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ABSTRACT 
 

The effectiveness of cobalt-substituted magnesium ferrite Mg1-xCoxFe2O4 (MCFO) (0 x 1 with 

x = 0.1) and polymer nanohybrids for biomedical applications, particularly as the contrast agent 

for magnetic resonance imaging/angiography and thermotherapeutic applications for malignant 

lesion, was investigated by synthesizing these nanoparticles using the chemical co-precipitation 

method. Nanomaterials employed as effective media for successful applications in the disciplines 

mentioned above are determined by the engineering parameter, which works as the figure-of-

merit: the relaxivities (r1 and r2) for MRI and specific loss power (SLP). Particle size, shape, 

distribution, and coating agent affect magnetization and anisotropy, which impacts the 

parameters of relaxivities and specific loss power. It is intriguing to note that the anisotropy and 

particle volume substantially control the relaxivities and specific loss powers, which Néel and 

Brownian relaxation govern. Relaxivities and specific loss of power can be either beneficial or 

detrimental by hysteresis loss. When the ratio of the MRI negative relaxivity values (r2) to the 

positive reference value (r1) is high, the contrast agent has a negative effect, and vice versa when 

the ratio is low. The values of r1 and r2 are highly sensitive to the nanoparticle's magnetic and 

structural characteristics. Again, SLP is highly dependent on magnetic anisotropy, and limited 

anisotropy will always increase the value of SLP, leading to better hyperthermia performance. 

Spin flip at radio rf magnetic fields and Neel relaxation are impeded under higher 

anisotropy conditions. Again, Brownian relaxation is frustrated by the large particle size. 

Anisotropy and structural characteristics were investigated in Co-substituted Magnesium ferrite 

with an atom fraction increase of x = 0.1. MRI/MRA contrast agents were studied using particles 
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of all compositions in their as-prepared state. Particle size dependence SLP and temperature rise 

for hyperthermia and/or laser ablation were studied by varying the size of the particles through 

controlled annealing at 200°C, 400°C, 600°C, and 800°C, and then encapsulating the particles in 

chitosan. This study aims to learn the structure-property relationship and their effect on magnetic 

nanoparticle-mediated MRI and thermotherapy using MCFO and chitosan/dextran/polyethylene 

glycol (PEG) nanohybrid. 
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CHAPTER 1: INTRODUCTION 
 

1.1. Introduction 

There are many biological objects smaller than the nanoparticles of superparamagnetic spinel 

ferrite. Several biomedical applications can thus be achieved with them. These are local 

magnetic hyperthermia, magnetic resonance imaging (MRI) contrast dye, targeted drug delivery, 

tissue repair, immunoassay, detoxification of body fluids, cell separation,  etc
1–6

. In today's world, 

these nanoparticles are of great significance for diagnosis and treatment at the molecular level. 

Nanoparticles' size, shape, and homogeneity are extensively studied for colloidal suspensions. 

Nanoparticles' composition is essential in enhancing their magnetic and physical properties. 

Nanoparticles are typically in the range of <20 nm in size, allowing them to have a large surface 

area 
7,8

. Due to the intense surface activity, surface modification enables targeted distribution and 

biocompatibility. Organic polymers (dextran, chitosan, polyethylene glycol, polysorbate, 

polyaniline, etc.), organic surfactants (dodecyl amine, sodium oleate, etc.), inorganic materials 

(gold, silica, carbon, etc.), and bioactive molecules (liposomes, peptides, ligands, etc.) are just a 

few examples of the many possible coating materials for nanoparticles. 

The significant parameters necessary for biomedical applications can be effectively controlled by 

coating and maintaining the surface's shape, size, surface charge, pH, and hydrodynamic 

diameter. Smaller particles with consistent physical and chemical characteristics have a higher 

magnetic moment for biomagnetic applications
3,9,10

. The magnetic properties of ferrite 

nanoparticles are susceptible to the cation distribution of the tetrahedral (A-site) and octahedral 

(B-site) sites. The environment of the preparation technique can control its size and cation 

distribution. 
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Magnetic fluid hyperthermia (MFH) was paid substantial attention as a therapy for cancer 

employing radio frequency (RF). Malignant cells are locally heated when nanoparticles are 

gathered inside them. Magnetic nanoparticles mediate the magnetic field for localized heating. 

Localized hyperthermia based on magnetic fluid causes the tumour temperature to rise to 42–

46°C when an RF magnetic field is applied for 30-60 minutes. As a result of this heat 

generation, the cancerous tissue is damaged or weakened. The disordered assembly of blood 

vessels in tumours and cancerous tissues makes them porous. The damage is therefore caused 

to locally confined tumours or deeply rooted tumours. Magnetic fluid hyperthermia has many 

advantages over other magnetic thermotherapy methods, such as thermoabalation. During 

thermoablation, cancerous cells are heated to 56oC for a short time, which may cause 

widespread necrosis, coagulation, and carbonization of cancerous tissue
11–14

. 

MRI visualizes brains, soft tissues, nervous systems, cardiovascular function, and tumors. 

Nanoparticles have remarkable properties that make them ideal MRI contrast agents. These 

properties include their tiny size, enormous surface area, high magnetic moment, and zero or 

negligible coercivity. MRI contrast enhancement occurs as particles of different sizes, magnetic 

moments, and anisotropy constant interact with adjacent water protons. T2 MRI contrast agents 

could be made from magnetic nanoparticles with high crystallinity
15–21

. Using gadolinium-

based nanoparticles as contrast agents in hospital MRIs helps identify weak kidneys. For many 

MRI applications, particularly those involving the detection of malignant tissue, a contrast 

agent is necessary. Even though ferrite nanoparticles have been the subject of extensive 

research as MRI contrast agents, it still needs to be determined to establish a biocompatible and 

effective composition. 
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Magnetic resonance angiography (MRA) is a considerably advanced clinical tool for noninvasive 

vascular imaging22–24. Therefore, it is extensively utilized to diagnose injuries like stenosis, 

intracranial aneurysms, aortic coarctation, aortic dissection, the cause of a stroke, heart disease, 

and blockage of vessels25–29. Also, MRA is one of the best additions for investigating suspected 

venous thrombosis inside the chest, abdomen, and pelvis, which will most probably replace 

formal X-ray angiography by resuming technical progress27,30. 

A contrast agent is required for many MRI applications, especially those involving the detection 

of cancerous tissue. Even though ferrite nanoparticles have been the topic of in-depth 

investigation as MRI contrast agents, it is still being determined what composition will be the 

most effective and biocompatible10. Phase-contrast (PC) and time-of-flight (TOF) angiography 

were two methods utilized in MRA to measure the motion characteristics of blood 26,31. PC MRA 

can observe and quantify blood flow by recording the flow velocity in the MR signal phase. The 

MR signal's phase changes due to the passage of blood along a magnetic field gradient. On a PC, 

pairs of images with various flow sensitivities are received. For instance, positive phase shifts are 

produced during one photograph of each couple using a gradient of positive polarity. A negative 

polarity gradient causes negative phase shifts in the other image. Blood vessels can be seen by 

removing the stationary tissues via image subtraction32–34. The foundation of TOF in MRA is 

that T1 for moving water is shorter than T1 for stagnant water. The variance is related to the spins 

being saturated by radiofrequency stimulation when stationary, which causes the spins to vary. 

Additionally, as new spins with complete magnetization replace the static spins, the signal is 

increased. The perception of TOF MRA systems depends on spin saturation. In the TOF MRA 

investigation, a contrast agent (CA) improves the contrast between blood and tissue, reducing the 

T1 relaxation time and improving the clarity of the vascular tree 35–37. Some literature reviews are 
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executed in the next section to find appropriate superparamagnetic spinel ferrite nanoparticles 

and surface modification for biomedical applications. 

1.2. Literature review 

Hoque
10

 investigated the Chitosan and PEG-coated superparamagnetic FexCo1-xFe2O4 

synthesized by chemical co-precipitation process. Saturation magnetization, transverse 

relaxivity, and magnetic hyperthermia properties improved with the addition of cobalt content 

for both Chitosan-coated and PEG-coated FexCo1-xFe2O4 nanoparticls.  All the Chitosan-coated 

and PEG-coated FexCo1-xFe2O4 exhibited significant effect on cell death of tumor cells.  

Gupta
5
 discusses in his review article that superparamagnetic iron oxide nanoparticles having 

proper surface chemistry were extensively utilized experimentally for several biomedical and 

bioengineering applications, which require high magnetization values and smaller sizes to get 

uniform physical and chemical properties. These applications require a biocompatible surface 

coating of the nanoparticles, which permits precise particle localization and targeted delivery. 

How nanoparticles are coated on the surface dramatically affects their biokinetics and 

biodistribution in the body. 

Ramnandan
38

 analyzed the MgFe2O4 nanoparticles prospect to deliver the doxorubicin 

anticancer drug. The band shift of Fourier transform infrared spectroscopy was used to 

demonstrate that the MgFe2O4 nanoparticles in their investigation were produced by the glycol-

thermal technique and surface functionalized with chitosan, polyvinyl alcohol, and polyethylene 

glycol. They investigated that chitosan-coated superparamagnetic MgFe2O4 nanoparticles 

encapsulate the highest 84.28% doxorubicin and polyvinyl alcohol-coated MgFe2O4 
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nanoparticles encapsulate the lowest 59.49% doxorubicin. In the human embryonic kidney 

(HEK293), colorectal adenocarcinoma (Caco-2), and breast adenocarcinoma (SKBR-3) cell 

lines, all of the chitosan, polyvinyl alcohol, and polyethylene glycol functionalized MgFe2O4 

nanoparticles were discovered to be harmless. When those particles were loaded with 

doxorubicin, they significantly diminished cell viability dose-dependently. Among them, 

doxorubicin encapsulated chitosan-coated MgFe2O4 nanoparticles retained superior anticancer 

activity. 

Khot
39

 studied MgFe2O4 nanoparticles with sizes near 20 nm prepared by a combustion method 

and coated with dextran to investigate their magnetic particle hyperthermia properties. The 

maximum temperature rise obtained was 73.32 °C, and the maximum specific absorption rate 

was 85.57 Wg−1 for 10 mg ml-1 dextran-coated MgFe2O4 nanoparticles at 26.7 kAm-1 alternating 

magnetic field. The dextran-coated nanoparticles exhibited good viability on mice fibroblast 

L929 cells. 

Mazarío
40

 investigated the colloidal, magnetic, and relaxometry properties of cobalt ferrite 

nanoparticles synthesized in aqueous media by an electrochemical synthesis technique. Using the 

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) assay, a durable and 

biocompatible targeting conjugate nanoparticle-folic acid was created, positively targeting folic 

acid receptors in HeLa (human cervical carcinoma) cells. The conjugate of cobalt ferrite 

nanoparticles and folic acid in colloidal suspension had a transverse relaxivity of 479 mM-1s-1. 

Cobalt ferrite nanoparticle-folic acid can be a feasible contrast agent in magnetic resonance 

imaging because in vitro testing on HeLa cells revealed a critical effect in negative T2 contrast. 

Omelyanchik41 examined how the annealing temperature affected how cobalt ferrite 

nanoparticles implanted in an amorphous silica matrix were created using the sol-gel auto-
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combustion method. The findings demonstrate that heat treatments control a complicated 

magnetic anisotropy equilibrium between core and surface contributions. The effective magnetic 

anisotropy constant rises with lowering annealing temperature, and particle size rises with rising 

annealing temperature. 

Zahraei
41

 studied manganese zinc ferrite nanoparticles synthesized by the hydrothermal method. 

Manganese zinc ferrites were coated with chitosan by the ionic gelation method using sodium 

tripolyphosphate as a crosslinker to improve the colloidal stability for biomedical applications. 

The hydrodynamic size of chitosan-coated manganese zinc ferrite nanoparticles is 300 nm, and 

the polydispersity index is 0.3. The values of transverse and longitudinal relaxivities of the 

investigated chitosan-coated manganese zinc ferrite nanoparticles were  315.8 and 5.0 mMs-1. 

Kamlesh
42

 synthesized cobalt ferrite nanoparticles using co-precipitation and investigated 

structural and magnetic properties. The average crystalline size was observed at 20 nm, and the 

saturation magnetic moment was 83 emug-1. 2.0 ×106 ergcm-3 obtains the anisotropic constant of 

cobalt ferrite nanoparticles at 300 K. 

Balavijayalakshm
43

 prepared cobalt-substituted magnesium ferrite nanoparticles by co-

precipitation, annealed them at 600 °C, and analyzed their characteristic properties. The average 

crystallite size was 7–9 nm, and the lattice parameter was 8.3939 Å. As cobalt concentrations 

increase, the prominent absorption bands of FTIR spectra shift to higher values. Cobalt 

substitution enhances magnetic properties. 

A series of manganese zinc ferrites were produced into ultrafine crystallites by Hoque45 using the 

wet chemical co-precipitation technique and calcination at 200 for four hours. The ferrite 

powders were created, and their potential as an MRI contrast dye was examined by coating them 
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with biocompatible chitosan. Higher relaxivity values are present in every composition of 

sequences, ensuring their probability as contrast agents.  

Cobalt ferrite nanoparticles of a 4 nm size were created by Rana46 using a reverse micelle 

method. The FTIR spectra of as-prepared CoFe2O4 nanoparticles showed the IR absorption 

bands at 460 and 615 cm1, which correspond to the metal-oxide bonds of the octahedral and 

tetrahedral sites, respectively. After annealing, the frequency of the absorption band changed 

towards the lower frequency range.  

In a one-pot solvothermal process utilizing acetylacetonates as precursors, Ajroudi47 looked into 

the electric and magnetic characteristics of CoxFe3-xO4 nanopowders. Co2+ was shown to have a 

solid attraction to tetrahedral sites. These nanoparticles have a substantially larger 

magnetocrystalline anisotropy constant than bulk ferrites. 

Localized heat induction is a state-of-the-art method that Mohapatra48 describes as being used for 

cancer treatment, thermally induced drug release, and remote activation of cell processes. It uses 

magnetic nanoparticles in an alternating magnetic field. This paper discusses the most recent 

developments in improving the magnetic characteristics of spinel ferrite nanoparticles for 

efficient heat induction. Their inherent and extrinsic magnetic characteristics enhance the heating 

efficiency of the magnetic nanoparticles. The magnetic particle's size, composition, and shape 

are crucial to successful magnetic heating. 

Xiang15  reported that superparamagnetic iron oxide MR contrast dyes form dextran-coated 

nanosized iron oxide crystals or carboxy dextran. Clinically approved superparamagnetic iron 

oxide MR contrast agents are ferumoxides and ferucarbotran, explicitly approved for liver MRI. 

Ferumoxides have transverse and longitudinal relaxivities of 98.3 and 23.9 mM-1sec-1, 

respectively, while ferucarbotran has transverse and longitudinal relaxivities of 151.0 and 25.4 
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mM-1sec-1. Ferumoxtran-10 used in reticuloendothelial system imaging, contains the transverse 

and longitudinal relaxivities of 60 and 10 mM-1sec-1, respectively. 

Inverse spinel ferrite nanoparticles that have been created interact with protons in bulk water to 

provide magnetic resonance imaging contrast enhancement. This interaction depends on the 

succimer-coated inverse spinel ferrite nanoparticles' initial susceptibility, magnetization, and 

anisotropy. Kim16 studied inverse spinel ferrite nanoparticles of superparamagnetic MFe2O4 (M 

= Mn2+, Fe2+, and Co2+) with average diameters of 6–8 nm that were produced by a diol 

reduction of organic metals. The surface was modified to be hydrophilic by coating with 

succimer. MnFe2O4, Fe3O4, and CoFe2O4 had transverse and longitudinal relaxivity ratios of 

12.2, 23.1, and 62.3, respectively, pointing to the potential use of these magnetic nanoparticles as 

T2 contrast agents for MRI. 

In a review article, Amiri
13

 introduces magnetic effects, synthesis techniques, and medical 

applications for cobalt ferrite nanoparticles, like hyperthermia, magnetic resonance imaging, 

drug delivery, and magnetic separation. Cobalt ferrite has a high Curie temperature, high 

coercivity at room temperature, high saturation magnetization at room temperature, high 

anisotropy constant, excellent chemical stability, mechanical hardness, and electrical insulation, 

for which they are optimistic candidates for medical applications, including magnetic drug 

delivery, radio-frequency (rf) hyperthermia, MRI and medical diagnostics. 

Druc
44

 synthesized cobalt-substituted magnesium ferrite using glycine as a chelating/explosive 

agent in the sol-gel auto-combustion method. It was found that all samples formed spinel 

monophase within the Fd3m space group. 
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Liu
45

 shows that the spin-orbital angular momentum coupling in MgFe2O4 and CoFe2O4 spinel 

ferrite nanoparticles is correlated with their superparamagnetic properties. Because of 

emphasized magnetic couplings from Co2+ lattice sites, CoFe2O4 nanoparticles have a higher 

blocking temperature than MgFe2O4 nanoparticles of the same size. CoFe2O4 nanoparticles have 

higher magnetic anisotropy than similar-sized MgFe2O4 nanoparticles. These studies suggest 

chemically adjusting the magnetic anisotropy energy can regulate nanoparticles' 

superparamagnetic properties. 

Using a chemical co-precipitation approach, Varshney
46

 investigated the effects of Zn and Mg 

levels on synthesized cubic cobalt ferrites' structural and magnetic properties. It was found that 

all of the samples had a cubic structure with the Fd3m space group in a single phase. Magnetic 

measurements were conducted on samples of cobalt ferrite doped with Zn and Mg, and the 

highest saturation value was determined. 

Zhao11 studied magnetite nanoparticles prepared by coprecipitation with an aqueous NaOH 

solution. The Fe3O4–chitosan magnetic mixed nanoparticles with a core–two-step produce shell 

structure of diameter 30–50nm via a suspension cross-linking method. The inductive heating 

effects of Fe3O4–chitosan mixed nanoparticles in an alternating current magnetic field were 

investigated. Fe3O4–chitosan composite nanoparticles' potential was evaluated for localized 

hyperthermia treatment of cancers. The Fe3O4–chitosan composite nanoparticles would be 

suitable thermoseeds for localized hyperthermia cancer treatment. 

