvious S-shape than that of CS0.3/I0-HT100
nanocomposite. This result demonstrated the obvious superparamagnetic property
of CCO0.4/10-R nanocomposite, with rapid magnetization and demagnetization.
Besides, the CC0.4/I0-R nanocomposite had higher thermal stability and proportion
of chitosan matrix than the CS0.3/I0-HT100 nanocomposite.  The content of

degraded chitosan in the CC0.4/10-R nanocomposite (67%) was about five times
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higher than the CS0.3/I0-HT100 nanocomposite (14%). The high proportion of
chitosan matrix in the CC0.4/10-R nanocomposite could be applied for loading some
medicinal  substances for cancer treatment; therefore, the CC0.4/10-R
nanocomposites have the potential to be hybrid materials for hyperthermia and

drug-loading applications.

5.2 Suggestions
- These synthesis methods should be further studied for the various pH
values in chitosan-TPP crosslinking because TPP can dissociate into the various forms
of TPP ions, i.e. PsOsy s HP:O10 s HoPsOro s HsPsOo s HaPsO1o, depending on the pH
values. The effect of these various forms of TPP ions on the crosslinking density of
chitosan and the particle size of iron oxide nanocrystals in CHI/IO nanocomposites
will be investigated.
- The ferrofluids based on synthesized CHI/IO nanocomposites should be
further studied for hyperthermia treatment with the magnetic field amplitudes and

ferrofluid concentrations being varied for the highest heating efficiency.
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[Filename:
| Operator ID: .
| Sample ID: w1 3 Wi

C:\Program Files\P..\TG60_016_02_3_N2.thid
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C:\Program Files\Pyr..\TG60_065_01_R1.th1d

| Filename:
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| Sample ID: R1 Ny _
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[ Filename: C:\Program Fi..\TG60_064_04_R 1.67_N2.th1d - o
| Operator ID: CS0.3/10-R

| Sample ID: R 1.67_N2
Sample Weight: 4.918 mg
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Filename: C:\Program Files\Pyr..\TG60_065_02_R2.th1d
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CS0.5/10-R
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[ Filename: C:\Program Files..\TG60_064_05_R 3_N2.th1d

|
| Operator ID: _
| Sample ID: R 3_N2 CS0.6/10-R ‘
| Sample Weight: 4.709 mg [
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Temperature (°C)
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o ]

L1) Heat from 50.00°C to 800.00°C at 10.00°C/min

Filename:  C:\Program..\TG60_064_02_CCHT 1.67_N2.th1d
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CC0.3/10-R
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CC0.4/10-R
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[Filename: C:\Program F..\TG60_063_06_HT 1.67_02.th1d
CS0.3/10-HT100
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[ Filename: C:\Program Files\P..\TG60_015_02_3_02.th1d
IOperatorID: -
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Filename: C:\Program..\TG60_063_05_CCHT 1.67_02.th1d
Operator ID:

f\
Sample ID: CCHT 1.67_02 N\
Sample Weight: 3.907 mg ‘\/

CC0.3/10-HT100
Comment: -
PerkinElmer Thermal Analysis
110 0.9169
100 -
-------- 3 1o
90 |
80 A
H / | ' z
/Onset Y =99.004 % \ , &
/ Onset X = 36.22 °C \ ; S
€ 60 / B &' oo | novac i <
8 y  DelE Y =10 0500 i = Onset Y = 54.409 % g
S 52.60 °C | / Onset X = 373.46 °C g
k] -2.630 %/mi i ! =
g ot o/mity 4, Delta Y € 28.100 % 3 %
3 N} 391.64 °C k5
40 ‘\.‘ ! -5.772 %/min fa)
X F AN
g 0
Onset Y = 88.138 %
Onset X =228.38 °C
20 -
DeltaY = ge'.727“.% -5
262.81°C™
10 -3.957 %/min
0 ‘ ' -6.128
30 100 200 300 400 500 600
AN Hanat fram B0 NNSO 4 Q0N NNCA At A0 NN frmin

~ Temperature (°C)

700 800
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CC0.5/10-HT100
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[ Filename: C:\Program ..\TG60_063_04_CCR 1.67_02.th1d
| Operator ID:
Sample ID: CCR 1.67_02

CC0.3/10-R
| Sample Weight: 3.780 mg
Comment:

PerkinElmer Thermal Analysis
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DSC /(mW/mg)

1 exo

Appendix E

Complex Peak:

Area: 217 Jlg

Peak: 1794 °C
Onset: 177.9 °C
End: 184.0°C

Area -48.93 J/g

Onset 226.4 C

[1.2] Sample_CC1 .67 dd3

DSC
[1.4] Sample_CC1.67.dd3
i

50

Main  2017-03-21 03:25 User: sem

Instrument :
Project :
Identity -
Date/time :
Laboratory :
Operator :
Sample :

[#] Type

[1.2] Dynamic
[1.4] Dynamic

NETZSCH DSC 204 F1 _File :
temp 25-400C_h10_c10_1(N)
DS60_027_02

2/27/2017 4:31:22 AM

sis¢

ray

crucible, 5.200 mg
Range
25/10.0(K/min)/400
400/10.0(K/min)/25

100

150

200
Temperature /°C

Cingbwinlta\data5\DS_60\02\DS60_027\Sample_CC1.67.dd3

Reference :
Material :
Corr.temp.cal :
Sens.file :
Sample car./TC :
Modeitype of meas. :
Acq.Rate
100.00
100.00

crucible,0.000 mg

25-400C_h10_c10_1(N).bd3 / Cal Sep 2016.td3
Cal Sens Sep 2016.ed3
DSC 204F1 t-sensor / E

DSC / Sample + Correction
STC P1:—- P2:N2
1 0.0 20.0 50.0
1 0.0 20.0 50.0

PG:N2

300

Segments :
Crucible :

Atmosphere :

M. range :

350 400

Sample_CC1.67.ngb
4
Pan Al, pierced lid

N2, 20.0ml/min / N2, 50.0ml/min
5000 pV

BC Corr.
0 020
1 020

CCo.3
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DSC /(mW/mg)

7

{ exo

-~ e

k____ﬂ—A————e*-*“”“‘“*-————~——4——:

Area -65.6 l/g
Onset229.5C

CCo.4

[1.2] Sample_CC2.dd3

[1.4] Sample_CC2.dd3

DSC

Complex Peak:

Area: 256.7 J/ig
Peak: 180.3°C
Onset: 178.5°C
End: 1854 °C

50

100 150

Main 2017-03-21 03:30 User: sem

200 250
Temperature /°C

Instrument: NETZSCH DSC 204 F1 File: C:\ngbwin\ta\data5\DS_60\02\DS60_027\Sample_CC2.dd3

Project : temp 25-400C_h10_c10_1(N) Reference : crucible,0.000 mg

Identity : DS60_027_03 Material :

Dateftime :  2/27/2017 6:21:04 AM Corr.ftemp.cal : 25-400C_h10_c10_1(N).bd3 / Cal Sep 2016.td3
Laboratory : sisc Sens.file : Cal Sens Sep 2016.ed3

Operator : ray Sample car./TC : DSC 204F1 t-sensor / E

Sample : crucible, 6.700 mg Mode/type of meas.: DSC / Sample + Correction

[#] Type Range Acqg.Rate STC P1:-- P2:N2

[1.2] Dynamic 25/10.0(K/min)/400 100.00 1 0.0 20.0

[1.4] Dynamic 400/10.0(K/min)/25 100.00 1 0.0 20.0

T T T
300 350 400
Sample_CC2.ngb
Segments : 4
Crucible : Pan Al, pierced lid
Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
M. range : 5000 pvV
PG:N2 IC BC Corr.
50.0 1 4] 020
50.0 1 1 020
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CCO0.5

[1.2] Sample_CC2.5.dd3
DSC /(mW/mg) 3 G
i exo [1.4] Sample_CC2.5.dd3
— DSC
5 4
4 -
Complex Peak:
Area:  329.3 J/g
31 Peak: 177.4°C
Onset: 174.6 °C
End: 1866 °C
2
1
0 1 Area -58.64 1/g #
J Onset 231.9C
T [1.2]
-1 4
T T T T T T T T
50 100 150 200 250 300 350 400
Temperature /°C
Main 2017-03-21 03:29 User: sem Sample_CC2.5.ngb
Instrument: NETZSCH DSC 204 F1 File: C:\ngbwin\ta\data5\DS_60\02\DS60_027\Sample_CC2.5.dd3
Project : temp 25-400C_h10_c10_1(N) Reference : crucible,0.000 mg Segments : 4
Identity : DS60_027_04 Material : Crucible : Pan Al, pierced lid
Dateltime : 2/28/2017 12:19:03 AM Corr.itemp.cal : 25-400C_h10_c10_1(N).bd3 / Cal Sep 2016.td3 Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory : sisc Sens file : Cal Sens Sep 2016.ed3 M. range : 5000 pVv
Operator : ray Sample car./TC : DSC 204F1 t-sensor / E
Sample : crucible, 6.500 mg Mode/type of meas.: DSC / Sample + Correction
[#] Type Range Acq.Rate STC P1:—- P2:N2 PG:N2 iIc BC Corr.
[1.2] Dynamic 25/10.0(K/min)/400 100.00 0.0 20.0 50.0 1 ] 020
[1.4] Dynamic 400/10.0(K/min)/25 100.00 0.0 20.0 50.0 1 1 020
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DSC /(mW/mg)
1 exo
3.0 1
2.5 1
2.0 1