Joshi
47

 synthesized cobalt ferrite magnetic nanostructures by a high-temperature solution-phase 

approach and investigated the effect of the size and shape of cobalt ferrite nanostructures. The 

nanostructures' saturation magnetization and relaxivity coefficient increase with increasing 
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particle size. The faceted irregular cobalt ferrite nanostructures showed lower saturation 

magnetization and higher relaxivity coefficient than their spherical counterparts. The cobalt 

ferrite nanoparticles are a potential candidate for biomedical applications. 

Fe3O4 magnetic nanoparticles limited with oleic acid or polyethylene glycol (PEG) produced by 

a co-precipitation technique were heated inductionally by Ghosh53. The average crystallite sizes 

of Fe3O4 nanoparticles, Fe3O4 nanoparticles with oleic acid caps, and Fe3O4 nanoparticles with 

PEG checks were 12, 6, and 8 nm, respectively. It was discovered that every particle was 

superparamagnetic. When the magnetic nanoparticles were coated with oleic acid and 

polyethylene glycol, there was a decrease in the aggregation of particles. The Fe3O4 magnetic 

nanoparticles capped with oleic acid showed the best killing rate in the human breast cancer cell 

(MCF7) and the best induction heating compared to other Fe3O4 magnetic nanoparticles 

investigated in this study. 

Na
21

 focuses on superparamagnetic iron oxide as a liver MRI contrast agent, with a large surface 

area and efficient contrasting effect. Magnetic iron oxide nanoparticles are broadly utilized as 

MRI contrast dyes in the liver, spleen, and bone marrow due to their capacity to curtail relaxation 

times (𝑇ଶ
∗). Without the contrast agent, such information-rich pictures are unobtainable. Newly, a 

comprehensive investigation has been piloted to design nanoparticle-based T1 contrast 

mechanisms to overwhelm the disadvantages of iron oxide nanoparticle-based negative T2 

contrast agents. Additionally, consistent ferrite nanoparticles with high crystallinity have been 

successfully used as fresh T2 MRI contrast agents with an improved mechanism and physical 

approach. 

Hoque
48

 notifies the thermotherapeutic applications of chitosan and PEG-coated nickel ferrite 

nanoparticles prepared by the co-precipitation process. A superparamagnetic to ferromagnetic 
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transition occurs with increasing particle size. Manipulating the solution's size, shape, 

magnetization, and concentration can produce enough heat for hyperthermia therapy. The 

chitosan and PEG-coated nickel ferrite nanoparticles are suitable for magnetic resonance 

imaging as a T2 contrast agent. 

When doing time-of-flight magnetic resonance angiography, Edelman55 proposed that using 

magnetization transfer contrast agents would enhance flow contrast. Low-power radiofrequency 

radiation was used to create two- and three-dimensional flow-compensated gradient-echo 

pictures with and without contrast agents. Low-power radio-frequency radiation offsets the bulk 

"free" water resonance frequency before the radio-frequency excitation pulse to generate 

magnetization transfer contrast images. The standing tissue's signal intensity decreased as the 

power provided for the magnetization transfer contrast pulse increased. As counted in the 

superior sagittal sinus, a shorter decrease appeared in venous signal intensity. The central 

cerebral artery's estimated arterial signal intensity slightly changed, but there was no 

magnetization transfer contrast effect in the cerebrospinal fluid. The characterization of the 

highest-intensity projection images was strengthened by the small vessel with magnetization 

transfer contrast. According to the authors, magnetization transfer contrast can significantly 

improve brain time-of-flight magnetic resonance angiography. 

Miraux
49

 committed magnetic resonance angiography of rodents employing time-of-flight 

magnetic resonance imaging techniques. After injecting a gadolinium-enhanced agent, veins with 

low flow velocity were become apparent due to the gadolinium effect. 

Alawi
50

 presented in his review article that magnesium is a biocompatible cation essential for 

the human body. It is essential for blood pressure regulation, bone formation, cardiac 

contraction, glycemic control, and muscle contraction. Magnesium, a cofactor for more than 300 
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enzymes, has daily intake recommendations for adult males and females of 420 mg and 320 mg, 

respectively. 

Lison
51

 reported that cobalt is also an essential element for humans. Cobalamin, or vitamin B12, 

is an essential human body component. The adult human body contains about 1 mg/ml of cobalt, 

of which 85% is found in vitamin B12. The average person needs 5 to 50 g of cobalt each day. 

Based on the above literature, chemical co-precipitation was employed to synthesize 

𝐌𝐠𝟏ି𝐱𝐂𝐨𝐱𝐅𝐞𝟐𝐎𝟒 (𝟎 ≤ 𝐱 ≤ 𝟏 with ∆𝐱 = 𝟎. 𝟏) (MCFO) nanoparticles. In this study, Magnesium 

is deliberately substituted by cobalt to control the size, shape, magnetic moment, coercivity, and 

anisotropy constant for finding suitable material for biomedical applications. Though cobalt is 

more toxic than Magnesium, adding a small amount of cobalt can significantly Alter the 

magnetic characteristics of magnesium cobalt ferrite, which reduces the dose of the magnetic 

particle in biomedical applications. This study investigated both composition dependence and 

sintering temperature dependence structural and magnetic properties. Then the surfaces of the 

nanoparticles are functionalized by Chitosan, PEG, and Dextran to make them colloidal and 

biocompatible for biomedical applications. 

1.3. Objective 
 

This study aims to find the best combination of Chitosan, PEG, and Dextran-coated MCFO 

magnetic nanoparticles for  

i) local magnetic hyperthermia,  

ii) MRI contrast, and  

iii) MRA contrast agents.  
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The MCFO materials were selected in this investigation because cobalt has anisotropic 

properties and higher magnetic moments. The tumour treated by Local magnetic 

hyperthermia (LMH) treatment with Fe2O4 regrows after a few days. However, the tumour 

treated by LMH with anisotropic CoFe2O4 did not regrow after a few days. Furthermore, 

replacing magnesium with cobalt of MCFO materials also improves their magnetic 

properties, which is crucial for LMH studies, MRI and MRA contrast agents. 

To achieve this, we need to optimize the composition, sintering temperature, concentration, 

and dose while ensuring the structural and magnetic properties are suitable for the ferrite's 

structure. To study the magnetic properties of MCFO materials, their structure and particle 

properties were analyzed using techniques like Transmission electron microscope (TEM), X-

ray Diffractometer (XRD), Fourier Transform Infrared (FTIR), and Raman spectroscopy. 

The materials need higher magnetic moments and lower hydrodynamic diameters to be 

suitable for local magnetic hyperthermia, MRI, and MRA contrast materials. Therefore, the 

magnetic properties were further analyzed using Physical Property Measurement System 

(PPMS) and Mössbauer spectroscopy. Then, the MCFO materials were coated with Chitosan, 

PEG, and Dextran. The hydrodynamic sizes of the MCFO materials were investigated using 

DLS measurement. Finally, the in-vitro LMH properties and in-vivo MRI and MRA contrast 

properties within the rat head were investigated to find suitable MCFO materials for LMH 

and MRI treatment. Details of the measurements are discussed in Chapter 3, and the results 

are discussed in Chapters 4 to 6.   
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CHAPTER 2: THEORETICAL BACKGROUND 
 

2.1. Introduction 

In the last two decades, extensive concentration has been maintained in preparing nanoscaled 

materials. Recently, materials made of a few atoms to hundreds of particles have been able to be 

synthesized, and their properties have been effectively determined, thanks to the development of 

new fabrication and characterization approaches52,53. Due to the increased surface-to-volume 

ratio and quantum confinement effects in these dimensions, nanosized materials exhibit 

distinctive optical, electrical, and magnetic properties corresponding to their bulk 

counterparts54,55. These new nanoparticle segments offer them the prospect of being utilized in an 

exhaustive range of technical, environmental, energy, and biomedical applications. In biomedical 

applications, metallic, magnetic, fluorescent, polymeric, and protein-based nanoparticles are 

employed. Much of the analysis in this field is concentrated on magnetic nanoparticles56,56–58. 

Cobalt-doped magnesium ferrites were surface-engineered in this research work using different 

coating materials. This chapter discusses the theoretical background of this research work.  

2.2. Origin of Magnetism 

The magnetism arrives from the basic properties of an electron containing a magnetic dipole 

moment. The dipole moment comes from the more elemental property of the electron connected 

to the quantum spin. The spin of electrons in atoms is the principal source of ferromagnetism, 

although there is a tiny contribution from the orbital angular momentum of the electron around 

the nucleus. Atomic electrons possess magnetic moments originating from two different sources. 

One source is its orbital motion, where a rotating charge creates a tiny magnetic field, similar to 

a current loop. During electron trajectory, this magnetic field creates a magnetic moment. 
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Another is associated with the spinning electron around an axis which generates the spin 

magnetic moment on the spin axis. Accordingly, an individual electron in an atom is a miniature 

magnet keeping permanent orbital and spin magnetic moments.  

 

Figure 2.1: The magnetic moment linked to an electron's spinning and orbital movement 

The way an electron moves around the nucleus is comparable to current circulation in a circular 

wire. The magnetic moment of a current-carrying conductor is provided by µ = I.A, where I is 

current, and A is the area
59

. 

2.2.1. Orbital magnetic moment 

The equation used to determine the magnetic moment of an electron in orbit is as follows: 

𝜇 = 𝜋𝑟ଶ ቀ
௩

ଶగ
ቁ =

௩

ଶ
                                   (2.1)    

 
The equation involves the orbit radius (r), electron charge (e), and velocity (v). 

The angular momentum of an electron must be an integer multiple of Planck's constant, which is 

written as: 

𝑚𝑣𝑟 =


ଶగ
                                     (2.2) 

In this equation, m represents the mass of the electron, and h represents Planck's constant. The 

first orbit of an electron has n equal to 1. Accordingly, an electron's orbital magnetic moment can 

be calculated as follows: 
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𝜇 =


ସగ
                                   (2.3) 

In physics, this is a Bohr magneton, the least possible magnetic moment of an orbit 
60

. 
 

2.2.2. Spin magnetic moment 

Similarly, the electron's shortest spin magnetic moment is 

𝜇 =
𝑒ℎ

4𝜋𝑚
 

Quantum theory states that the spin of an electron has solely two possibilities + ቀ
ଵ

ଶ
ቁ ቀ



ଶగ
ቁ or 

− ቀ
ଵ

ଶ
ቁ ቀ



ଶగ
ቁ. 

We can express it in the same format as equation (2.3), which is: 

𝜇 = ቀ


ଶ
ቁ 𝑆                                                (2.4) 

In this case, S represents the spin quantum number. 

In short, 

𝜇 = 𝑔 ቀ


ଶ
ቁ 𝑆                                (2.5) 

The letter "𝑔" in this context stands for the gyromagnetic ratio. When 𝑔 is equal to 2, a 

contribution from the spin is visible. On the other hand, when 𝑔 equals 1, an orbital contribution 

is observed. The magnetic moment of a nucleus is negligible compared to that of an electron due 

to its massive size. The gyromagnetic ratio is proportional to the 𝑔-factor, which results from the 

precession of electrons in a gravitational field. The value of 𝑔 determines whether the magnetic 

moment is caused by spin or electron orbital motion
61

. 
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2.3. Basic Concepts of Magnetism 

When electric charges move, they create electric currents that generate magnetic fields. These 

magnetic fields are represented by magnetic dipoles, which are essentially flat current loops. The 

magnetic moment of a dipole (m) is calculated by multiplying the current (I) with the area (A) 

(m = IA). Magnetic fields are formed by the movement and spinning of electrons within atoms, 

creating small current loops. Bohr's magneton (µB) is the fundamental magnetic dipole moment, 

with a magnitude of 9.27×10-24 Am2. An electron in an atom has a spin magnetic moment of ±µB 

(the plus sign is for spinning up, and the minus sign is for spinning down). The electron's 

magnetic quantum number is labeled m1, and its impact on orbital magnetism is demonstrated as 

m1µB
61–63. 

The material magnetization vector M represents the magnetic moment per unit volume. As a 

result of external magnetic fields, magnetic moments within the material align either parallel or 

antiparallel with the field, which changes it. The magnetic field intensity, represented by the 

vector H, is expressed in Amperes per meter (A/m). On the other hand, B represents the 

magnetic flux density measured in Weber per square meter (Wb/m2) or tesla. There is a linear 

relationship between M and H, which is 

𝑴 = 𝜒𝑯                                                              (2.6)  

where 𝜒 is the magnetic susceptibility which depends on the magnetic materials60–65. Another 

relationship between M and H also implies the following: 

𝑩 = 𝜇𝑴 + 𝜇𝑯 

𝑩 = 𝜇𝜒𝑯 + 𝜇𝑯 

𝑩 = 𝜇(1 + 𝜒)𝑯    

𝑩 = 𝜇𝑯(𝑤ℎ𝑒𝑛 𝜇 = 𝜇(1 + 𝜒) 𝑜𝑟 
ఓ

ఓబ
= 1 + 𝜒                                           (2.7)  

Magnetic permeability (µ) is a characteristic of the medium through which the magnetic field 

(H) flows and where the magnetic flux density (B) is measured. Weber per ampere meter 
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(Wb/A.m) or Henry per meter (H/m) are used to measure it. Materials are categorized into five 

groups based on their magnetic properties, which are: 

2.3.1. Diamagnetism  

Diamagnetic materials like bismuth or silver do not have a permanent magnetic dipole moment. 

However, they exhibit weak magnetic dipole moments in an external magnetic field. It is due to 

their negative magnetization, resulting in a negative susceptibility (χ ˂ 0) consistent with Lenz's 

law. Additionally, the susceptibility of diamagnetic particles is not dependent on temperature. In 

diamagnetic materials, an orbiting electron produces a weak repelling force when there is a 

magnetic field61–63. 

2.3.2. Paramagnetism  

In paramagnetic materials, the unpaired electrons' spin and orbital magnetic moments are not 

entirely balanced, which means they do not have a permanent dipole moment. Without a 

magnetic field, the randomly oriented dipole moments do not create any macroscopic 

magnetization. When a magnetic field is present, the moments align with its direction, causing a 

positive susceptibility (𝜒 > 0). Nowadays, only a few paramagnetic substances like Mn and Cr 

exist64,66. 

2.3.3. Ferromagnetism  

Compared to other magnetic materials, atoms of ferromagnetic materials have powerful 

permanent magnetic moments. Consequently, this permanent magnetic moment can easily align 

with a magnetic field, which strengthens the magnetic field's pull. Ferromagnetic materials are 

known as magnetic materials. 
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The interaction of magnetic moments among neighboring atoms selected its magnetic 

characteristics. Heisenberg
67

 developed a Hamiltonian, H, to illustrate the interaction of two 

neighboring particles using Pauli's exclusion  principle: 

𝐻 = −2𝐽𝑆. 𝑆                                                                                                                            (2.8) 

where J, exchange integral, 𝑆, the spin angular momentum of the ith atom, and 𝑆, the spin 

angular momentum of the jth atom. When the exchange integral is positive, the spin magnetic 

moment of the ith and jth atoms must be parallel to minimize the total energy. Therefore the 

magnetic moments are arranged parallelly to form ferromagnetic materials. Ferromagnetic 

materials include the domain of minimizing demagnetizing energy. The magnetic moment inside 

the domain sets parallelly, and the domains are organized randomly to make zero net 

magnetization without magnetic fields. Iron, nickels, cobalt, gadolinium, and some alloys are 

ferromagnetic materials64,66,68. 

2.3.4. Antiferromagnetism   

Again, when the exchange integral is negative, the magnetic moment of the ith and jth atom is 

oriented anti-parallelly for energy minimization. These kinds of materials are called anti-

ferromagnetic materials. In anti-ferromagnetic materials, the magnetic moment of the ith and jth 

sublattices are equal and opposite. Like ferromagnetic materials, they also form domains. The 

frequent examples of antiferromagnetic materials with ordering consist of MnO, CoO, FeO, and 

NiO64,66. 

2.3.5. Ferrimagnetism 

Ferrimagnetic materials are similar to antiferromagnetic materials in their arrangement of 

magnetic moments but differ in the degree of magnetic moment in different directions. It results 

in a net magnetic moment even without an external magnetic field. Ionic compounds like oxides 
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can exhibit many types of magnetic ordering because of their crystal structure. The oxygen 

anions mediate the exchange contacts between the magnetic structure's magnetic sublattices (A 

and B). The most significant of these exchanges, indirect or superexchange interactions, causes 

an antiparallel spin arrangement between the A and B sublattices. Compared to ferromagnetism, 

ferrimagnets have a net magnetic moment that differs in the A and B sublattices. The 

ferromagnetic behavior's properties, including spontaneous magnetization, can be seen in 

ferrimagnetism64,66,68. 

2.4. Magnetic Domain 

Magnetic materials have regions called magnetic domains where the magnetization of atoms 

aligns in the same direction. When ferromagnetic materials are cooled below the Curie 

temperature, their magnetization separates into small areas called magnetic domains. The 

magnetization within each domain points in the same direction, but different domains may point 

in different directions. The arrangement of magnetic domains determines the magnetic behavior 

of ferromagnetic particles (such as iron, nickel, and cobalt and their alloys) and ferrimagnetic 

materials (like ferrite), including the building of magnets and their attraction to a magnetic field. 

The areas that separate magnetic domains are called domain walls, where the direction of 

magnetization changes smoothly from one domain to the next. The study of magnetic domains is 

known as micromagnetics69,70.  
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Figure 2.2: Magnetic domain with no field and strong field. 
 