CCo0.6

[1.2] Sample_CC3.dd3
—————————DSC
[1.4] Sample_CC3.dd3
————————DsC

Complex Peak:
Area: 285 J/g
Peak: 161.6°C
Onset: 158.3 °C
End: 173.8°C

Area -97.51 J/g
Onset 232.1C

[1.2]

-1.0 4
T
50
Main 2017-03-2103:32 User: sem
Instrument : NETZSCH DSC 204 F1  File :
Project : temp 25-400C_h10_c10_1(N)
Identity : DS60_027_05
Dateltime : 2/28/2017 2:03:46 AM
Laboratory : sisc
Operator : ray
Sample : crucible, 5.500 mg
[#] Type Range
[1.2] Dynamic 25/10.0(K/min)/400
[1.4] Dynamic 400/10.0(K/imin)/25

100 150

200 250 300 350 400
Temperature /°C
Sample_CC3.ngb

Ci\ngbwin\ta\data5\DS_60102\DS60_027\Sample_CC3.dd3

Reference :
Material :
Corr.itemp.cal :
Sens.file:
Sample car./TC :
Mode/type of meas. :
Acq.Rate
100.00
100.00

crucible,0.000 mg Segments : 4

Crucible : Pan Al, pierced lid
25-400C_h10_c10_1(N).bd3 / Cal Sep 2016.td3 Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Cal Sens Sep 2016.ed3 M. range : 5000 pVv
DSC 204F1 t-sensor / E
DSC / Sample + Correction

STC P1:— P2:N2 PG:N2 Ic BC Corr.
0.0 20.0 50.0 1 ] 020
0.0 20.0 50.0 1 1 020
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CS0.3/I10-HT75

DSC /(mW/mg) naHT7scoss
i exo [1.4] HT75C.dd3
€1 — DSC
3.5
3.0 1
2.5 1
Complex Peak:
20 Area: 117.7 Jig
’ Peak: 191.3°C
Onset: 189.6°C
15 End:  196.4 °C
1.0 1
0.5 - w
0.0 Area 21.78 /g 1
Onset 258.7 C
0.5 1 .21
50 100 150 200 250 300 350 400
Temperature /°C
Main 2017-03-21 03:37 User: sem HT75C.ngb

Instrument : NETZSCH DSC 204 F1  File :

Project : temp 25-400C_h10_c10_1(N)
Identity : DS60_028 02
Date/time : 3212017 2:25:42 AM

Laboratory : sisc
Operator : ray

Sample : crucible, 7.800 mg
[#] Type Range
[1.2] Dynamic 25/10.0(K/min)/400

[1.4] Dynamic 400/10.0(K/min)/25

Cingbwin\ta\data5\DS_60\03\DS60_028\HT75C.dd3

Reference :
Material :
Corr.itemp.cal :
Sens.file:
Sample car./TC :
Mode/type of meas. :
Acq.Rate
100.00
100.00

crucible,0.000 mg

25-400G_h10_c10_1(N).bd3 / Cal Sep 2016.td3
Cal Sens Sep 2016.ed3
DSC 204F1 t-sensor / E

DSC / Sample + Correction
STC P1:— P2:N2 PG:N2
0.0 20.0 50.0
0.0 20.0 50.0

Segments :
Crucible :
Atmosphere :
M. range :

4
Pan Al, pierced lid
N2, 20.0ml/min / N2, 50.0ml/min

5000 pV
BC Corr.
] 020
1 020
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CS0.2/10-HT100