2.5. Hysteresis 

Understanding magnetic hysteresis is crucial as it relates to the irreversible process of 

magnetization and demagnetization. The Hysteresis loop provides various information about 

magnetic materials. The B-H loop illustrates the relationship between magnetizing force (H), 

induced magnetic flux density (B), and magnetization (M) for a ferromagnetic particle. We 

adjust the magnetizing force while measuring the magnetic flux to create the loop. Initially, an 

un-magnetized or demagnetized particle like iron follows the dashed line as the magnetizing 

force increases. As the magnetic field (H+) increases, the magnetic flux density (B+) 

strengthens. At point "a" in Figure 2.3, most magnetic domains align in parallel, resulting in a 

slight magnetic flux increase with further magnetizing force increases. This point indicates 

magnetic saturation. When H returns to zero, the curve moves from point "a" to point "b," where 

some magnetic flux remains in the material despite zero magnetizing energy. This point is called 

retentivity and shows the level of remanence on the graph71–73. The coercive force, or coercivity, 

refers to the force needed to eliminate any remaining magnetism in a material. Figure 2.3 is an 

illustration of a hysteresis loop as an example. 

No field Strong field 
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Figure 2.3: Typical hysteresis loop of ferromagnetic materials. 

 

At point "d" on the negative path, the material becomes magnetically saturated again when the 

magnetizing energy increases in the opposite direction. Lessening H to zero leads to point "e," 

where residual magnetism is no different from the other direction. B returns to zero when H is 

increased in a positive direction. There is, however, a residual magnetic field that prevents the 

curve from returning to the origin. Upon reaching saturation point, the curve follows a distinct 

route back to point "f." By measuring the hysteresis loop, we can determine several critical 

magnetic properties. 

2.5.1.  Retentivity 

Retentivity measures the magnetic field in a sample after the magnetizing power has been 

removed from the saturation level. It is similar to the saturation induction of a magnetic material. 

The retentivity of the sample is represented by the value of B at point b on the hysteresis loop
71

. 

2.5.2.  Residual Magnetism or Residual Flux 

Residual magnetism is the magnetic flux density that persists in a material even without a 

magnetizing field. It is significant to remember that when the magnetization achieves saturation, 
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a sample's residual magnetism and retentivity are identical. However, if the magnetizing energy 

is insufficient to attain the saturation level, the intensity of residual magnetism may be lower 

than the retentivity value71. 

2.5.3. Coercive Force 

The coercive force is the magnetic field required to reset the magnetic flux to zero. H represents 

the magnetic material's coercive force at point c on the hysteresis loop
71

. 

2.5.4. Permeability 

Material permeability refers to its ease in establishing an element's magnetic flux. Higher 

permeability ensures a higher number of force lines inside a sample
74

. 

2.5.5. Reluctance 

Reluctance is a ferromagnetic material's resistance to an applied magnetic field. The reluctance is 

similar to electrical circuit resistance
75

. Figure 2.3's B vs. H hysteresis loop area shows the 

energy lost per unit volume per cycle of applied field fluctuation cycle. This energy loss for 

magnetization and demagnetization is the hysteresis loss. It dissipates in the setting as thermal 

energy, which is used in magnetic hyperthermia
76

. 

2.6. Ferrite's Structure 
 

According to the crystal structure, there are four types of ferrite. These are 

i) Spinel ferrite, 

ii) Hexagonal ferrite, 
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iii) Garnet ferrite, and 

iv) Ortho ferrite. 

Our investigated samples are spinel ferrites. So we focus on spinel ferrite in this section.  

 

Figure 2.3 (a): Crystal structure of Spinel ferrite. 

Spinel ferrites are magnetically soft and exhibit high electrical resistivity and low magnetic 

losses. Spinel ferrites are depicted by the chemical formula MFe2O4, where M is divalent metal 

ions like Cu, Ni, Mg, Mn, Co, Zn, Cd, etc. Generally, Fe3+ can be substituted by further trivalent 

ions like Al, Cr, Ga, In, etc. Thirty-two oxygen ions create a cubic shape within a closely packed 

face-centered cubic arrangement. These ions occupy two interstitial sites between the anions. At 

site A, four neighboring oxygen atoms surround a tetrahedral coordinate (A). Meanwhile, six 

oxygen atoms from the nearest neighbors at site B encompass an octahedral coordinate (B). One 

unit cell is composed of 64 A sites and 32 B sites. 8 A sites and 16 B sites are filled by cations77–

82. There are three types of spinel Ferrites. These are  

i) Normal spinel ferrite, 

ii) Inverse spinel ferrite, and  
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iii) Mixed spinel ferrite. 

i) Normal spinel ferrite: In a normal spinel ferrite, divalent ions occupy the A sites, whereas the 

trivalent ions occupy the B sites. For example, bulk Mn3O4, ZnFe2O4, FeCr2O4, etc, are normal 

spinel Ferrites. 

ii) Inverse spinel ferrite: In an inverse spinel ferrite, the B sites are occupied by divalent ions, 

while trivalent ions occupy the A sites. For example, bulk Fe3O4, CoFe2O4, NiFe2O4, etc., ferrites 

are inverse spinel ferrites. 

iii) Mixed spinel ferrite: In the mixed spinel ferrite, divalent and trivalent ions can be found in 

the A and B sites. For example, bulk CuFe2O4 ferrite is a mixed spinel ferrite. 

2.7. Theory of Magnetization in Spinel Ferrite 

Ferrite nanoparticles usually form by a suitable ferric oxide (Fe2O3) reaction and other divalent 

metal oxides. The spinel structure comprises a network of positively-charged metal ions (Fe3+, 

M2+) and negatively charged divalent oxygen ions (O2-). Its formula is MOFe2O3 or MFe2O4, 

where M represents the divalent metal ion. Ferrites can also contain iron oxide based on elements 

such as Cr and Mn. Although Mn and Cr are not ferromagnetic elements, they can act as 

magnetic ions when combined with other elements in ferrite. Magnetic spinels can have various 

divalent ions substituted for M2+, including Mn2+, Ni2+, Cu2+, Co2+, Fe2+, Li2+, Zn2+, Mg2+, or 

combinations of these ions. Fe3+, Fe2+, Ni2+, Co2+, and Mn2+ can provide unpaired electron spins 

and part of the magnetic moment in a spinel. Other divalent ions, such as Mg2+ or Zn2+, aim to 

raise or deliver the magnetic moment by displacing Fe3+ ions on crystal lattice sites, even though 

they are not magnetic83,84.  
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Magnetic nanoparticles have numerous benefits as relevancy at higher corrosion resistance, 

higher heat resistance,  lower price, and higher frequency due to maintaining lower saturation 

magnetization of ferrites than ferromagnetic alloys. The magnetic behavior of ferrites depends on 

the arrangement and distribution of ions in the sublattice. Therefore, several practical 

applications of ferrites have been developed by completely employing these advantages. The 

superparamagnetic or ferromagnetic character is more favorable for biomedical applications. 

Ferrimagnetic materials contain atoms with varying magnetic moments, similar to 

antiferromagnetism. However, the opposing magnetic moments are unequal in ferrimagnetic 

materials, resulting in spontaneous magnetization. It occurs when different materials or ions are 

present, such as Fe2+ and Fe3+. Examples of ferrimagnetic materials include ferrites and magnetic 

garnets. Magnetite, the ancient and well-known magnetic substance, is also a ferrimagnet. It was 

initially thought to be a ferromagnet before the discovery of ferrimagnetism and 

antiferromagnetism by Néel in 1948.  

Cubic ferrites comprise iron oxides and other elements like aluminum, manganese, cobalt, 

nickel, iron, and zinc. On the other hand, hexagonal ferrites such as BaFe12O19,  PbFe12O19, and 

pyrrhotite, Fe1-xS. 

According to Hund's rule, the spontaneous magnetization of magnetic particles arises from the 

non-zero net magnetic moments when filling up the 3d orbital. In the case of ferromagnetic or 

superparamagnetic ferrite nanoparticles, divalent ions occupy the A-sites, while trivalent ions 

occupy the B-sites, creating a normal spinel structure. However, if trivalent ions occupy the 

octahedral position and divalent ions occupy the tetrahedral position within a unit cell of cubic 

ferrite, this is called the inverse spinel structure. Fe3+ ions cancel each other out in this structure 

due to their equal and opposite magnetic moments. In addition, both the trivalent and divalent 
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ions occupy tetrahedral and octahedral positions in a mixed spinel structure. Fe3+ ions are evenly 

allocated across both A and B sites to cancel out the net magnetic moment in magnetic ferrite 

nanoparticles. The electron arrangement of magnetic nanoparticles is 3p64s2, and two electrons 

are taken away from 4s2 to form 2+ ions. Magnetic moment, curie temperature, and the crystal 

structure of ferrite nanoparticles are selected for magnetic hyperthermia over other metal 

nanoparticles to avoid extra heating due to eddy current losses. Because of their high anisotropy, 

minimum coercivity, minimum remanence, maximum saturation magnetization, thin deadline, 

and high resistivity, magnetic nanoparticles are crucial contrast agents during MR imaging7,79,85. 

2.8. Superparamagnetic Behavior of Ferrite Nanoparticles 

Superparamagnetism is the magnetic activities related to magnetic nanoparticles, usually of 

ferromagnetic materials analogous to a single magnetic domain and a high magnetic moment. 

When ferromagnetic or ferrimagnetic particles are small enough, their magnetization is subject to 

thermal fluctuations. Assume that the Néel relaxation time—a period between two such 

fluctuations—is shorter than the time required to determine the magnetization of the particles in 

the absence of an external magnetic field. The magnetization of the particles will then typically 

appear to be zero in that situation. This phenomenon is known as superparamagnetism. If the 

nanoparticles are too small, their magnetization can arbitrarily flip under temperature pressure, 

with the Néel relaxation time being the characteristic time between two flips. The average 

magnetization of the nanoparticles will appear to be zero if the measurement duration is 

substantially longer than the Néel relaxation time and there is no external magnetic field. It is 

known as the superparamagnetic state, and an external magnetic field can manipulate it45,86,87. 

Superparamagnetic materials contain a large saturation magnetization and zero coercivity and 
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remanence, making it to be notable from ferromagnetism and paramagnetism as illustrated 

below:  

 

 

Figure 2.4: Hysteresis loops of ferromagnetic, paramagnetic and superparamagnetic materials. 

 

Superparamagnetism is a consequence of ferromagnetism, where the material's surface 

dominates to fix its magnetic characteristics. Figure 2.5 depicts the magnetic particle size's 

influence on magnetic properties. The coercivity changes with the particle dimension, and at a 

small enough size, the coercivity becomes zero, as exposed in the following figure: 

 

Figure 2.5: Size effects of particles on magnetic properties. 
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2.9. Magnetic hyperthermia for cancer treatment 

Hyperthermia is a method of destroying tumor cells without invasive procedures by subjecting 

them to high temperatures. However, there is a risk of harming healthy tissues if too much heat is 

delivered. To avoid this, magnetic nanoparticles (MNPs) induce heat in specific areas like tissues 

or cells using an alternating magnetic field (AMF). This approach is beneficial since it is non-

invasive and localized, ensuring that healthy cells are unaffected
88

. Several requirements need to 

be met to implement MNPs in tumor treatment successfully. The MNPs must, first and foremost, 

be biocompatible, biodegradable, and of sufficient colloidal strength. Second, they should be 

delivered to the tumor cells efficiently in small doses, necessitating MNPs with substantial heat 

production capabilities. 

Additionally, the frequency and amplitude ranges of the AMF utilized to heat the MNPs must 

adhere to safety standards. It is crucial to monitor cellular temperature variations utilizing natural 

and non-invasive techniques. Furthermore, it is critical to comprehend the elements that 

influence heat transfer from MNPs to cells and the effects of temperature on cellular biological 

processes89–91. 

The AMF is written as 

𝑯(𝒕) = 𝑯𝟎𝑒ଶగ௧                                                                                                                        (2.9) 

Where H0, is the maximum value of AMF, and f is the frequency of the wave. 

Hyperthermia, a treatment method that uses heat to cure diseases, has been practiced since 

ancient times. When exposed to temperatures above 41oC, it can have a variety of effects on both 

the cell membrane and interior. The cell membrane becomes more permeable and fluid, which 

inhibits protein and nucleic acid production, results in protein denaturation and aggregation, and 

damages the blood vessels in the malignant area, reducing blood flow. Hyperthermia is classified 
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into three categories depending on the area affected: whole-body, regional, and local 

hyperthermia. Whole-body hyperthermia involves heating the body with hot water or an electric 

blanket. Regional hyperthermia involves heating an entire organ or a specific body part using 

external applicators and local perfusion. Local hyperthermia involves applying heat to small 

tumor areas using electromagnetic signals like ultrasound, microwaves, and radio waves88,92. 

When treating cancer with local hyperthermia, it is essential to have precise control over the 

affected area and ensure that the heat is distributed evenly. This method only reaches a few 

centimeters and is invasive for deep cancer locations. Nanotechnology overcomes these 

difficulties by using magnetic nanoparticles delivered directly to cancer cells and heated 

externally with an alternating magnetic field. This method enables targeting deep cancer cells 

while minimizing adverse effects. It is crucial to ensure the nanoparticles have a precise and 

uniform size distribution for practical purposes. If the particles have vastly different dimensions, 

tissue may not heat evenly and could cause harmful side effects. When testing this method in 

living organisms, it is crucial to consider these factors88,93–95.  

When magnetic moments in magnetic materials align in a specific direction, known as the easy 

direction, this phenomenon is known as magnetocrystalline anisotropy. The atomic spin and 

orbital angular moments are intimately related when the magnetocrystalline anisotropy is strong, 

aligning the magnetic moment in a straightforward direction. To change the direction of 

magnetization, energy is needed, which is equal to the anisotropy energy (except for insignificant 

higher order). Hence, the anisotropy is written as: 

𝐸 = 𝐾𝑉𝑠𝑖𝑛ଶ𝜃                                                                                                              (2.9a) 

The anisotropy constant (K) is a unit of measurement that considers all sources of anisotropy and 

is measured in J/m3. The anisotropy energy is determined by the magnetic volume of a particle 
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(V) and the angle (θ) between the particle's magnetization and the easy magnetization axis. 

When particles are exposed to an alternating magnetic field (AMF), heat is produced as they 

receive energy and work against the anisotropy energy. Upon removal of the AMF, the magnetic 

moments align with the easy axis of magnetization, resulting in relaxation. This alignment and 

relaxation of moments continuously generate heat from the AMF. The amount of anisotropy 

energy depends on the particle size and anisotropy constant88,96,97. 

If a particle cannot change its orientation while its magnetic moment is flipped, then the 

relaxation time of the moment is known as the Néel relaxation time (τN) and is expressed as: 

𝜏ே = 𝜏𝑒
಼ೇ

ೖಳ                                                                                                                             (2.10) 

The equation for magnetic susceptibility considers several factors, such as the magnetic particles' 

anisotropy constant (K), volume, the Boltzmann constant, and temperature. Notably, an increase 

in the concentration of magnetic nanoparticles in the solution leads to a rise in magnetic 

susceptibility due to Brownian relaxation47,98,99. The size and anisotropy of nanoparticles 

determine Brownian relaxation. The Brownian relaxation time47,99 is written as: 

𝜏 =
ଷఎಹ

ಳ்
                                                                                                                                 (2.11) 

The formula is as follows: 𝜂 represents the dynamic viscosity of the carrier liquid, VH stands for 

the hydrodynamic volume of the particles, kB represents the Boltzmann constant, and T 

represents the temperature. The effective relaxation time is expressed as follows: 

ଵ

ఛ
=

ଵ

ఛಿ
+

ଵ

ఛಳ
                                                                                                                           (2.12) 

To determine the effective relaxation time (τeff) of magnetic nanoparticles (MNPs), we use 

equation (2.12) with either the Néel relaxation tool for smaller particles in highly viscous 
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mediums or the Brownian relaxation tool for larger particles in less viscous mediums. If the 

MNPs are less than 15 nm in size, τN is shorter than τB, and τeff is mainly influenced by τN. 

Conversely, if the MNPs are larger than 15 nm, τB is shorter than τN, and τeff is mainly 

determined by τB. Equations (2.11) and (2.12) were developed for non-interacting particles with 

similar characteristics, and they are employed in in-vivo MH experiments to generate heat. 

Meeting specific criteria for the Specific Absorption Rate (SAR) is crucial to successfully 

studying magnetic hyperthermia in living organisms. Safety is of utmost importance, which 

means that the lowest possible dose of magnetic nanoparticles (MNPs) should be used, and any 

associated alternating magnetic field (AMF) must not harm living tissue. Optimal magnetic 

results (magnetic moment, coercive force, anisotropy constant) can be achieved by generating 

significant heat at lower concentrations of MNPs. To attain this, a single MNP with a 

biocompatible shell can maximize magnetic saturation and effective magnetic anisotropy by 

controlling particle size, shape, composition, and interparticle exchanges. Using an AMF with a 

well-defined intensity range and frequency is also essential88,100,101. When using an adiabatic 

approach, a magnetic system has an internal energy equal to its magnetic work. It can be 

expressed as: 

𝑈 = 𝜇 ∮ 𝑀𝑑𝐻                                                                                                                         (2.13)  

During several magnetic field cycles, the power dissipation in the magnetic strategy depends on 

the frequency multiplied by internal energy given by:  

𝑃 =  𝑈 𝑓                                                                                                                                 (2.14)  

To apply an AMF of maximum strength Ho and frequency f (ω = 2πf), the power dispersed in 

superparamagnetic NPs relies on magnetic moment relaxations, which is expressed as: 
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P(f, H)=πμ0χ𝐻
ଶ𝑓                                                                                                               (2.15) 

The formula for calculating the permeability of free space is denoted by "μ0" while the imaginary 

part of the susceptibility is represented by "χ". According to linear response theory (LRT), there 

exists a linear relationship between magnetization (M) and magnetic field (H). It means that as H 

increases, M remains constant (M = χH). The LRT applies in small magnetic fields and is 

accurate in the superparamagnetic regime where Hmax < kBT/µ0MsV and when the magnetization 

of MNPs is linearly proportional to the dynamic magnetic field. For the LRT to be effective, the 

magnetic field should be much less than the saturation field of the MNPs, where Hmax represents 

the amplitude of the AMF. If the LRT is accepted, the real part of the magnetic susceptibility 𝜒, 

can be calculated as follows88: 

𝜒 = 𝜒
ଵ

ଵା(ଶగఛ)మ                                                                                                                  (2.16)  

where 𝜒 is the initial susceptibility constant88. The out-of-phase component of the susceptibility, 

represented by 𝜒, is determined by its imaginary part as follows88: 

𝜒 =
ఞబଶగఛ

ଵା(ଶగఛ)మ                                                                                                                      (2.17)  

The initial susceptibility constant 𝜒 is given by88:  

𝜒 =
ఓబெೞ

మ

ಳ்
                                                                                                                               (2.18)  

where V is the volume of the particle. The usual way to measure heating efficiency in this 

context is specific loss power (SAR). SAR measurements are expressed in watts per gram and 

written as88: 
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𝑆𝐴𝑅(𝑓, 𝐻) =
(,ு)

ఘ
=

గఓబఞுమ

ఘ
                                                                                               (2.19) 

The symbol represents the mass density of the magnetic material ρ. Two important factors 

should be considered for the safe usage of MNPs in mental health: (a) MNPs should be used in 

small concentrations to ensure safety, and (b) when applied near cells in living organs, water-

based media absorbs a significant amount of the heat produced by the MNPs. In the case of 

living organs, the power and frequency of an AMF should not matter because eddy currents are 

generated in a conductor, resulting in heat transfer88,91,92,100,101. 

During calorimetric investigations, the sample of MNPs is subjected to an AMF, and the 

temperature is measured over time using the following equation: 

𝑆𝐴𝑅 ቀ
ௐ


ቁ =



ಾಿು

ௗ்

ௗ௧
                                                                                                                 (2.20)  

To calculate the heat capacity of a sample, the mass of the magnetic nanoparticles (MNPs) in the 

solution is multiplied by the initial slope of the temperature-time curve (
ௗ்

ௗ௧
). Then multiply the 

total mass of all the sample's constituents by the specific heat. It will give the sample's heat 

capacity, represented by the letter C47,99. 

To achieve the necessary temperature increase for specific applications, magnetic nanoparticles 

(MNPs) must have a high specific loss power (SLP). This is because temperature enhancement 

in MNPs occurs when there are losses in alternating magnetic fields (AMF) during the dephasing 

of magnetic moments. Low doses of nanoparticles can be beneficial for this purpose.  

When a continuous suspension of MNPs is subjected to high frequency, heat is induced due to 

Néel-Brownian relaxation, hysteresis loss, and other magnetic losses. However, eddy current loss 
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does not generate heat in magnetic hyperthermia. This is because the size of the particles and the 

low AMF does not cause substantial eddy currents. 

Heating tumor cells with MNPs based on Néel and Brownian relaxations is how magnetic 

hyperthermia works. A phase lag exists between the direction of the magnetic moments and the 

applied magnetic field because the magnetic moments of the nanoparticles rotate and relax in an 

external magnetic field. 

2.10. Magnetic Resonance Imaging (MRI) 

2.10.1. Fundamental Principles of MRI 

Using magnetic fields and radio waves without intrusive procedures, MRI is a medical 

technology that produces precise images of the inside structures of the body. It is a preferred 

method due to its ability to generate high-quality images of soft tissues. MRI uses several 

parameters to create contrast based on density, resulting in excellent tissue differentiation. MRI 

is a versatile tool that can be tailored to specific needs. Advances in digital image processing and 

computer technology have expanded its capabilities even further. Although it is a mature 

technology, ongoing research promises to improve the healthcare field in the future102,103. 

2.10.2. Spin Physics  

In MR imaging physics, the central concept is "spin." It refers to the magnetic moment produced 

by a spinning charged particle's current loop, with the charge located on the particle's exterior 

shell. This current can be measured as104,105: 

𝐼 =
×௩

ଶగ
                                                                                                                                      (2.21) 
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This formula calculates the tangential velocity of a point on the exterior of a particle based on its 

charge (q), radius (r), and the symbol "v." In medical MR imaging, the spin of a water proton is 

commonly used. The magnetic dipole moment (a vector with a direction parallel to the spinning 

particle's angular momentum) is determined by multiplying the particle's area by the current. The 

equation of dipole moment,  is written as104,105: 

𝜇 =


ଶ
× 𝐽                                                                                                                                (2.22) 

The formula for a particle's behavior in a magnetic field includes the variables J for angular 

momentum, q for charge, and m for mass. The particles' spins align with external magnetic 

fields, similar to how iron filings align in free space. This alignment takes place in the applied 

field's direction. Even though there is not much energy difference in the up and down directions, 

many spins' energy states can be predicted based on their alignment. According to the direction 

of the applied field, it should be oriented either ''up'' or ''down''. Thus, we can depict a system of 

many spins using the difference in energy between the two orientations. Spins align to a lower 

energy state or equilibrium when exposed to an external field. It is determined by assigning them 

the up or down state. In the case of a more intense field, the polarization between the two states 

will be more powerful. Therefore, the spins will settle into their adjusted equilibrium state with 

the external field changes. When multiple spins are considered a system, they produce the same 

effect as a single magnetic moment. This effect can be observed in three dimensions. 

Hence, to learn about the relevant spins, MR imaging techniques exploit the power transfer 

mechanisms that underlie this effect. When a constant magnetic field polarizes or aligns spins, 

they can be excited as a group using radiofrequency energy. It is possible to detect the effects if 

there and enough spins. External field strength also affects the size of the collection required for 



 

37 
 

detection. One of the basic principles of MR imaging is that a more extensive sample generates a 

stronger signal. A more powerful magnet will also produce a stronger signal, assuming all other 

factors are equal. When strong magnetic fields (B0) exist, their nuclear magnetic moment 

precesses around the axis of B0 with the Larmor frequency (𝜔), which is written as104,105: 

𝜔 = 𝛾𝐵                                                                                                                                 (2.23) 

where 𝛾 is the gyromagnetic ratio. When energy is used at a resonance frequency to stimulate a 

spin system, it exposes a modified magnetic field perpendicular to the applied external field. It 

causes the spins to relax towards an equilibrium state, settling or moving towards an axis anti-

parallel to the gigantic stationary field. Understanding the movement of the vector presentation 

of a spin ensemble toward a balanced position is crucial to comprehending the origin of MR 

imaging. By applying resonance radio frequency irradiation of a virtually modified field, a spin 

system aligned with the primary magnetic field will rotate around the effective field axis instead 

of the external field axis. After removing the resonance excitation, it will return to its equilibrium 

position. Bloch and Purcell explained the motions of spins, or ensembles of spins, with Bloch 

equations consisting of coupled differential equations104,105. 

2.10.3. MRI Instruments 

An MR imaging procedure consists of a central magnet, gradient magnets, radiofrequency coils 

for transferring or accepting the MR imaging signal, and a signal processing kit. In modern 

clinical MR imaging approaches, a strong static magnetic field is delivered by a superconducting 

magnet. Magnets are crucial in generating steady, spatially homogeneous magnetic fields over 

specified volumes that the Earth's magnetic field can approximate. Cryogens (such as liquid 

helium) are used to cool superconducting magnets, which require no electric power after 
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establishing a static magnetic force. Installation of a magnet system requires consideration of 

several factors, including price, weight, and placement. From the point of view of signal-to-noise 

ratio (SNR) (signal quality), advanced field strength is beneficial. Despite this, it continues to 

suffer from rising costs due to the need for an additional wire to carry the high current and the 

increased size of the cryostat. 

Moreover, fringe fields must be considered, and the machine's footprint may be large and close 

to various imaging equipment. The main magnet is expected to have the capability of making 

slight modifications to the magnetic field to ensure that the homogeneity required for MRI is 

achieved. Secondary magnetic fields, or shims, can be added to the central energy spatially 

inhomogeneously to correct errors and compensate for engineering factors. In magnetic 

resonance imaging, gradients are another type of secondary magnetic field. The gradient coil is 

an electromagnet installed along an axis to produce a predictable disturbance in the central 

magnetic field106,107. In the z-direction, the practical field (net) with a gradient can be expressed 

as: 

𝐵௧ = 𝐵 + ∆𝐵 = 𝐵 + 𝐺𝑍                                                                                                 (2.24) 

In MRI, 𝐵 is the main magnetic field strength, ∆𝐵 is the additional force assisting the effective 

field from the gradient, Gz is the gradient force in the z-direction, and Z is the distance along the 

z-axis. The Larmor equation (2.23) shows that with a gradient, the resonance frequency linked to 

the susceptible volume of the main magnet varies along the gradient axis. The frequency 

variation will also be linear if the field deviation is linear along that axis. This comment will lay 

the foundation for the MR imaging processes discussed below. At least three gradients must be 

present for constructing three-dimensional images. A further practical necessity is that they must 
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be easily switched on and off. It is recommended that three gradient isocenters be located at the 

exact location of the primary magnet isocenter coils employed to energize and measure a specific 

portion of tissue or material during MR imaging. This process also captures the resulting MRI 

signal. Generally, the same coil can transmit and receive signals. Other applications need 

separate loops for doing the same job. The RF coil must generate the resonance frequency of the 

spins, which energizes spin systems.  The coils have different shapes that can be customized for 

specific uses. Customizing the coil's dimensions for investigating tissue is beneficial because the 

picture's signal should originate exclusively from the tissue under investigation. However, any 

noise in the image is generated by the entire coil. Since image quality depends on SNR, an 

optimal size loop will produce the highest quality image for the tissue of interest. MR imaging 

techniques permit both quality and speed during trading where acceptable grade exists in the 

acquisition where image can generate more instantaneously by sacrificing a predictable portion 

of grade as SNR. During imaging,  loops sequentially use unique coils. This approach can 

enhance the quality of data acquisition by repeatedly obtaining data or by expanding the range of 

an area by using a collection of loops with a principal linear dimension, such as imaging the 

spine. This technique helps increase SNR, which can improve image quality or acquisition speed. 

When the coil induces a voltage, the signal is amplified by a receiver and transmitted to a 

computer via a signal processing train for storage. Adequate data allows the computer to 

reconstruct an image. To use phased coil exhibitions should connect each coil to its channel for 

signal processing104,105. 

2.10.4. Relaxation and the MR signal 

It is possible to describe a spin system's state by its longitudinal (z-direction) and transverse (x-y 

direction) magnetization. The magnetization is considered balanced when it aligns with the z-
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axis. Applying energy to the spins allows the magnetization to be "tipped" or "reversed," 

resulting in an x-y component. It is possible to achieve the greatest transverse magnetization by 

tilting the spins 90 degrees. Two vectors can depict the spin state, one along the z-axis and the 

other showing the magnetization projected in the x-y plane. The Bloch equations predict that a 

spin system will tend to relax to equilibrium if it is not at balance energy. Two exponential 

relaxation constants, T1 and T2, contribute to this relaxation. When the z-magnetization vector 

returns to its balanced state, it is known as spin-lattice relaxation or longitudinal relaxation which 

is denoted by T1. Spin-lattice relaxation, T1, measures how quickly a net magnetization vector 

returns to its ground state in the direction of a static magnetic field, B0. It can be calculated using 

the formula 

 𝑀௭  =  𝑀(1 − 𝑒


భ)                                                                                                              (2.24a) 

At time t after the 90° pulse, magnetization is Mz and M0 is the maximum magnetization at full 

recovery.  

As a result of differences in resonance frequency caused by factors such as spatial surroundings, 

chemical atmospheres, and random processes, T2 relaxation may lose synchronization when 

spins are tilted into the transverse plane. The spins cancel each other in the transverse plane, 

decreasing the transverse vector. It is known as spin-spin relaxation, which has a T2 time 

constant. The T2 relaxation process, also known as spin-spin relaxation or transverse relaxation, 

refers to the gradual loss of coherence among spinning dipoles, leading to a decay in 

magnetization in the transverse plane (Mxy). When a radiofrequency pulse is applied, this type of 

relaxation happens with the time constant T2. T2 is the time required for the transverse 
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magnetization vector to decay to 1/e or 37% of its initial magnitude after applying the 

radiofrequency pulse. The T2 relaxation time can be calculated using the formula 

𝑀௫௬ = 𝑀𝑒
ష

మ                                                                                                                         (2.24b) 

The presence of transverse magnetization leads to a coil voltage, thanks to Faraday's Law. Coils 

serve as conductors while spin approaches serve as magnetic fields, and as the transverse 

magnetization moves, flux lines associated with the spin magnetization pass through the coil's 

conductor. This process generates power. 

It has been discussed previously that the spins lose synchronization due to either random (or 

irreversible) or nonrandom (possibly reversible) processes and that the extent of signaling is 

directly related to the amount of dephasing. A gradient can be applied on one axis to cause spin 

dephasing. Due to the Larmor relationship, the spin frequency changes proportionately to the 

shift in the local applied field relative to the static field. As a result, the spins lose alignment, 

leading to a phase difference or dephasing. The gradient amplitude is eventually reversed to 

rephase the spins. It causes the frequency differences between spins to change, achieving phase 

in the opposite direction. The spins are rephased, resulting in a maximum signal buildup 

followed by a decrease in magnitude. The timing of the gradient application determines when 

this "gradient echo" occurs. 

A different dephasing/rephasing technique is developed from tiny inhomogeneities in the 

stationary field. The gradients do not follow axis-like divisions but are spatially consistent. 

Applying a radiofrequency pulse corresponding to an angle of 180 degrees allows this dephasing 

to be switched off naturally following excitation. A spin echo (also known as a Hahn echo after 
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the effect's discoverer, Erwin Hahn) results from this effect. It builds up and decays again to the 

pattern above after a time called TE (echo time) is substituted from the initial excitation. As a 

result, the signal disappears for a while in a scenario with many spins. After the spin echo occurs, 

it reappears108. 

According to Keonig and Keller
21

, spin-spin relaxation is written as 

R2= 
1

T2
= 

a

dNPD
γ2μ2CNPJ(ω, τD)                                                                                                 (2.25) 

In this equation, a stands for a constant, "dNP" stands for the nanoparticle diameter, "D" stands 

for the diffusion coefficient, "CNP" stands for the concentration of the nanoparticles, "J" stands 

for the spectral density function, and " 𝜇 " stands for the magnetic moment of the nanoparticles. 

The spin-spin relaxation 1/T2 was found from the first-order exponential fitting, which is written 

as  

𝐈(𝐭) = 𝐏∗𝐞𝐱𝐩 (−
𝐭

𝐓𝟐
)                                                                                                                (2.26) 

In this spin-spin relaxation measuring equation, 𝑡 stands for the decay time, 𝑃∗ represents the 

initial intensity, 𝐼(𝑡) is the peak intensity. For a concentration (C) of the solution of contrast 

agents, R2=
1

T2
, relaxation rate was found from the exponential fitting of equation (2.26). Nuclear 

spin relaxivities of magnetic nanoparticles in aqueous solutions can be calculated using the 

following: 

1

Ti
=

1

Ti
0 +ri.C                                                                                                                               (2.27) 
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In this relaxivity measuring equation, i stands for 1 or 2, 
1

Ti
0 represents the relaxation rate of the 

control, and ri represents the relaxivity of nuclear spins of nanoparticles. The 𝐫𝟐 relaxivities were 

calculated from the slope of the concentration vs relaxation rates curve 15,17,19,21. 

In MRI, the contrast describes the signal differences between neighbouring areas, such as tissue 

and tissue, vessel and tissue, and bone and tissue. Contrasting agents are developed based on 

relaxation mechanisms: T1 and T2. 

2.10.5. Gradient echo imaging 

When field gradients are applied in MRI, they can alter the magnetic field of individual points in 

the device. By manipulating the gradients in all three dimensions, it is possible to specify a single 

point in the magnet with a different one. This imaging process is called the "sensitive point" 

strategy. However, it is not commonly used for clinical imaging due to the time required for data 

acquisition.  

Current imaging techniques use field gradients to encode spatial knowledge, and the Fourier 

transform allows for the simultaneous acquisition of data from many points along an axis. To 

build a 2D magnetic resonance picture, a piece of tissue is "chosen" by establishing a gradient in 

one direction and involving a pulse that counts energy to the spins. The frequency of this pulse is 

adjusted so that only spins in the specified slice will undergo the resonance effect. Applying a 

field gradient along an axis proves a likeness between frequency and spatial position. By 

documenting the signal in the coil during the gradient application, the spins along the gradient 

axis will rotate with distinct frequencies that reflect their place.  
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Constructing and recovering a gradient echo can be duplicated after applying an orthogonal 

gradient demonstrating a phase association along the remaining axis. The mathematics concerned 

with reconstructing this information involves a two-dimensional Fourier transformation. 

Gradient echo imaging is more challenging concerning the scanner than spin-echo strategies 

because the dephasing that results from inhomogeneities within the stationary field needs to be 

rephrased. However, progress in magnet configuration and construction has made it attainable to 

achieve good-quality gradient echo images, which can be the most suitable choice for higher 

fields104,105. 

2.10.6. Spin echo imaging 

MR imaging relies heavily on pulse sequencers for spin echo imaging. Signal performance is 

excellent when reversible dephasing is appropriately rephrased. As a result of static magnetic 

field inhomogeneities, all dephasing associated with them is rephased during the spin echo 

period. As described above, a gradient echo encodes gradients at a particular frequency. An 

inversion pulse generating a spin echo at time TE is almost analogous to a gradient echo pulse. 