DSC /(mW/mg) [1.2] HT1.dd3 _—
{ exo [1.4] HT1.dd3
S| DsC
3
Complex Peak:
Area: 136.2 J/g
Peak: 192.3 °C
Onset: 190.5 °C
End:| —197.7 °C
2
q -—-——/“\-»/\/\’\""—’\/\/\M
0 - [1.41
1 '
[1.2]
T T T T T T T T
50 100 150 200 250 300 350 400
Temperature /°C
Main 2017-03-21 03:35 User: sem HT1.ngb
Instrument: NETZSCH DSC 204 F1 File: C:\ngbwin\ta\data5\DS_60\03\DS60_028\HT1.dd3
Project : temp 25-400C_h10_c10_1(N) ~ Reference: crucible,0.000 mg | Segments: 4
Identity : DS60_028_01 Material : ' Crucible : Pan Al, pierced lid
Date/time :  3/3/2017 5:03:29 AM Corr./temp.cal : 25-400C_h10_c10_1(N).bd3 / Cal Sep 2016.td3 | Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory : sisc Sens file : Cal Sens Sep 2016.ed3 M. range : 5000 pv
Operator : ray Sample car./TC : DSC 204F1 t-sensor / E
Sample : crucible, 4.800 mg Mode/type of meas.: DSC / Sample + Correction
[#] Type Range Acq.Rate sTC P1:- ~ P2:N2 PG:N2 Ic BC Corr.
[1.2] Dynamic 25/10.0(K/min)/400 100.00 0.0 20.0 50.0 1 0 020
[1.4] Dynamic 400/10.0(K/min)/25 100.00 0.0 20.0 50.0 1 1 020
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CS0.3/10-HT100

DSC /(mW/mg) [1.2] HT 1.67.dd3
R RE— 0|10}
{ exo [1.4] HT 1.67.dd3
5 - ~n— —————DsC
4 4
Complex Peak:
Area: 194 J/g
31 Peak: 187.2°C
Onset: 185.3 °C
End: ~ 193.8 °C
2 4
1 -
w—/
(141
0
[1.2]
T T T T T T T T
50 100 150 200 250 300 350 400
Temperature /°C
Main 2017-07-03 02:50 User: sem HT 1.67.ngb
Instrument: NETZSCHDSC 204 F1 File: Ci\ngbwin\ta\data5\DS_60\05\DS60_045\HT 1.67.dd3 S & 4
Project : temp 25-400C_h10_c10_1(N) Reference : crucible,0.000 mg Segments : 4
Identity : DS60_045_02 Material : ' Crucible : Pan Al, pierced lid
Date/time :  5/30/2017 1:49:35 AM Corr.ftemp.cal : 25-400C_h10_c10_1(N).bd3 / Cal May 2017 .td3 ' Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory : sisc Sens file : Cal Sens May 2017.ed3 M. range : 5000 pv
Operator : ray Sample car./TC : DSC 204F1 t-sensor / E
Sample : crucible, 9.500 mg Modeltype of meas. : DSC/Sample + Correction
[#] Type Range Acq.Rate STC P1:—- P2:N2 PG:N2 Ic BC Corr.
[1.2] Dynamic 25/10.0(K/min)/400 100.00 0.0 20.0 50.0 1 0 020
[1.4] Dynamic 400/10.0(K/min)/25 100.00 0.0 20.0 50.0 1 1 020
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CS0.4/10-HT100

DSC /(mW/mg)
{ exo
5 [1.2) Sample_2.dd3
- DSC
[1.4] Sample_2.dd3
——  DsC
4 .
31 Complex Peak:
Area: 164.5 Jig
Peak: 185.9°C
Onset: 184.4 °C
2 4 End: 191.0°C
1 .
n
0 .
L f T [1.2]
T T T T T T T T
50 100 150 200 250 300 350 400
Temperature /°C
Main 2017-02-07 02:29 User: sem Sample_2.ngb
Instrument: NETZSCH DSC 204 F1 File: C:\ngbwin\ta\data5\DS_60\01\DS60_011\Sample_2.dd3 . & 4
Project : temp 25-400C_h10_c10_1(N) Reference : crucible,0.000 mg Segments : 4
Identity : DS60_011_02 Material : ' Crucible : Pan Al, pierced lid
Date/time :  1/12/2017 1:19:22 AM Corr./temp.cal : 25-400C_h10_c10_1(N).bd3 / Cal Sep 2016.td3 ' Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory : sisc Sens file : Cal Sens Sep 2016.ed3 M. range : 5000 pv
Operator : ray Sample car./TC : DSC 204F1 t-sensor / E
Sample : crucible, 9.200 mg Mode/type of meas.: DSC/Sample + Correction
[#] Type Range Acq.Rate STC P1:—- P2:N2 PG:N2 Ic BC Corr.
[1.2] Dynamic 25/10.0(K/min)/400 100.00 0.0 20.0 50.0 1 0 020
[1.4] Dynamic 400/10.0(K/min)/25 100.00 0.0 20.0 50.0 1 1 020
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CS0.5/10-HT100