Gradient echo selects slices, encodes frequency and phase, and reconstructs the image. Another 

gradient may be encoded with a degree instead of slice selection in the pulse sequence. Fourier 

three-dimensional transforms were used for the reconstruction of images. As a result of such a 

procedure, three-dimensional MR imaging is possible, offering many advantages, including 

acquiring smaller tissue slices. It provides higher-resolution images, improving diagnostic 

accuracy and allowing for better anatomy visualization. It also reduces imaging time, making it 

more efficient and cost-effective. Additionally, three-dimensional MR imaging benefits complex 

anatomy, such as the brain, heart, and spine, enabling more accurate diagnosis and treatment of 

diseases104,105. 
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2.10.7. MRI Contrast 

Two significant timing variables in spin echo pulse sequences are repetition time (TR) and echo 

time (TE). As an alternative and equivalent concept, TR can be viewed as the time interval 

between pulses encoded with phases or as the time for one pulse train to play out fully. The TE 

measures the time difference between when the excitation occurs and when the signal is 

acquired. Inhomogeneities in magnetic fields that cause spatially invariant spins to be dephased 

can be rephased by the spin echo methodology. There are other ways in which dephasing can 

occur that are spontaneous and irreversible. The T2 time constant represents the loss of signal 

caused by irreversible dephasing. As a result of the combination of reversible dephasing and T2 

processes, Spin Echo can produce a composite time constant called T2
*. So T2 decay tends to be 

slower than T2
* decay. The decay of an FID can be analyzed as it reflects T2

* to gain a deeper 

understanding of T2 and T2
* effects. 

If there is a difference in signal force between spin echo acquisitions with various TE, it 

indicates T2. A spin system with equal balance magnetization but differing T1 decay constants 

can be examined to determine the effects of changing TR. For example, the brain's lateral 

ventricles have longer T1 values than the brain parenchyma, which has shorter T1 values. A 90-

degree  pulse can be used to stimulate both tissues and after allowing them to return to 

equilibrium, the process can be repeated. The short and long T1 signals are identical after each 

excitation since magnetization has reached its maximum value. If the equilibrium magnetizations 

of the spin approaches differ, then an individual's signal will reflect the number or density of 

spins in the system. Proton-density images are similar to x-ray images in MR imaging, which 

reflects these differences. There are some instances where proton-density images are preferred 

over relaxation-time-weighted images. As a result of a shortened TR, one spin system may relax 
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to equilibrium, whereas another with a longer decay time may not. To achieve complete 

transverse magnetization, the successive excitation pulses will induce the fully relaxed spin 

method. Despite this, the partially flexible design will gain less than the total transverse 

magnetization. In simpler terms, some molecules in our body have a short T1 relaxation time, and 

others have a long T1 relaxation time. It means that when they are excited, the short T1 molecules 

have a stronger magnetic signal than the long T1 molecules. When we take an image, the 

machine can detect these differences and create a T1-weighted image which is excellent for 

showing the body's structure. However, the long T1 molecules may appear darker in the image 

due to their weaker magnetic signal. It is known as partial saturation. Overall, T1-weighted 

imaging is the preferred method for displaying anatomy. 

The maximum transverse magnetization that may be achieved before the excitation pulse does 

not directly reflect the longitudinal magnetization, even though longitudinal magnetization 

cannot be directly detected. As a result, it offers an additional imaging opportunity known as 

inversion recovery. At equilibrium, a spin system's longitudinal magnetization reaches a 

maximum value called M0. A spin along the z-axis with magnitude M0 can be rotated to any 

degree around any axis using the appropriate excitation pulse. It allows for a composite spin to 

be manipulated in various ways. Practically it will transform all the longitudinal magnetizations 

into signal-producing transverse magnetizations by ninety degrees of rotation. The transverse and 

longitudinal magnetization values are equal when the longitudinal magnetization is rotated 45 

degrees. Increasing the spin vector rotation by 90 degrees produces more transverse and less 

longitudinal magnetization. Suppose the spin vector is rotated more than ninety degrees. In that 

case, the amount of transverse magnetization decreases as the rotation increases, but the 

longitudinal magnetization remains far from equilibrium after excitation up to 180 degrees. At 
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the end of the excitation, the longitudinal magnetization equals M0, and the transverse 

magnetization equals zero. The spin strategy has been inverted. A transverse magnetization does 

not develop as a result of relaxation. 

As a result, a second excitation pulse can be applied at any time to change the current state of 

longitudinal magnetization to transverse magnetization, resulting in a signal. In passing through 

the impartial state, when the spins associated with the tissue or essence of interest (most 

commonly fat or water) undergo z-magnetization, a second excitation pulse occurs that is 

particularly beneficial. A signal is generated when the remaining tissue (having different T1) 

produces transverse magnetization. However, the tissue that has passed through the null will not 

generate a pulse. In the reconstruction of this picture, the void tissue will have dimensions of 

zero intensity. When the arrangement is designed to void water (including cerebrospinal fluid), it 

is known as Fluid Attenuated Inversion Recovery (FLAIR). The potential outcomes of changing 

the TE can be examined when the TR is replaced with a value that minimizes T1-weighting. As a 

result of increasing the TE, spin systems can completely dephase before being acquired. 

Therefore, there is no signal upon acquisition. 

In contrast, other spin systems (with long T2) will exhibit significant pulses upon accession. 

When the imaging is complete, areas with long T2 will appear brighter, while regions with short 

T2 will also appear more luminous. T1-weighted data for the specific analyzed tissue will be 

obtained if the TR is short and the TE is fast. A proton density distribution can be constructed 

when the TR is relatively large. To obtain a T2-weighted image, a long TR is combined with a 

relatively long TE. It is essential to optimize TR and TE to design specific contrasts appropriate 

for the tissue under consideration. In clinical imaging, the development time of an image is 
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determined by the repetition time and the number of repetitions. The number mentioned here 

represents the number of phases encoded in the image. In clinical imaging, this sequence is 

repeated 256 times. The use of 512 repetitions is not uncommon, and inspections can also be run 

up using 128 or fewer repetitions104,105. 

2.10.8. Fast spin-echo imaging in k-space 

MRI has challenged scientists to obtain higher-quality and faster images since its development. 

Current MR imaging scanners possess significantly advanced capabilities due to simultaneous 

advances in computing, mechanical design, and construction since then. The limitation of T2-

weighted diagnostic scanning was the requirement for long TR periods to avoid saturating spin 

approaches, resulting in the addition of pure T1 contrast when the contrast was anticipated to be 

pure T2. The T2-weighted imaging was also inadequate since most of the pulse sequence's 

duration was spent waiting for relaxation. Spins can be refocused within a specific TR period in 

a spin echo technique to create multiple spin echoes simultaneously. It is possible to reconstruct 

images corresponding to different TEs within the same TR by acquiring and storing multiple 

echo signals within the same TR. A rapid method for obtaining T2-weighted diagnostic images 

has been developed by utilizing the natural evolution of this technique. 

Understanding k-space is crucial to understanding modern MR imaging procedures. In an MR 

imaging sequence, the signal acquired is recorded over time. To create an image using magnetic 

resonance imaging (MRI), spin echoes or gradient echoes need a specific amount of time to play 

out in the receiver coil. The computer then records these echoes and combines them with the rest 

of the pulse sequence. Finally, the Fourier transform converts the echo data into an image. A 

crucial mathematical tool is the Fourier transformation, which can decompose complex signals 
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into components, each with its characteristic frequency and magnitude. In MRI, gradient 

magnetic fields are crucial as they relate frequency to spatial position encoded in the signal. The 

coil receives a signal that is made up of multiple frequencies. Time-domain signals are those that 

record the strength of a signal over some time. Using the Fourier transform, this signal is 

transformed into frequencies and magnitudes. An ordinate would be labeled through the 

frequency if this effect were plotted on a graph. As a result, the curve represents a frequency 

domain. Because the frequency is connected to space (again, through gradients), the frequency 

domain is comparable to the spatial domain in MR imaging. Therefore, the Fourier 

transformation effectively reveals the source's position for each signal segment (along the 

gradient axis). In the magnitude of the signal, the number of spins at that zone is maintained. An 

image is merely a matrix of numbers, each corresponding to a level of intensity on the scale of 

black to white, as viewed by a mathematician. There is a spatial relationship between each 

intensity number in the course. The first spin echo is characterized as a row in a matrix formed 

by piling the intensity values from the receiver loop. Rows are formed by successive spin echos 

(each with a different phase encoding gradient applied). The intensity values in these matrices 

(or k-space matrices) correspond to places in time at which the coil receives a signal. Using the 

Fourier transformation, the spatial dimensions are transformed into time dimensions, thus 

completing the theoretical framework. 

A one-dimensional image can be viewed in two dimensions or three dimensions. Creating an 

image from a k-space matrix involves converting the matrix into the frequency or spatial domain. 

Both the k-space and image space matrices have identical dimensions. The k-space needs data 

points corresponding to the number of segments in the ultimate image to produce an entire 

image. However, it is essential to note that the signal gained at a specific time in k-space does 
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not instantly translate into the intensity of a single point in image space. Instead, each point in k-

space contributes to all points in image space. Therefore, the central region of the k-space is 

crucial for the overall contrast of the image. 

In contrast, the boundary of k-space determines the image's edge definition and fine structural 

quality. The signal's strength in the k-space's centre determines the image's contrast. It can be 

understood when gradients are enabled. To prepare for the next row in a k-space matrix, the 

frequency encoding gradient moves from left to right, while the phase encoding gradient moves 

up and down. A fast spin echo image (FSE) is created with multiple excitation pulses within a 

single TR period. This way, a picture can be filled four times faster than a conventional 

acquisition method. The discrepancy in the k-space central region causes the discrepancy in an 

FSE image. In this image, the contrast will be comparable to the difference between a 

conventional and effective acquisition with a single TE. During repeat cycles, the number of spin 

echoes determines the period during which an FSE sequence is acquired. Increasing this number 

will increase speed104,105. 

2.10.9. Other rapid imaging techniques 

The FLASH10 technique was one of the first to be introduced for rapid imaging. An initial pulse 

lower than ninety degrees could recover sufficient longitudinal magnetization much faster. Echo-

planar imaging (EPI) is a family of gradient echo imaging techniques recently developed for 

rapid imaging. Following a single excitation pulse, EPI uses rapidly changing gradients to cover 

K-space completely. Performing hybrid MR imaging, incorporating gradient and spin echo 

techniques, is becoming increasingly common. An array of coils can be used to conduct multiple 

imaging experiments simultaneously. It allows for increased coverage of the same area, which 
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results in higher-resolution images. Furthermore, hybrid MR imaging reduces the time required 

for imaging, enabling faster scans with higher accuracy104,105. 

2.10.10. MR Angiography (MRA) 

The foundation for MRA  is the exploitation of blood flow enhancement. There are two methods 

for capturing images of vascular anatomy: time-of-flight angiography and phase contrast 

angiography. 

The time-of-flight technique relies on proton saturation, inversion, or relaxation to modify the 

longitudinal magnetization of moving blood. It differentiates moving blood from the surrounding 

immobile tissues and allows for the visualization of extended vessels in a two-dimensional stack 

of slices. Often used for two-dimensional stationary anatomy, window thresholding, and 

subtracting non-contrast maximum intensity projection (MIP) from contrast MIP reduces 

background signals. Phase Contrast Angiography relies on the phase change in moving protons 

such as blood. By applying a bipolar gradient, the phase change is induced, and image 

information is provided by subtracting the second excitation from the first. MRA uses a bipolar 

gradient to measure blood flow. The degree of phase shift is directly related to the protons' 

velocity within the excited volume
108

. 
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CHAPTER 3: MATERIALS AND METHOD 
 

3.1. Materials  

Materials used in this investigation are as follows: 

 

Ferric chloride 

 Chemical formula: FeCl3 

 Molecular weight: 162.21 g/mol 

 Reagent grade: 99%  

 Company: Loba chemic pvt ltd, Mumbai 

 Country: India 

Magnesium nitrate hexahydrate 

 Chemical formula: MgSO4.6H2O 

 Molecular weight:256.41 g/mol 

 Reagent grade: 99%  

 Company: Merck  

 Country: Germany 
 

Cobalt (II) chloride 

 Chemical formula: CoCl2.6H2O 

 Molecular weight: 237.93 g/mol 

 Reagent grade:98% 

 Company: Loba chemic pvt ltd, Mumbai,  

 Country: India. 
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Sodium hydroxide 

 Chemical formula: NaOH 

 Molecular weight: 40 g/mol 

 Reagent grade: 99% 

 Company: Merck, KGaA  

 Country: Germany. 

Chitosan 

 Chemical formula: (C6H11NO4)n 

 Molecular weight: low molecular weight (1536/1538), 

 Reagent grade:(60-100)%  deacetylated 

 Viscosity: Brookfield 1% solution in 1% acetic acid 

 Company: Sigma-Aldrich, 

 Country: USA. 

 

Acetic acid 

 Chemical formula: CH3COOH 

 Molecular weight:60.05 g/mol 

 Reagent grade:100% (glacial) 

 Company: Merck, KGaA,  

 Country: Germany. 

 

Polyethylene glycol (PEG.) 

 Chemical formula: C2nH4n+2On+1 

 Molecular weight: 6000 g/mol; 8000 U.S.A  

 Reagent grade:100% 

 Company: Merck chemical private limited, Mumbai, 

 Country: India.  
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Dextran 

 Chemical formula: (C6H10O5)n 

 Molecular weight: 4000 g/mol  

 Reagent grade:100% 

 Company: Merck, Sigma-Aldrich 

 Country: Germany.  

 

Acetone 

 Chemical formula: C3H6O 

 Molecular weight: 58.08 g/mol 

 Reagent grade:98% 

 Company: Merck KGaA 

 Country: Germany. 

 

 

Ethanol 

 Chemical formula: C2H5OH 

 Molecular weight: 46.07 g/mol 

 Reagent grade:98% 

 Company: Merck KGaA 

 Country: Germany. 
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Ammonia solution 

 Chemical formula: NH3 

 Molecular weight: 17.03 g/mol 

 Reagent grade:(25%; 0.98) 

 Company: Merck SpecialtiesPvt. Ltd., Mumbai, 

 Country: India. 

 

Ammonium hydroxide 

 Chemical formula: NH4OH 

 Molecular weight: 35 g/mol 

 Reagent grade:99% 

 Company: Merck Specialties Pvt. Ltd., Mumbai, 

 Country: India. 

 

Silver nitrate 

 Chemical formula: Ag(NO3) 

 Molecular weight: 169.87 g/mol 

 Reagent grade:99.99% 

 Company: New York City: D. Van Nostrand Company.  

 Country: USA. 
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3.2. Materials Synthesis Technique 

The size, shape, and properties of nanoparticles are susceptible to their preparation technique. 

Various synthesis methods can be used to create nanoparticles, including (a) solid-state reactions, 

(b) high-energy ball milling, (c) sol-gel, (d) chemical co-precipitation, (e) microwave sintering, 

(f) auto combustion, etc. 

In this study, chemical co-precipitation was used to synthesize nanoparticles. The process of 

chemical co-precipitation is simple and inexpensive. The relative nucleation and growth rate are 

controlled during synthesis to control particle size and size distribution53,109–113. A series of 

MCFO were synthesized by wet chemical co-precipitation method using NaOH co-precipitating 

agent. Analytical grades of Mg(NO3)2·6H2O, CoCl2.6H2O, and FeCl3 were incorporated in the 

needed molar proportion. Then 8 M of NaOH solution was added continuously through a 

magnetic stirrer at a speed of 400 rpm. Once the co-precipitation was formed, 8 M NaOH was 

added dropwise, and the solution was allowed to stabilize. After that, an additional 6 M NaOH 

was added dropwise to the solution to keep the pH between 11 and 13. For better co-

precipitation, the solution was heated to 353 K for an hour and cooled at ambient temperature. 

After reaching room temperature, extra NaOH and salts were removed from the mixture using 

centrifugation at 13000 rpm for 20 min, and the process was repeated several times. The AgNO3 

test verified the separation of NaOH. The MCFO nanoparticles were then incubated at 343 K for 

72 hours to fully ferritize them. The schematic diagram of the synthesis process is as follows:  
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Figure – 3.1: The schematic diagram of the synthesis method Mg1-xCoxFe2O4 nanoparticles 
in the co-precipitation method. 

 

Chemical reactions of the prepared Mg1-xCoxFe2O4 nanoparticles are as follows: 

1. 𝑀𝑔(𝑁𝑂ଷ)ଶ. 6𝐻ଶ𝑂 + 2𝐹𝑒𝐶𝑙ଷ + 8𝑁𝑎𝑂𝐻 = 𝑀𝑔𝐹𝑒ଶ𝑂ସ + 2𝑁𝑎𝑁𝑂ଷ + 6𝑁𝑎𝐶𝑙 + 10𝐻ଶ𝑂 

2. 0.9𝑀𝑔(𝑁𝑂ଷ)ଶ. 6𝐻ଶ𝑂 + 0.1𝐶𝑜𝐶𝑙ଶ. 6𝐻ଶ𝑂 + 2𝐹𝑒𝐶𝑙ଷ + 8𝑁𝑎𝑂𝐻 = 𝑀𝑔.ଽ𝐶𝑜.ଵ𝐹𝑒ଶ𝑂ସ +

1.8𝑁𝑎𝑁𝑂ଷ + 6.2𝑁𝑎𝐶𝑙 + 10𝐻ଶ𝑂 

3. 0.8𝑀𝑔(𝑁𝑂ଷ)ଶ. 6𝐻ଶ𝑂 + 0.2𝐶𝑜𝐶𝑙ଶ. 6𝐻ଶ𝑂 + 2𝐹𝑒𝐶𝑙ଷ + 8𝑁𝑎𝑂𝐻 = 𝑀𝑔.଼𝐶𝑜.ଶ𝐹𝑒ଶ𝑂ସ +

1.6𝑁𝑎𝑁𝑂ଷ + 6.4𝑁𝑎𝐶𝑙 + 10𝐻ଶ𝑂 

Salts solution were mixed in a 
beaker with continuous stirring 

Analytical grade of Mg(NO3)2·6H2O, 
CoCl2.6H2O, and FeCl3 salts were 
weighted separately dissolve in deionize  
(DI) water with continuous stirring. 