DSC /(mW/mg) [1.2] HT 2.5.d3
S E— 010}
{ exo [1.4] HT 2.5.dd3
2z —— DSsC
4 4
Complex Peak:
31 Area: . 153.9 J/g
Peak: 191.5°C
Onset: 189.9 °C
End: 1964 °C
2 4
11 _.—-———\——/\AW—‘\/\/\’W“."\V
0 - 14
[1.2]
-1 4
T T T T T T T T
50 100 150 200 250 300 350 400
Temperature /°C
Main 2017-07-03 02:53 User: sem
Instrument: NETZSCH DSC 204 F1 File: C:\ngbwin\ta\data5\DS_60\05\DS60_045\HT 2.5.dd3 20 &4
Project : temp 25-400C_h10_c10_1(N) Reference : crucible,0.000 mg Segments : 4
Identity : DS60_045_03 Material : Crucible : Pan Al, pierced lid
Date/time :  5/30/2017 5:07:03 AM Corr.itemp.cal : 25-400C_h10_c10_1(N).bd3 / Cal May 2017 .td3 | Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory : sisc Sens file : Cal Sens May 2017.ed3 M. range : 5000 pv
Operator : ray Sample car./TC : DSC 204F1 t-sensor / E
Sample : crucible, 6.500 mg Mode/type of meas.: DSC/Sample + Correction
[#] Type Range Acq.Rate STC P1:-- P2:N2 PG:N2 ic BC Corr.
[1.2] Dynamic 25/10.0(K/min)/400 100.00 1 0.0 20.0 50.0 1 0 020
[1.4] Dynamic 400/10.0(K/min)/25 100.00 1 0.0 20.0 50.0 1 il 020
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DSC /(mW/mg)
{ exo
Complex Peak:
2.0 - Area: 273.2 J/g
Peak: 178.3 °C
Onset: 174.2°C
End: 1951 °C
1.5 4
1.0 4

Complex Peak:

Area: 202.9 J/g
Peak: 178.3 °C
Onset: 174.3 °C

End: 1946 °C

CS0.6/10-HT100

[1.2] Sample 3.dd3
————DSC
[1.4] Sample 3.dd3
———————————DSC

Complex Peak:
Area: -34.27 J/g
Peak: 2756 °C
Onset: 2484 °C
End: 2954 °C [1.

n.2

0.5
0.0 1
-0.5 1
50

Main 2016-11-18 03:49 User: sem
Instrument: NETZSCH DSC 204 F1 File :
Project : temp 25-400C_h10_c10_1(N)
Identity : DS60_001_03
Date/time :  11/1/2016 4:38:41 AM
Laboratory : sisc
Operator : ray
Sample : crucible, 8.800 mg
[#] Type Range
[1.2] Dynamic 25/10.0(K/min)/400

[1.4] Dynamic

400/10.0(K/min)/25

100 150

200 250
Temperature /°C

Ci\ngbwinita\data5\DS_59\10\DS60_001\Sample 3.dd3

Reference :
Material :
Corr./temp.cal :
Sens file :
Sample car./TC :
Modeltype of meas. :
Acq.Rate
100.00
100.00

crucible,0.000 mg

25-400C_h10_c10_1(N).bd3 / Cal Sep 2016.td3
Cal Sens Sep 2016.ed3
DSC 204F1 t-sensor / E

DSC / Sample + Correction
sTC P1:— ~ P2:N2
0.0 20.0
0.0 20.0

300 350 400
Sample 3.ngb

| é;ym;ms = 4

Crucible : Pan Al, pierced lid
‘ Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
M. range : 5000 pv
PG:N2 Ic BC Corr.
50.0 1 0 020
50.0 1 1 020
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CS0.3/10-HT125

[1.2] HT125C.dd3
DSC /(mW/mg) -
VL exo [1.4] HT125C.dd3
] - DSC
3.0 4
2.5 -
2.0 Complex Peak:
Area: 139.9 J/g
Peak: 188.8 °C
1.5 1 Onset: 186.8 °C
End: 196.1°C
1.0 4
0.5 - ———’\-A/W\""“—’\/\MM |/
0.01 ik
-0.5 1
[1.2]
T T T T T T T T
50 100 150 200 250 300 350 400
Temperature /°C
Main 2017-03-21 03:39 User: sem HT125C.ngb
Instrument: NETZSCHDSC 204 F1 File: C:\ngbwin\ta\data5\DS_60\03\DS60_028\HT125C.dd3 S & 4
Project : temp 25-400C_h10_c10_1(N) Reference : crucible,0.000 mg Segments : 4
Identity : DS60_028_05 Material : ' Crucible : Pan Al, pierced lid
Date/time :  3/2/2017 4:06:27 AM Corr./temp.cal : 25-400C_h10_c10_1(N).bd3 / Cal Sep 2016.td3 ' Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory : sisc Sens file : Cal Sens Sep 2016.ed3 M. range : 5000 pv
Operator : ray Sample car./TC : DSC 204F1 t-sensor / E
Sample : crucible, 7.500 mg Mode/type of meas.: DSC/Sample + Correction
[#] Type Range Acq.Rate STC P1:—- P2:N2 PG:N2 Ic BC Corr.
[1.2] Dynamic 25/10.0(K/min)/400 100.00 0.0 20.0 50.0 1 0 020
[1.4] Dynamic 400/10.0(K/min)/25 100.00 0.0 20.0 50.0 1 1 020
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sample01_(R1)