8 M sodium hydroxide solution was 
prepared and added dropwise in the salt 
solution with continuous stirring until 
the co-pricititation reaction occur.   

The pricipited solution kept under 
continuous stirring until the pH of the 
solution was stable. Then extra 6 M 
sodium hydroxide added to maintain the 
the pH value about 11. 

Then the prepared magnesium cobalt 
ferrite nanoparticles were wash with DI 
water through vortex and centrifugation 
(13000 rpm) for ten times to remove 
extra sodium hydroxide.   

The solution is then slowly heated to 
80OC for an hour to make better 
ferritization. The solution’s pH was kept 
11 with added 6 M sodium hydroxide (if 
needed) with continuous stirring. 

After the removal of NaOH, the                
Mg1-xCoxFe2O4 nanoparticles were dried 
in a Petri dish at 80oC for 72 hours. Then 
the dried material were grinded and 
collected in sample vial for further 
investigation. 

After five wash, the residue DI water 
were tested with AgNO3 solution for 
confirming the complete removal of 
NaOH form the prepared ferrite 
nanoparticles. 
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4. 0.7𝑀𝑔(𝑁𝑂ଷ)ଶ. 6𝐻ଶ𝑂 + 0.3𝐶𝑜𝐶𝑙ଶ. 6𝐻ଶ𝑂 + 2𝐹𝑒𝐶𝑙ଷ + 8𝑁𝑎𝑂𝐻 = 𝑀𝑔.𝐶𝑜.ଷ𝐹𝑒ଶ𝑂ସ +

1.4𝑁𝑎𝑁𝑂ଷ + 6.6𝑁𝑎𝐶𝑙 + 10𝐻ଶ𝑂 

5. 0.6𝑀𝑔(𝑁𝑂ଷ)ଶ. 6𝐻ଶ𝑂 + 0.4𝐶𝑜𝐶𝑙ଶ. 6𝐻ଶ𝑂 + 2𝐹𝑒𝐶𝑙ଷ + 8𝑁𝑎𝑂𝐻 = 𝑀𝑔.𝐶𝑜.ସ𝐹𝑒ଶ𝑂ସ +

1.2𝑁𝑎𝑁𝑂ଷ + 6.8𝑁𝑎𝐶𝑙 + 10𝐻ଶ𝑂 

6. 0.5𝑀𝑔(𝑁𝑂ଷ)ଶ. 6𝐻ଶ𝑂 + 0.5𝐶𝑜𝐶𝑙ଶ. 6𝐻ଶ𝑂 + 2𝐹𝑒𝐶𝑙ଷ + 8𝑁𝑎𝑂𝐻 = 𝑀𝑔.ହ𝐶𝑜.ହ𝐹𝑒ଶ𝑂ସ +

𝑁𝑎𝑁𝑂ଷ + 7𝑁𝑎𝐶𝑙 + 10𝐻ଶ𝑂 

7. 0.4𝑀𝑔(𝑁𝑂ଷ)ଶ. 6𝐻ଶ𝑂 + 0.6𝐶𝑜𝐶𝑙ଶ. 6𝐻ଶ𝑂 + 2𝐹𝑒𝐶𝑙ଷ + 8𝑁𝑎𝑂𝐻 = 𝑀𝑔.ସ𝐶𝑜.𝐹𝑒ଶ𝑂ସ +

0.8𝑁𝑎𝑁𝑂ଷ + 7.2𝑁𝑎𝐶𝑙 + 10𝐻ଶ𝑂 

8. 0.3𝑀𝑔(𝑁𝑂ଷ)ଶ. 6𝐻ଶ𝑂 + 0.7𝐶𝑜𝐶𝑙ଶ. 6𝐻ଶ𝑂 + 2𝐹𝑒𝐶𝑙ଷ + 8𝑁𝑎𝑂𝐻 = 𝑀𝑔.ଷ𝐶𝑜.𝐹𝑒ଶ𝑂ସ +

0.6𝑁𝑎𝑁𝑂ଷ + 7.4𝑁𝑎𝐶𝑙 + 10𝐻ଶ𝑂 

9. 0.2𝑀𝑔(𝑁𝑂ଷ)ଶ. 6𝐻ଶ𝑂 + 0.8𝐶𝑜𝐶𝑙ଶ. 6𝐻ଶ𝑂 + 2𝐹𝑒𝐶𝑙ଷ + 8𝑁𝑎𝑂𝐻 = 𝑀𝑔.ଶ𝐶𝑜.଼𝐹𝑒ଶ𝑂ସ +

0.4𝑁𝑎𝑁𝑂ଷ + 7.6𝑁𝑎𝐶𝑙 + 10𝐻ଶ𝑂 

10. 0.1𝑀𝑔(𝑁𝑂ଷ)ଶ. 6𝐻ଶ𝑂 + 0.9𝐶𝑜𝐶𝑙ଶ. 6𝐻ଶ𝑂 + 2𝐹𝑒𝐶𝑙ଷ + 8𝑁𝑎𝑂𝐻 = 𝑀𝑔.ଵ𝐶𝑜.ଽ𝐹𝑒ଶ𝑂ସ +

0.2𝑁𝑎𝑁𝑂ଷ + 7.8𝑁𝑎𝐶𝑙 + 10𝐻ଶ𝑂 

11. 𝐶𝑜𝐶𝑙ଶ. 6𝐻ଶ𝑂 + 2𝐹𝑒𝐶𝑙ଷ + 8𝑁𝑎𝑂𝐻 = 𝑀𝑔.ଽ𝐶𝑜.ଵ𝐹𝑒ଶ𝑂ସ + 8𝑁𝑎𝐶𝑙 + 10𝐻ଶ𝑂 

The dried MCFO ferrite nanoparticles were collected from a Petri dish. Then the as-dried 

magnesium cobalt nanoparticles were pelletized and annealed at 200oC, 400oC, 600oC, and 

800oC, respectively, to vary their particle size. 

3.3. Surface Coating 
 

The coating method should be used for surface modification of nanoparticles to increase the 

biocompatibility and biodegradation of these samples. Bare particles tend to agglomerate, but 

after coating with some nonmagnetic material to be highly dispersive, their high surface-to-

volume ratio is also reduced per unit
114–116

. In this study, Chitosan, PEG, and Dextran can be 

used as a coating material because:  

 They are biodegradable, biocompatible, antibacterial, and non-toxic. 

 They are unique cationic, hydrophilic polymers. 

 They have low immunogenicity. 

 The functional groups on their surface can be used to functionalize the 

particle117–120. 
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The coating protocols of Chitosan, PEG, and Dextran are discussed in the next section. 

3.3.1. Coating with 2 % Chitosan Solution  

The samples were coated with a 2% chitosan solution that was made by combining 2 grams of 

chitosan with 100 ml of deionized (DI) water at 400 revolutions per minute and stirring 

continuously for 72 hours. The mixture was combined with acetic acid to dissolve chitosan in 

water after 12 hours of mixing. After that, the solution was spun twice at 13000 rpm to remove 

any leftovers. Secondly, 20 mg of magnesium cobalt ferrite was added to 1 ml 2 % chitosan 

solution, then vortexed on and repeatedly sonicated to prepare 20 mg/ml chitosan-coated stock 

solution. Extra Chitosan was removed by centrifugation at 20000 rpm for 20 minutes. The stock 

solution was then diluted to create solutions with different concentrations
121–123

. 

 

3.3.2. Coating with 25% PEG Solution 

Twenty-five grams of polyethylene glycol (PEG) was dissolved into 100 ml distilled water 

through continuous stirring at 400 rpm for 2 hours to form a homogeneous 25% PEG solution. 

After that, we added 20 mg of magnesium cobalt ferrite to 1 ml of 25% PEG solution, vortexed 

it, and repeatedly sonicated it. Extra PEG was taken out, and DI water was added to keep the 

solution's concentration at a certain level. Finally, we kept vortex and sonication until the 

sedimentation was found, and the solution was kept as the stock solution. Other engagements 

were prepared for further study to dilute the stock solution
124–126

. 
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3.3.3. Coating with 20 % Dextran Solution 

Twenty grams of Dextran was dissolved into 100 ml distilled water through continuous stirring at 

400 rpm for 2 hours to form a homogeneous 20% Dextran solution. Then, we added 20 mg of 

magnesium cobalt ferrite to 1 ml 20 % Dextran solution and heated it to 393 K for 20 minutes, 

followed by vortex and sonications several times. Extra Dextran was removed by centrifugation 

at 20000 rpm for 20 minutes. Finally, we kept vortex and sonication until the sedimentation was 

found, and the solution was kept as the stock solution. Other concentrations were prepared for 

further study to dilute the stock solution
127,128

. 

.   
The MNPs were coated to form a homogeneous suspension called ferrofluids, colloidal liquids in 

the range of nano dimension and superparamagnetic or ferromagnetic. Since nanoparticles have a 

weak magnetic attraction, every particle is thoroughly coated with surfactants to inhibit 

aggregation. The van der Waals force of the surfactant becomes sufficient to prevent 

accumulation
118,129

. From the initial concentration, 20 mg/ml, the different concentrations, such 

as 0.5mg/ml, 1 mg/ml, 2 mg/ml, 3 mg/ml, 4mg/ml, and 6 mg/ml, were prepared for as dried and 

calcinated magnesium cobalt ferrites. These concentrations were used in FTIR, DLS, 

magnetization, cytotoxicity, and hyperthermia measurements. Moreover, 0.01mg/ml, 0.025 

mg/ml, 0.05 mg/ml, 0.75 mg/ml, 0.10 mg/ml, 0.12 mg/ml, and 4 mg/ml concentrations of 

magnesium cobalt ferrites nanoparticles were prepared to test the efficiency as MRI contrast 

agent.  
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3.4. Characterization 

Magnesium cobalt ferrite nanoparticles' structural characterization was done using an X-ray 

diffractometer (XRD), model: Philips PW 3040-X'Pert PRO Panalytical, Netherlands, and a 

transmission electron microscope (TEM), model: TALOS F200 G2, FEI Company, USA. The 

XRD scan was carried out at a 2θ angle ranging from 15-70 degrees at 40 kV and 30 mA using 

CuKα radiation (where λ=1.54059 A0) using a scan step size of 0.0167º for a powder sample. 

TEM operated at 200 kV. For TEM analysis, the samples were dispersed in ethanol through 

sonication for 15 minutes and drop-casting on an electron-transparent Cu grid coated with carbon 

and dried. The FTIR spectroscopic measurements were performed using the Jupiter, UK, STA, 

449 F3 model. Chitosan, bare magnesium cobalt ferrite nanoparticles, and chitosan-coated 

magnesium cobalt ferrite nanoparticles all had FTIR spectra in the 350–4000 cm-1 range. Raman 

Spectroscopy measurements were performed using S & I Spectroscopy & Imaging, CRS+ 

500/BX53, MonoVista GmbH, Germany. The filter was cleaned up with a length of 60 cm-1 

using a diode laser system operating at 785 nm. It supplied a power output of 100 mW. The 

Raman spectroscopy of dried magnesium cobalt ferrite nanoparticles was taken between 200 and 

4000 cm-1 as pelletized. A dynamic light scattering (DLS) device, model: ZEN 3600, from 

Zetasizer, Malvern, UK, was used to examine the samples' hydrodynamic size and zeta potential. 

At 25°C, 37°C, and 44°C, respectively, the hydrodynamic size of MCFO magnetic nanoparticles 

coated with chitosan at various concentrations was studied. The magnetic moment of all samples 

was measured at room temperature with the Physical Property Measurement System (PPMS), 

model Inc.10307, Quantum, USA. The magnetic moment of all the investigated samples (coated 

and bare) was measured from -5 to +5 tesla. Magnetic status was also studied using Mössbauer 

spectroscopy, model: W302, web research company, USA. A resonant transmission gamma-ray 
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spectrometer with a transducer velocity of 11 mm/s and a constant acceleration mode was used 

to capture Mössbauer spectra. Before measurement, the spectrometer was calibrated using a 

sample of metallic iron foil, and the centroid of the Mössbauer spectrum was determined to be 

zero velocity. At ambient temperature and without magnetic fields, 72 hours were required for 

Mössbauer data gathering. The temperature profiles of the investigated nanoparticles were 

measured using a hyperthermia apparatus made by Ambrell, USA, dubbed EASY HEAT 

5060LI. It consists of an eight-turn coil with a 4 cm diameter. The coil's current was fixed at 283 

A and its signal frequency at 343 kHz for the hyperthermia tests, creating a magnetic field of 26 

mT in the sample coil. The magnesium cobalt ferrite nanoparticles in a 600 µL chitosan-coated 

solution were placed in an Eppendorf tube for heating at a 26 mT magnetic field for different 

time intervals3,48,99. After removing the magnetic field, a digital thermometer measured the 

sample's temperature.  

All T2 W FSE and T2 map MR images were captured using an MRI machine with the following 

model number: MRS7017, MR Solution, United Kingdom. TR was 4000 ms, TE was 45 ms, 

THK was 1.0 mm, and FOV was 40 during T2 W FSE imaging. When doing T2 mapping, the 

following parameters were used: TR = 4000 ms, TE = 7, 14, 21, 28, 35, 42, 49, 56, 63, 70, 77, 

84, 91, 98, 105, and 112 ms, THK = 1.0 mm, and FOV = 40. MCFO magnetic nanoparticles 

coated in chitosan were used to capture phantom images. Five concentrations of tiny Eppendorf 

tubings were used to create the phantom for each sample. A mouse body coil was used to house 

the ghost. The coil with the sample was placed at the homogeneous MRI magnet center with B0 

= 7 T. The B was obtained by applying a perturbation field with the Larmour frequency of 2048 

Hz. MRA of rat head was performed using T2 W FSE imaging and time-of-flight (TOF) 

magnetic resonance imaging (MRI) techniques to inquire about the contrast efficacy of 
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investigated PEG-coated, chitosan-coated, and dextran-coated MCFO ferrite nanoparticles. In 

this study, forty Albino Wister male healthy rats of body weight 250 to 300 g were used. 

Throughout the TOF experiment, the rats were unconscious by injecting the prescribed ketamine 

(0.6 ml) dose into the muscle
9
. The unconscious rat was placed in a horizontal bed. Its neck was 

placed in the centre of the radio frequency (RF) coil, which was positioned at the centre of the 

nuclear magnetic resonance (NMR) coil, which was the homogeneous centre of the static 

magnetic field (7 T). With a flip angle (FA) of 35°, repletion time (TR) of 22 ms, echo time (TE) 

of 3 ms, a field of view (FOV) of 3.6 * 3.6 mm, and an image matrix of 256 * 256, TOF pictures 

of the entire rat brain were first collected without the use of a contrast agent. Because brain 

tissues were thoroughly saturated and the low flow velocity nearly inhibited the venous system, a 

repetition period of 22 ms was chosen130–133. 

Animal research reports were maintained according to ARRIVE Guidelines. Guide for the Care 

and Use of Laboratory Animals (1996) was followed when handling the animals. Atomic Energy 

Centre Dhaka's Ethical Review Committee for Animal Experiments approved the protocol with 

Memo No: AECD/ROD/EC/21/202 to minimize the suffering of experimental animals. 

A hemocytometer (Optika, Italy), a CO2 incubator (Nuaire, U.S.A.), an inverted light 

microscope, and a biosafety cabinet (Model NU-400-E, Nuaire, U.S.A.) were used to conduct the 

cytotoxicity test on the Hela (a human cervical carcinoma cancer cell) cell line. In the current 

investigation, HeLa cells were kept alive in DMEM (Dulbecco's Modified Eagles' Medium), 

which contained 10% fetal bovine serum, 0.2% gentamycin, and 0.1% penicillin-streptomycin. 

HeLa cells (4x105/200 L) were seeded into 96-well plates and cultured for 24 hours in a CO2 

incubator at 37°C and 5% CO2. In each well, 50 L of MCFO nanoparticles with 4 mg/ml 

concentration were filtered (filtered through a 0.45 m syringe filter). Each sample was 
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contained in a duplicate well. Approximately 48 hours after incubation, the insoluble samples 

were washed out seven times with media, and the survival of HeLa cells was examined under an 

inverted light microscope
134–136

. 

 

3.5. Equipment Used for the Synthesis of Nanoparticles 

3.5.1. Magnetic stirrer with a hot plate  

A magnetic stirrer with a hot plate performed the heating and stirring operation. During the 

synthesis process, the stirring speed was maintained at 400 rpm. 

 

Figure 3.2: Magnetic stirrer with a hot plate of model no. TS-18Q, Lab Tech, DAIHAN 
LABTECH CO. LTD., U.S.A.  

3.5.2. pH meter 

The pH meter was used to determine the pH of the synthesis solution at different stages of the 

synthesis process. Temperatures of other measurements were taken using a temperature probe of 

this pH meter. 
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Figure 3.3: The pH meter of the model was HI 2211, HANNA Instruments,  Europe, Romania.  
Model no of the pH probe was HI 7662, HANNA, Romania.  

3.5.3. Balance meter 

A balance meter was utilized to determine the sample's weight at different stages of the synthesis 

technique.  

 

 

 

 

 

Figure 3.4: Balance meter of model SP250,  SCIENTECH BOULDER CO, U.S.A. 

3.5.4. Fume hood  

A fume hood continuously delivers harmful gas or volatile chemicals away from the user. In this 

work, a fume hood was used to release high CO2, N2, and water vapour, which was produced 

considerably.  
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Figure 3.5: Fume hood of model FH 1200(E), JINAN BIOBASE BIOTECH CO.LTD., China. 

3.5.5. Oven 

The drying and annealing were performed by using an oven.  