CS0.2/10-R

-24

Heat Flow (Normalized) Q (W/g)

5

4

Peak temperature: 142.04 °C

Enthalpy (normalized): 7.3583 J/g
Onset x: 141.52 °C

Peak temperature: 186.12 °C

Enthalpy (normalized): 183.60 J/g
Onset x: 183.63 °C
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T
200
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T
300

400

TA Instruments Trios V5.1.1.46572
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CS0.3/10-R

sample02_(R1.67)
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] Peak temperature: 138.62 °C Peak temperature: 298.39 °C
% Enthalpy (normalized): 4.7258 J/g Peak temperature: 183.67 °C Enthalpy (normalized): 21.399 Jig
o -24 Onset x: 138.04 °C Enthalpy (normalized): 193.29 J/g Onset x: 273.30 °C
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CS0.4/10-R

sample03_(R2)

2
07 — A —— 5
i
Peak temperature: 139.24 °C Peak temperature: 179.32 °C Peak temperature: 297.30 °C

24 Enthalpy (normalized): 6.1580 J/g Enthalpy (normalized): 202.91 Jig Enthalpy (normalized): 26.852 J/g
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CS0.5/10-R

sample4_(R2.5)

Peak temperature: 271.86 °C

Enthalpy (normalized): 7.5884 J/g
Onset x: 254 44 °C

Peak temperature: 140.52 °C
Enthalpy (normalized): 7.4271 J/g
Onset x: 139.73°C

Peak temperature: 186.97 °C
Enthalpy (normalized): 179.19 J/g
Onset x: 185.06 °C

24

Heat Flow (Normalized) @ (W/g)

-4 T T
0 100 200 300 400
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TA Instruments Trios V5.1.1.46572
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sample05_(R3)

CS0.6/10-R

=24

Heat Flow (Normalized) @ (W/g)

-4

P S

i

Peak temperature: 142.48 °C

Enthalpy (normalized): 7.0892 J/g
Onset x: 142.07.°C

Peak temperature: 270.02 °C

Enthalpy (normalized): 15.119 Jig
Onsetx: 245.99 °C

Peak temperature: 176.90 °C

Enthalpy (normalized): 164.96 J/g
Onset x: 176.34 °C

-6

Exo Up
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400

TA Instruments Trios V5.1.1.46572
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CC0.3/10-HT100

[1.2] CCHT 1.67.dd3

DSC /(mW/mg) mACCHT e
{ exo - bsc
4.0 1 T
3.5 1
3.0 1
2.5 1
4 Complex Peak:
2.0 Area: x94.?1 Jig
Peak*: 186.4 °C Complex Peak:
Onset: 185.0 °C Area: -80.72J/g
1.5 1 End: 190.5°C Peak*: 273.5 °C
Onset: 245.7 °C
End: 296.8°C
1.0 1
05 \
0.0 1 y f 1.2
-0.5 1
50 150 200 250 300 350 400

Main 2002-01-26 10:18 User: sem

Instrument: NETZSCH DSC 204 F1 File :

Project : temp 25-400C_h10_c10_1(N)
Identity : DS63_002_01
Date/time :  1/23/2002 6:31:32 AM

Laboratory : sisc

Operator : ray

Sample : crucible, 5.100 mg

[#] Type Range

[1.2] Dynamic 25/10.0(K/min)/400
[1.4] Dynamic 400/10.0(K/min)/25

Temperature /°C

Ci\ngbwin\ta\data5\DS_62\10\DS63_002\CCHT 1.67.dd3

Reference : crucible,0.000 mg
Material :
Corr.ftemp.cal : 25-400C_h10_c10_1(N).bd3 / Cal Nov 2018.td3
Sens file : Cal Sens Nov 2018.ed3
Sample car./TC : DSC 204F1 t-sensor / E
Mode/type of meas.: DSC / Sample + Correction
Acq.Rate sTC P1:- ~ P2:N2
100.00 1 0.0 20.0
100.00 1 0.0 20.0