 

 

 

 

 

 

 

 

 

Figure 3.6: Oven for sample heat treatment of Model L3/12/C6, Lilienthal, Germany. 
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3.5.6. Centrifuge 

 
Figure 3.7:  Centrifuge machine of Model: Sigma 2-16 P,  Speed: 15000 rpm (max), Company: 
SIGMA Laborzentrifugen, Country: Germany, situated in Atomic Energy Centre Dhaka. 

Centrifuges rotate objects around fixed axes, involving a powerful force parallel to the spin axis 

(outward). Centrifuges work on the sedimentation principle, where denser substances move 

outward in a radial direction due to centripetal acceleration. As a result, less dense entities are 

displaced and move toward the centre. Nanoparticles settle to the bottom of a laboratory 

centrifuge that uses sample tubes, while low-density particles rise to the top
137

. In this thesis 

work, the following centrifuge is used.  

3.5.7. Vortex mixer: 

Vortex mixers were employed to mix magnetic nanoparticles with distilled water and coating 

materials homogeneously. 



 

68 
 

 

Figure 3.8: Vortex-1 for homogeneous mixing, Model: VM-1000, Input Voltage: 220 AC, 
Frequency: 50 Hz, Company: Digisystem Laboratory Instruments Inc, Country: Taiwan. Speed: 
3000 rpm 

3.5.8. Ultrasonic sonicator 
Sonication uses sound energy to stir particles in a sample for various 

purposes. Ultrasonication is a process guided by ultrasonic frequencies (>20 KHz). Sonication 

contains considerable effects, both chemical and physical. Ultrasound involves sonic waves on 

chemical systems, which is called sonochemistry. In addition to wastewater purification, 

degassing, extracting plant oils, extracting antioxidants and anthocyanins, producing biofuels, 

desulphurizing crude oil, rupturing cells, processing polymers and epoxy, thinning adhesives, 

and many other processes, sonication can produce a variety of nanoparticles, including 

nanoemulsions, nanocrystals, liposomes, and wax emulsions. By stopping intermolecular 

exchanges, sonication can be used to hasten breakdown. When stirring the sample is not 

possible, as with NMR tubes, it is functional. In nanotechnology, sonication is frequently used to 

distribute nanoparticles in fluids equally
138

.  



 

69 
 

 

Figure 3.9: Ultrasoniccator of Model no Power sonic 510, Hwa Shin Technology, SEOUL, 
KOREA, having frequency- 50 Hz, Input voltage- 230AC, Output power-500W.  

3.6 Equipment Used for Characterizations 

3.6.1. X-Ray Diffraction (XRD) 

 

Figure 3.10: (A) Philips PhilipsX'Pert Pro X-ray diffraction machine; (B) The X-ray beam 
incident and diffracted from a plane of a crystal with the same angle complying with Bragg’s 
Law. 
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XRD is a universal non-destructive approach for structure investigation and phase identification 

of various materials, such as metals and composites, polymers and biological materials, and 

electronic and optoelectronic components. X-rays are electromagnetic radiation with 

wavelengths ranging from 100 to 0.1 Å and frequencies of 3×1016 Hz to 3×1019 Hz. They can 

penetrate materials and provide information about their bulk structure. Short wavelength X-rays, 

often known as hard X-rays, have a wavelength between a few angstroms and 0.1 (1 keV-120 

keV) and are frequently employed for diffraction applications. They are perfect for examining 

the structural organization of atoms and molecules in various materials because their wavelength 

is comparable in size to atoms
139

. 

 

Photons of an X-ray beam interact primarily with electrons in particles when they are incident on 

a material. The exchange of reflected waves between various particles can strongly modulate the 

intensity distributions of diffracted waves. Suppose the atoms are placed periodically, as in 

crystals. As a result, the acute interference maximum in the diffracted waves will be symmetrical 

with the distribution of atoms in the material. The spacing between atoms is known to 

correspond to the peaks in an X-ray diffraction pattern. In XRD diffraction experiments146, only 

X-rays diffracted by elastic scattering are counted
140

.  

 

A programmable divergence slit was used to control the area irradiated by the rays, and a 

programmable receiving slit was used to control the intensity of the output. X'Pert High Score 

was used to analyze powder diffraction data. A scan of standard Si was conducted to determine 

the instrumental broadening of the system. It was found that the instrumental broadening was 

0.07 degrees at the position of the peak of the reflection (110) in the reflection. By subtracting 

this value from the pattern, the instrumental broadening is calculated. The lattice constant (a) and 

the X-ray densities were computed based on the XRD data. Peak locations, intensities, widths, 

and forms determine the material structure. A Philips X'Pert Pro multipurpose X-ray 

diffractometer, Model: PW3040, X'Pert Pro, PANalytical, Philips, Netherlands, is shown in 

Figure 3.10 (A) and was used for this study at the Atomic Energy Centre in Dhaka. 
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Fig. 3.10 (B) shows the X-ray beam incident and diffracted from a plane of a crystal at an angle 

that complies with Bragg’s Law. One can easily find the crystal structure from the XRD curve's 

peak. According to Bragg's
141

 law, we can write – 

𝑑ℎ𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                                                                                            (3.1) 

where 𝜃 is the X-ray beam's incidence angle, dhkl is the separation between two succeeding 

planes, h, k, and l are its Miller indices, 𝜆 is its wavelength, and n is an integer.   The observed 

lattice parameter, a for each plane, was calculated using Bragg's law for the cubic structure, 

which is written as 

𝑎 = 𝑑ℎ
ඥℎଶ + 𝑘ଶ + 𝑙ଶ                                                                                                              (3.2) 

where a is the lattice parameter, and. The lattice parameter was calculated using the equation 

(2.22). The actual values of a were obtained using the Nelson–Riley
142

 function, 

𝐹(𝜃) =
ଵ

ଶ
(

௦మఏ

௦ఏ
+

௦మఏ

ఏ
)                                                                                                            (3.3) 

The average particle size of each composition was calculated using Debye–Scherrer's
143

 

formula:  

𝐷 =
.ଽସఒ

ఉ௦ఏ
                                                                                                                                  (3.4) 

where, 𝐷  represents the average crystallite size, 𝛽 is the full width at half the maximum of the 

highest intensity (311)  peak. 

The X-ray density (dx) of spinel ferrite nanoparticles can be written as 

𝑑௫ =
଼ெ

ேబయ
                                                                                                                                    (3.5) 
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This equation uses M for molecular weight, No for Avogadro's number (6.0225 x 1023 

particles/mole), and a for lattice parameters
144

. 

The specific surface area of the particles (S), the radius of the A-site (rA), the radius of the B-site 

(rB),  the theoretical lattice parameter (ath), the hopping length for the A-site (dA), hopping 

distance for the B-site (dB), the tetrahedral and the octahedral bond length (dA×and dB×), the 

tetrahedral edge (dA×E), the shared and unshared octahedral edge (dB×E and dB×EU) for cubic 

spinel ferrite nanoparticles can be written as
145,146

 

𝑆 =


×ௗೣ
                                                                                                                                    (3.6) 

𝑟 = (𝑢 − 0.25)𝑎√3 − 𝑅                                                                                                         (3.7) 

𝑟 = (0.625 − 𝑢)𝑎 − 𝑅                                                                                                           (3.8)  

𝑎௧ℎ =
଼

ଷ√ଷ
[(𝑟 − 𝑅) + (𝑟 − 𝑅)]                                                                                            (3.9) 

𝑑 = 0.25𝑎√3                                                                                                                          (3.10) 

𝑑 = 0.25𝑎√2                                                                                                                         (3.11) 

𝑑 = 𝑎√3 ቀ𝑢 −
ଵ

ସ
ቁ                                                                                                                  (3.12) 

𝑑 = 𝑎 ቂ3𝑢ଶ − ቀ
ଵଵ

ସ
ቁ 𝑢 + ቀ

ସଷ

ସ
ቁቃ

భ

మ                                                                                             (3.13) 

𝑑ா = 𝑎√2 ቀ2𝑢 −
ଵ

ଶ
ቁ                                                                                                             (3.14) 

𝑑ா = 𝑎√2(1 − 2𝑢)                                                                                                             (3.15) 

𝑑ா = 𝑎 ቂ4𝑢ଶ − 3𝑢 + ቀ
ଵଵ

ଵ
ቁቃ

భ

మ                                                                                              (3.16) 

where u (0.381) is the oxygen positional parameter, a is the lattice constant, and R0 (1.32 Ǻ) is 

the oxygen ion radius. 
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The interionic distances between cations 𝑏, 𝑐, 𝑑, 𝑒, and 𝑓 were obtained by the equations, which 

are written as 

 𝑏 = (𝑎 ⁄ 4) √2                                                                                 (3.17)                                  

 𝑐 = (𝑎 8⁄ )√11                                                                                                              (3.18)  

𝑑 = (𝑎 4⁄ )√3                                                                                                                 (3.19) 

𝑒 = (3𝑎 8⁄ )√3                                                                                                                  (3.20) 

𝑓 = (𝑎 4⁄ )√3                                                                                                                           (3.21)  

The distances between cations and anions 𝑝, 𝑞, 𝑟, and 𝑠 were found using the relations.  

𝑝 = 𝑎ቀ1 2 − 𝑢ଷ⁄ ቁ                                                                                              (3.22)                 

𝑞 = 𝑎ቀ𝑢ଷ − 1 8⁄ ቁ√3                                                                                          (3.23)                  

𝑟 = 𝑎ቀ𝑢ଷ − 1 8⁄ ቁ√11                                                                                                 (3.24)                                  

𝑠 = 𝑎௫ 3⁄ ቀ𝑢ଷ − 1 2⁄ ቁ√3                                                                                        (3.25)                      

The bond angles were computed by utilizing the relations 

𝜃ଵ = 𝑐𝑜𝑠ିଵ((𝑝ଶ + 𝑞ଶ − 𝑐ଶ) 2𝑝𝑞⁄ )                                                                                         (3.26)  

𝜃ଶ = 𝑐𝑜𝑠ିଵ((𝑝ଶ + 𝑟ଶ − 𝑒ଶ) 2𝑝𝑟⁄ )                                                                                         (3.27)  

 𝜃ଷ = 𝑐𝑜𝑠ିଵ((2𝑝ଶ − 𝑏ଶ) 2𝑝𝑟⁄ )                                                                                               (3.28) 

𝜃ସ = 𝑐𝑜𝑠ିଵ((𝑝ଶ + 𝑠ଶ − 𝑓ଶ) 2𝑝𝑠⁄ )                                                                                         (3.29)  

𝜃ହ = 𝑐𝑜𝑠ିଵ((𝑟ଶ + 𝑞ଶ − 𝑑ଶ) 2𝑟𝑞⁄ )                                                                                         (3.30) 

3.6.2 Transmission Electron Microscope (TEM.) 
 

With a data resolution limit of 0.14 nm, the FEI Tecnai F30 transmission electron microscope 

offers high-resolution imaging. It uses a Schottky field-emission electron gun to deliver a small 

electron wavelength through a high accelerating voltage of 300 kV. The "super twin" objective 
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lens, high illumination FEG, and high mechanical and electrical equilibrium of the microscope 

enable microanalysis at improved spatial resolution and high probe current. For obtaining high 

signal-to-noise ratios, it is essential. A scanning unit is also a part of the apparatus, capable of 

acquiring images and analytical data by scanning a sample with a narrow electron probe with a 

diameter as small as 0.17 nm. The FEI Tecnai F30 is ideal for analyzing materials' structure and 

local chemical composition on a nanoscale level. Its different powerful analytical and high-

resolution TEM techniques enhance the capability of SCSAM, especially for nanotechnology 

research
147–149

. The Tecnai F30 TEM is shown in Figure 3.11. 

The STEM method uses a high-angle annular dark-field (HAADF) detector to detect electrons 

scattered during "Z-contrast" imaging. It results in high-resolution images with fewer 

interpretation issues than traditional HRTEM imaging. With coherent imaging states and digital 

image processing at different focus levels, the Tecnai F30 can achieve quantitative HRTEM with 

0.14 nm resolution. Additionally, the Tecnai F30 is equipped with an EDAX XEDS technique, 

which utilizes a Li-drifted Si detector with an energy resolution of 130 eV. The system's post-

column imaging energy filter, provided by Gatan, directs electrons on an energy-dispersive path, 

allowing for advanced microanalysis processes
147–149

. 

Electron energy-loss spectroscopy (EELS) is a crucial technique in scientific research. When 

viewed on a CCD camera, the energy-dispersive plane of the filter shows the electron energy-

loss spectrum of the area being studied. This spectrum includes absorption edges specific to the 

sample's elements. Researchers can use a CCD camera to investigate the sample's chemical 

composition in detail by measuring the electron intensity in the energy-dispersive plane. This 

method is handy for analyzing light elements. 

The local electrical configuration and particle coordination can be learned from electron energy-

loss spectra. By looking at the intricate structure of energy-loss spectra at absorption edges, 

researchers can examine the energy-loss near-edge structure (ELNES) to learn about the 

electronic form. A focused electron probe and an EELS spectrometer with parallel data 

processing are typically used for this examination. 

The imaging energy filter has a significant application called "zero-loss imaging." In order to 

accomplish this, a narrow opening is placed in the path of the electrons that are being dispersed. 

Only electrons with a specific energy or energy loss can flow through this aperture. Only 
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electrons that lost no energy in the sample can pass through the filter using the "zero-loss 

filtering" technique, and only elastically scattered electrons can reach the detector. Quantitative 

electron diffraction and imaging of dense materials are crucial for this filtering technology. The 

imaging energy filter also enables electron-spectroscopic imaging, which uses the energy filter to 

record images of electrons that have lost a particular quantity of element-specific kinetic energy 

in the sample
147–149

.  

 

Figure 3.11: Transmission electron microscope of Model: Tecnai F30, Company: Field Electron 
and Ion (FEI.), Country: USA, situated in Atomic Energy Centre Dhaka. 

3.6.3 Vibrating Sample Magnetometer (VSM.) 

The VSM is a scientific device used to investigate the magnetic effects of samples. It contains 

coils linked in series with a pole diameter of 150mm and a pole gap of 0.96mm. To magnetize an 

element, a sample must be placed inside a consistent magnetic field. A piezoelectric substance is 

used to vibrate the piece sinusoidally physically. The magnetic moment of a sample determines 

the pickup coil's induced voltage, which is independent of the magnetic field's intensity. A 

specific design estimates the induced voltage using the piezoelectric reference signal. The 
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hysteresis curve of a material can be determined by calculating it in the field of an external 

electromagnet. An ac electrical signal is generated by altering the dipole field of a tiny sample of 

magnetic material positioned in an external magnetizing field to estimate the material's 

magnetization
150

. The picture of VSM is shown in Figure 3.12. 

 

 

 

 

 

 

 

 

Figure 3.12: Vibrating sample magnetometer of Model: EV-9 (3473-70 electromagnet), 
Temperature range: -1700C - 7000 C, Magnetic field: 2.1 Tesla, Max.), Company: Microsense 
L.L.C., Country: USA situated in Atomic Energy Centre Dhaka. 

 In order to perform the primary measurement, the piece oscillates near a detection 

(pickup) coil, and the voltage induced by the oscillation is synchronously captured. This 

system utilizes a consolidated gradiometer pickup coil arrangement with a frequency of 

40 Hz and a relatively large oscillation amplitude of 1-3 mm peak. At a rate of 1 Hz, it 

can precisely detect magnetization shifts of less than 10-6 emu. The VSM option for 

PPMS comprises a linear motor device (head) for oscillating the sample, a coil cluster 

puck for detecting the response, and electronics for managing the linear motor transport 

and the pickup coil response. For automation and management, the MultiVu software 

program is also necessary. A sample rod's end conducts a sinusoidal current through the 

sample. The vibration center is in the middle of a vertical arrangement of gradiometer 



 

77 
 

pickup coils. Utilizing a readback of the optical linear encoder data from the linear 

motor transport of the VSM motor module, the exact position and magnitude of the 

oscillation are retained. The VSM detection module amplifies the voltage created in the 

pickup coil during lock-in. The position encoder signal is a reference for synchronous 

detection in the VSM detection module. The encoder signals that linear motor 

transporters send to VSM motor modules are used by the VSM motor module for 

troubleshooting. The VSM detection module detects an enhanced voltage when it 

receives in-phase and quadrature-phase signals from the encoder and pickup coil. These 

signals are averaged, and the outcomes are sent to the VSM application operating on the 

PC over the CAN bus. The magnet and power source constrain the magnetic field ramp 

rate. In contrast, the temperature and magnetic field could alter during the 

measurement
151

. In this research, VSM measurements were obtained by PPMS, as 

shown in Figure 3.13. 

 

Figure 3.13: PPMS of Model: P525, Temperature range: 1.2 K - 1200 K, Magnetic field: 9 Tesla 
(Max.), Company: Quantum Design, Country: UK situated in Atomic Energy Centre Dhaka  
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3.6.4 MössbauerSpectroscopy 

 

 

 

 

 

 

Figure 3.14: Mössbauer spectroscopy of Resonant Gamma-Ray Spectrometer,  Model: W302, 
Company: WEB RESEARCH CO, Country: USA. 