CCHT 1.67.ngb

| Segments: 4
 Crucible : Pan Al pierced lid
! Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min

M. range : 5000 pv
PG:N2 Ic BC Corr.
50.0 0 0 020
50.0 1 1 020
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DSC /(mW/mg)
{ exo

3 4

2 4

CC0.4/10-HT100

[1.2] CCHT 2.dd3
DsC
[1.4] CCHT 2.dd3

DSC

14 Complex Peak:

Area: 104.1 J/g

Peak: 186.7 °C

Onset: 1854 °C

. o
0 End:  190.7 °C 1
-1 X
rea-118.3 1/g
Onset 258 C 1.2
24
T T T T T T T T
50 100 150 200 250 300 350 400
Temperature /°C

Main 2017-02-07 02:36 User: sem CCHT 2.ngb
Instrument : NETZSCH DSC 204 F1 File: C:\ngbwin\ta\data5\DS_60\01\DS60_012\CCHT 2.dd3
Project : temp 25-400C_h10_c10_1(N) Reference : crucible,0.000 mg Segments : 4
Identity : DS60_012_01 Material : Crucible : Pan Al, pierced lid
Dateltime : 1/12/2017 3:05:09 AM Corr.itemp.cal : 25-400C_h10_c10_1(N).bd3 / Cal Sep 2016.td3 Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory : sisc Sens file : Cal Sens Sep 2016.ed3 M. range : 5000 pVv
Operator : ray Sample car./TC : DSC 204F1 t-sensor / E
Sample : crucible, 4.200 mg Mode/type of meas.: DSC / Sample + Correction
[#] Type Range Acq.Rate STC P1:—- P2:N2 PG:N2 iIc BC Corr.
[1.2] Dynamic 25/10.0(K/min)/400 100.00 1 0.0 20.0 50.0 1 ] 020
[1.4] Dynamic 400/10.0(K/min)/25 100.00 1 0.0 20.0 50.0 1 1 020

198



DSC /(mW/mg)
1 exo

5 4

4]

3 4

2]

Complex Peak:

Area: 119.9 J/g
Peak: 186.7. °C
Onset: 185.5 °C
End: 189.9°C

Area -104.3 J/g
Onset 254.6 C

CC0.5/10-HT100

[1.2] CCHT 2.5.dd3

DsC
[1.4] CCHT 2.5.dd3
— DSsC

[1.2]

1
0
-1
T
50

Main 2017-02-07 02:34 User: sem
Instrument : NETZSCH DSC 204 F1  File :
Project : temp 25-400C_h10_c10_1(N)
Identity : DS60_012_02
Dateltime : 11212017 4:36:28 AM
Laboratory : sisc
Operator : ray
Sample : crucible, 5.200 mg
[#] Type Range
[1.2] Dynamic 25/10.0(K/min)/400
[1.4] Dynamic 400/10.0(K/imin)/25

T T T T T
100 150 200 250 300
Temperature /°C
C:\ngbwin\ta\data5\DS_60\01\DS60_012\CCHT 2.5.dd3
Reference : crucible,0.000 mg Segments :
Material : Crucible :
Corr.itemp.cal : 25-400C_h10_c10_1(N).bd3 / Cal Sep 2016.td3 Atmosphere :
Sens file : Cal Sens Sep 2016.ed3 M. range :
Sample car./TC : DSC 204F1 t-sensor / E
Mode/type of meas.: DSC / Sample + Correction
Acq.Rate STC P1:— P2:N2 PG:N2 Ic
100.00 1 0.0 20.0 50.0 1
100.00 1 0.0 20.0 50.0 1

350 400

CCHT 2.5.ngb
4
Pan Al, pierced lid

N2, 20.0ml/min / N2, 50.0ml/min
5000 pV

BC Corr.
] 020
1 020
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DSC /(mW/mg)
{ exo

5 4

4 4

3 4

2 4

-1

Complex Peak:

Area: 133.3 Jig
Peak: 1854 °C
Onset: 184.0 °C
End: . 1894 °C

Area-129.5)/g
Onset 251.2C

CC0.3/10-R

[1.2] CCR 1.67.dd3

DsC
[1.4] CCR 1.67.dd3
— DSsC

[1.4]

[1.2]

50

Main 2017-02-07 02:37 User: sem

Instrument : NETZSCH DSC 204 F1  File :

Project : temp 25-400C_h10_c10_1(N)
Identity : DS60_012_03

Dateltime : 11212017 11:57:42 PM
Laboratory : sisc

Operator : ray

Sample : crucible, 4.700 mg
[#] Type Range
[1.2] Dynamic 25/10.0(K/min)/400
[1.4] Dynamic 400/10.0(K/min)/25

100 150 200 250 300
Temperature /°C

C:ngbwin\ta\data5\DS_60\01\DS60_012\CCR 1.67.dd3

Reference : crucible,0.000 mg Segments :
Material : Crucible :
Corr.itemp.cal : 25-400C_h10_c10_1(N).bd3 / Cal Sep 2016.td3 Atmosphere :
Sens file : Cal Sens Sep 2016.ed3 M. range :
Sample car./TC : DSC 204F1 t-sensor / E
Mode/type of meas.: DSC / Sample + Correction
Acq.Rate STC P1:— P2:N2 PG:N2 Ic
100.00 1 0.0 20.0 50.0 1
100.00 1 0.0 20.0 50.0 1

T T
350 400
CCR 1.67.ngb
4
Pan Al, pierced lid

N2, 20.0ml/min / N2, 50.0ml/min
5000 pV

BC Corr.
] 020
1 020
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DSC /(mW/mg)
{ exo

3 |

2 4

Complex Peak:

Area: 111.6J/g
Peak: 1846 °C
Onset: 183.1 °C
End: 188.6°C

CC0.4/10-R

[1.2] CCR 2.dd3

[1.4] CCR 2.dd3
——————————— DSC

1 4
04 (4
Area -100.2 /g
1 5 Onset 249.8 C 1.2
T T T T T T T T
50 100 150 200 250 300 350 400
Temperature /°C
Main  2017-02-07 02:41 User: sem CCR 2.ngb
Instrument : NETZSCH DSC 204 F1  File : C:\ngbwin\ta\data5\DS_60\01\DS60_012\CCR 2.dd3
Project : temp 25-400C_h10_c10_1(N) Reference : crucible,0.000 mg Segments : 4
Identity : DS60_012_04 Material : Crucible : Pan Al, pierced lid
Dateltime : 1/13/2017 1:35:31 AM Corr.itemp.cal : 25-400C_h10_c10_1(N).bd3 / Cal Sep 2016.td3 Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory : sisc Sens file : Cal Sens Sep 2016.ed3 M. range : 5000 pVv
Operator : ray Sample car./TC : DSC 204F1 t-sensor / E
Sample : crucible, 5.400 mg Mode/type of meas.: DSC / Sample + Correction
[#] Type Range Acq.Rate STC P1:—- P2:N2 PG:N2 iIc BC Corr.
[1.2] Dynamic 25/10.0(K/min)/400 100.00 0.0 20.0 50.0 1 ] 020
[1.4] Dynamic 400/10.0(K/min)/25 100.00 0.0 20.0 50.0 1 1 020
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CC0.5/10-R

DSC /(mW/mg)
{ exo
2.0
1.5 4
1.0 4
[1.2] CCR 2.5.dd3
——  DSC
[1.4] CCR 2.5.dd3
0.5 ——DpsC
Complex Peak:
Area: 6745 J/g
0.0 1 Peak: 191.3°C [
Onset: 187.7 °C :
End:-—205.8-=2C
-0.5 4
-1.0 4
1.5 4 Area -95.85 J/g
- Onset 249.4 C
[1.2]
2.0 1
T T T T T T T T
50 100 150 200 250 300 350 400
Temperature /°C
Main  2017-02-07 02:39 User: sem CCR 2.5.ngb
Instrument : NETZSCH DSC 204 F1 File: C:\ngbwin\ta\data5\DS_60\01\DS60_012\CCR 2.5.dd3
Project : temp 25-400C_h10_c10_1(N) Reference : crucible,0.000 mg Segments : 4
Identity : DS60_012_05 Material : Crucible : Pan Al, pierced lid
Dateftime :  1/13/2017 3:13:54 AM Corr.itemp.cal : 25-400G_h10_c10_1(N).bd3 / Cal Sep 2016.td3 Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory : sisc Sens file : Cal Sens Sep 2016.ed3 M. range : 5000 pVv
Operator : ray Sample car./TC : DSC 204F1 t-sensor / E
Sample : crucible, 3.500 mg Mode/type of meas.: DSC / Sample + Correction
[#] Type Range Acq.Rate STC P1:—- P2:N2 PG:N2 iIc BC Corr.
[1.2] Dynamic 25/10.0(K/min)/400 100.00 1 0.0 20.0 50.0 1 ] 020
[1.4] Dynamic 400/10.0(K/min)/25 100.00 1 0.0 20.0 50.0 1 1 020
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