A solid sample is exposed to a gamma radiation beam in Mössbauer absorption spectroscopy, its 

most common variation. It measures the beam's strength when it passes the detector. The atoms 

in the source of the rays must share the same isotope as the atoms in the item for gamma rays to 

be efficiently absorbed by the object. The nuclear shift energies would be the same if the 

emitting and absorbing nuclei were in comparable chemical environments, and resonant 

absorption would occur with both materials at rest. However, as discussed below, numerous 

modifications to nuclear energy levels result from changes in chemical circumstances. The 

modest energy shifts that result in noticeable changes in absorbance are caused by the 

radionuclides' narrow gamma-ray spectral line widths, even though these energy shifts are often 

less than a micro-electronvolt. To bring the two nuclei back into resonance, it is essential to 

adjust the gamma ray's energy negligibly. The Doppler Effect is frequently used in practice to do 

this. The gamma-ray energy is scanned across a specific field using the Mössbauer absorption 

spectroscopy technique, which includes accelerating the source at various speeds to produce a 

Doppler effect. For example, the speed range for 57Fe is specifically 11 mm/s, which is 

equivalent to 48.075 meV per 1 mm/s. Gamma-ray intensity is displayed as a function of source 

speed in the resulting spectra. A portion of the gamma-ray is absorbed at speeds that are close to 

the resonant energy levels of the sample, which causes a decrease in the measured intensity and a 

corresponding dip in the spectrum
152

. This equipment can use dips (also known as peaks; dips in 

transmitted intensity are peaks in absorbance; dips in transmitted intensity are peaks in 
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absorbance) to determine the sample's characteristics. Isomer shift (δ) is a comparative measure 

describing a change in the resonance energy of a nucleus for the shift of electrons within 

its s orbitals. The electrical interaction between the non-zero probability s orbital electrons and 

the non-zero volume nucleus they orbit changes, causing this transformation. Depending on the 

density of s electrons in the core, the entire spectrum is either moved in a favourable or 

unfavourable direction. The probability of an electron in the nucleus is only non-zero for 

electrons in s orbitals. Through a screening effect, p, d, and f electrons can modify the density of 

s electrons. Isomer shift can be represented as: 

𝐶𝑆 = 𝐾൫〈𝑅
ଶ〉 − 〈𝑅

ଶ〉൯(|𝜓௦
ଶ(0)| − |𝜓௦

ଶ(0)|)                                                         (3.31)  

where K is a nuclear constant, 〈𝑅
ଶ〉 is the effective nuclear charge radius of the excited state, and 

〈𝑅
ଶ〉 is the effective nuclear charge radius of the ground state, |𝜓௦

ଶ(0)| is the electron density of 

the sample, and |𝜓௦
ଶ(0)| is the electron density of the source. 

Examples can be used to clarify the meaning of equation (2.91) in terms of physics:  

1. A increase in s-electron density in 119Sn results in a favourable alteration because of a positive 

shift in overall nuclear charge (Re > Rg), but the gain in s-electron density in the 57Fe spectrum 

presents an adverse shift because the transformation in the effective nuclear charge is 

unfavourable (Re<Rg).  

2. Because oxidized ferric ions (Fe3+) have a higher s-electron density at their cores and a less 

screening effect from d electrons, they undergo fewer isomer transitions than ferrous ions (Fe2+). 

The isomer shift determines the oxidation state, electron shielding, valency states, and electron-

drawing ability of electronegative groups
153–156

. 



 

 

Figure 3.15: The splitting of the quadrupole occurs as a result of the exchange between nuclear 
energy levels and the gradient of the electric field around them

Quadrupole splitting 

The interaction between the nuclear energy levels and the gradient of the external el

causes quadrupole splitting. Nuclei having a spin quantum number (l) larger than 1/2, or cores 

with non-spherical charge distributions, may have a nuclear quadrupole moment. In this case, an 

asymmetric electric field separates the nuclear ener

having l= 3/2 excited states, like 

The change from the ground state to the excited state manifests as two separate peaks in the 

spectrum, often known as a "doublet." The split between these two peaks, known as quadrupole 

splitting, describes the electric field at the nucleus. The oxidation state, site symmetry, spin state, 

and structure of ligands are chosen via quadrupole splitting
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The splitting of the quadrupole occurs as a result of the exchange between nuclear 
energy levels and the gradient of the electric field around them 

The interaction between the nuclear energy levels and the gradient of the external el

causes quadrupole splitting. Nuclei having a spin quantum number (l) larger than 1/2, or cores 

spherical charge distributions, may have a nuclear quadrupole moment. In this case, an 

asymmetric electric field separates the nuclear energy levels. The excited state of an isotope 

having l= 3/2 excited states, like 57Fe or 119Sn, is split into two substates: m

The change from the ground state to the excited state manifests as two separate peaks in the 

nown as a "doublet." The split between these two peaks, known as quadrupole 

splitting, describes the electric field at the nucleus. The oxidation state, site symmetry, spin state, 

and structure of ligands are chosen via quadrupole splitting
157,158

. 

The splitting of the quadrupole occurs as a result of the exchange between nuclear 

The interaction between the nuclear energy levels and the gradient of the external electric field 

causes quadrupole splitting. Nuclei having a spin quantum number (l) larger than 1/2, or cores 

spherical charge distributions, may have a nuclear quadrupole moment. In this case, an 

gy levels. The excited state of an isotope 

Sn, is split into two substates: ml = ±1/2 and ml=± 3/2. 

The change from the ground state to the excited state manifests as two separate peaks in the 

nown as a "doublet." The split between these two peaks, known as quadrupole 

splitting, describes the electric field at the nucleus. The oxidation state, site symmetry, spin state, 
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Magnetic hyperfine splitting 

The Zeeman effect illustrates how the nucleus and any nearby magnetic field interact to produce 

magnetic hyperfine splitting. A nucleus with spin l splits into 2l + 1 sub-energy levels in a 

magnetic field. The 57Fe nucleus will split into four non-degenerate substates with ml values of 

+3/2, +1/2, -1/2, and -3/2 as the first excited state with spin state l = 3/2. The separations are 

described as being on the order of 10-7 eV hyperfine and evenly spaced. According to the 

selection rule for magnetic dipole shifts, transitions from the excited to the ground state can 

occur whenever ml shifts by 0 or 1, or -1. It provides six plausible transitions between the 1/2 

and the 3/2 states. Like many iron compounds, the natural inner magnetic fields are relatively 

strong in ferromagnetic materials, and their effects predominate the spectra. The strength of the 

magnetic field at the core, which in turn depends on how the nucleus allocates its electrons, 

determines how much splitting occurs. A sample foil between an oscillating source and a photon 

detector, which produces an absorption spectrum, can measure the splitting
159

. 



 

 

Figure 3.16: Magnetic hyperfine splitting due to the exchange between the nucleus and any 
surrounding magnetic field 

3.6.5 Fourier Transforms Infrared Spectroscopy (FTIR)
 

 

The FTIR measures the absorption or emission

spectrum. With the help of FTIR spectrometers, a

can be simultaneously analyzed.

sample can be determined by p

are built, they absorb frequencies. The fact that these absorptions are at resonance frequencies is 

crucial. It implies that the vibrational frequency determines the frequency of the absorbed

radiation. Absorption occurs when the vibrational frequency of a bond or group of bonds and the 

frequency of the IR coincide. 

frequency or wavelength, it is required to examine the transmitted light. 

be made using a monochromator to scan the wavelength range.

82 

: Magnetic hyperfine splitting due to the exchange between the nucleus and any 

3.6.5 Fourier Transforms Infrared Spectroscopy (FTIR)

The FTIR measures the absorption or emission of solids, liquids, or gases in the infrared 

With the help of FTIR spectrometers, an extensive range of spectral resolution data 

can be simultaneously analyzed. Figure 3.16 shows FTIR spectroscopy. 

sample can be determined by passing an infrared beam through it. Because of the way molecules 

are built, they absorb frequencies. The fact that these absorptions are at resonance frequencies is 

crucial. It implies that the vibrational frequency determines the frequency of the absorbed

radiation. Absorption occurs when the vibrational frequency of a bond or group of bonds and the 

frequency of the IR coincide. To ascertain how much energy has been absorbed in each 

frequency or wavelength, it is required to examine the transmitted light. This measurement can 

be made using a monochromator to scan the wavelength range. Alternately, the whole 

 

: Magnetic hyperfine splitting due to the exchange between the nucleus and any 

3.6.5 Fourier Transforms Infrared Spectroscopy (FTIR) 

of solids, liquids, or gases in the infrared 

e range of spectral resolution data 

Figure 3.16 shows FTIR spectroscopy. The spectrum of a 

Because of the way molecules 

are built, they absorb frequencies. The fact that these absorptions are at resonance frequencies is 

crucial. It implies that the vibrational frequency determines the frequency of the absorbed 

radiation. Absorption occurs when the vibrational frequency of a bond or group of bonds and the 

o ascertain how much energy has been absorbed in each 

This measurement can 

Alternately, the whole 
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wavelength range can be calculated using a Fourier transform instrument, and a transmittance or 

absorbance spectrum can then be developed appropriately
160

. 

 

 

 

 

 

 

 

 

 

 

Figure 3.17: FTIR spectroscopy of model: STA, 449 F3, Jupiter, UK. 

FTIR is a broadly habituated method to recognize the functional groups in the materials by 

utilizing the beam of infrared (IR) radiation. It determined how much IR radiation each bond in 

the molecule absorbed and provided a spectrum often shown as % transmittance vs wavenumber 

(cm-1). The infrared area is between the visible and microwave portions of the electromagnetic 

spectrum. Near-IR (14000–4000 cm-1), mid-IR (400–4000 cm-1), and far-IR (400–40 cm-1) are 

the three primary components. IR spectroscopy is a modern technique that uses IR radiation to 

illuminate a sample to analyze its structural chemistry. The energy of the IR region is lower than 

the energy of the UV-visible light and higher than microwave radiation. Various materials (with 

the covalent bond) absorbed electromagnetic IR radiations. The FTIR provides the fingerprint of 

the functional group of IR active materials
161,162

. 

A molecule that is IR active possesses a dipole moment. The covalent bond oscillates back and 

forth as the IR functional materials come into contact with IR radiation, absorbing its energy. As 
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a result, IR light should be absorbed by the oscillation that changes the molecule's net dipole 

moment. Because they have zero dipole moments, a single atom and symmetrical molecules do 

not absorb IR light. Because each bond has a unique natural vibrational frequency, we noticed 

that a specific covalent molecular link would absorb a specific IR radiation (frequency). All 

bonds, therefore, absorb light at a consistent wavelength and are unaffected by other bonds. So 

even if some frequencies may be the same, two molecules with different structures do not have 

the same infrared spectrum
163,164

. The absorbance of IR absorbance spectra of a sample is 

figured out from the following relation:  

𝐴 = log ቀ
ூ

ூ
ቁ                                                                                                                              (3.32)  

where I0 represents the intensity of the background spectrum, I represent the intensity of the 

sample spectrum, and A stands for absorbance. The absorbance can also be calculated with the 

concentration of molecules in a sample using Beer's law which is written an 

𝐴 = 𝜀𝑙𝑐                                                                                                                                     (3.33)  

A is for absorbance, m for molar absorptivity, l for path length, and c for sample concentration. 

The height or size of the matching peak in an absorbance spectrum, which corresponds to the 

concentration of the molecule, is proportionate. Therefore using Beer's
165

 law, we can obtain the 

concentrations of molecules in samples. On the other hand, the percent transmittance (% T), 

which calculates the percentage of light transmitted by the mixture and can be found as follows 

%𝑇 = 100 × ቀ
ூ

ூబ
ቁ                                                                                                                   (3.34) 
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where I0 is intensity in the background spectrum, I is intensity in the sample spectrum, and %T is 

the transmittance percentage. Except for the material's peaks being overlaid upon the 

instrumental and atmospheric bands, the sample's single-beam FTIR spectrum, obtained 

following Fourier's interferogram transformation, looks exactly like the background spectrum. 

The resulting IR range of the sample must be normalized against the background spectrum to 

eliminate background contribution. Accordingly, an FTIR transmittance spectrum is written as 

%𝑇 =
ூ

ூబ
                                                                                                                          (3.35) 

where %T is percentage transmittance, I is the intensity of the measured sample, and I0 is the 

intensity of the background spectrum. The absorbance spectrum of FTIR can be figured out from 

the transmittance spectrum as 

𝐴 = − logଵ 𝑇                                                                                                                    (3.36) 

Using FTIR software, the mathematical relationships between the transmittance and absorbtance 

percentages can be converted. Stretching and bending are the two vibrational modes the 

molecules' bonds display when the IR active molecules absorb IR light. Triatomic molecules 

generally exhibit bending beat, while linear molecules favour stretching vibration. However, IR 

active molecules also exhibited additional intricate stretching and bending vibrations. Stretching 

vibrations include symmetric and asymmetric vibrations, whereas bending vibrations include 

wagging, rocking, twisting, and scissoring. Stretching that is asymmetric requires more energy 

than symmetric stretching. Others are out-of-plane bending vibrations, whereas scissoring and 

rocking are in-plane vibrations
8
. 
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3.6.6 Dynamic Light Scattering (DLS.) 

 

Figure 3.18. Dynamic light scattering instrument of model: ZEN3600,  RatedVoltage: AC 100-
240 V,  Rated frequency: 50/60 Hz, Rated Input Power: 250 V, Company: MALVERN 
INSTRUMENTS LTD, Country: UK. 
 

Dynamic light scattering (DLS) is a physics approach to determining a nanoparticle's 

hydrodynamic size distribution profile in a solution. The intensity or photon auto-correlation 

function, or photon correlation spectroscopy (PCS) or quasi-elastic light scattering, is typically 

used in the DLS measurement to examine material variations. This method works in Brownian 

motion, where particles move randomly in gas or liquid. The DLS approach measures Brownian 

activity and associates this with particle size. If the particle is large, the Brownian movement will 

be slower. The solvent molecules also "kick" the smaller particles, which drive more quickly. 

Therefore, faster action generates smaller particles, and slower movement causes large particles. 

The DLS is demonstrated in Figure 3.18. The interaction of light with a particle in solution 
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causes the physical phenomena known as the principle of light scattering. The light that strikes a 

particle in solution causes the electrons nearby to vibrate in time with the incident light's energy. 

As a result, the particle develops an oscillating dipole from the incident light. The strength of the 

incident light directly correlates with the power of this dipole moment. To understand light 

scattering, we must consider several factors. Specifically, the energy-scattering light in all 

directions at the same wavelength as an oscillating dipole produces the incident light. These 

include particle size, wavelength dependency, the duration of the light scattering measurement, 

particle concentration, and molecular weight. 

The size of the particle interacting with the incident light is a crucial factor in understanding light 

scattering. The fundamental particle is simultaneously exposed to the same energy field strength 

as the particle, which is ten times smaller than the wavelength of the incident light. The 

wavelengths of the resulting dispersed light are all in phase and work in concert. The 

wavelengths of the scattered light are no longer entirely in a phase when the particle is more 

significant than the wavelength of the incident light, which causes reinforcement in some 

directions and destructive interference in others. The particle's size and form affect big particles' 

scattering patterns. These problems significantly impact how light scattering measurement 

instruments are set up. The light is scattered forward, backward, and 90 degrees away from the 

incident light. The light scatter pattern shifts to a more forward direction and less in the 

backward and 90° directions as the particle size grows (>λ/10). A polarizer is used to fire a 630 

nm He-Ne laser, which is a monochromatic light source, into a sample. The image is then 

projected onto a screen after the scattered light passes through a second polarizer, where a 

photomultiplier captures it. It has the name "speckle pattern." There are two possible geometric 

configurations for the polarizer placement. One type of geometry, vertically vertical (VV) 
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geometry, allows light to pass through both polarizers in the same direction. The second 

polarizer does not guide light in the same direction as the incident light in vertical or horizontal 

(VH) geometry. Light is shot at the molecules in the solution, and the molecules differ in all 

directions from the light. All molecules can cause their diffracted light to interfere with areas of 

light or darkness. Rapid time gaps are used to repeat this process. The resulting speckle patterns 

are examined using an autocorrelation to approximate the light intensity at each point over time. 

With the diffusion of the particles in the dispersed solution due to Brownian motion brought on 

by changes in light intensity (intensity of scattered light) to vary as a function of time, the 

autocorrelation function (ACF) is an important parameter to estimate the hydrodynamic size and 

polydispersity index. The autocorrelation function of the scattered light intensity is produced by 

the correlator in photon correlation spectroscopy (PCS) equipment. The correlation function, an 

exponentially decaying function of the correlator time delay, or the autocorrelation function, 

typically deteriorates starting from zero delay time for many monodisperse particles in Brownian 

motion. Faster dynamics brought on by smaller particles cause faster decorrelation of the 

scattered intensity trace. To extract the size from the correlation function, several approaches are 

used. Two methods are used to determine the mean size or z-average diameter and the 

polydispersity index through Cumulants analysis: (1) fitting an exponential function to the 

correlation function and (2) fitting multiple exponentials to the correlation function to obtain the 

distribution of particle sizes. The particle size of spherical, smooth particles that diffuse at the 

same rate as the sample particles is called the hydrodynamic diameter. When the findings of DLS 

measurements are approximated using other techniques that point to distinct physical properties 

of the sample, they must be preserved. The polydispersity index is used to measure the range of 

particle sizes in a sample. The polydispersity index is also calculated using the cumulant method. 
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If the percentage is less than 10%, the sample is monodisperse, and the sizes of all the particles 

detected are consistent. However, the polydispersity index does not reveal details about the size 

distribution's shape or the proportion of the two-particle divisions
166

. 

Dynamic Light Scattering (DLS) is a Photon Correlation Spectroscopy known for selecting 

particle size. When a monochromatic laser beam enters a fluid containing spherical particles 

moving with Brownian motion, the light undergoes a Doppler shift, which changes the 

wavelength of the light. This change is related to the particle's hydrodynamic size. The Brownian 

motion of particles caused by bombardment by the solvent molecules around them is measured 

by DLS, and this motion is correlated to the size of the particles in the solution
167

. The Stokes-

Einstein equation is used to determine the hydrodynamic size of a particle based on the 

translational diffusion coefficient
167

, which is written as 

  𝑑(𝐻) =
்

ଷగఎ
                                                                                                                           (3.37) 

where 𝑑(𝐻) is the hydrodynamic diameter, 𝐷 is the translational diffusion coefficient, 𝑘 is 

Boltzmann's constant, 𝑇 is the absolute temperature, and η is the solution's viscosity. 

According to Derjaguin, Verwey, Landau, and Overbeek's (DVLO) theory
168

, the stability of a 

particle is dependent upon its total potential energy function VT, which is written as 

VT = VA + VR + V                                                                                                                    (3.38) 

Within a few nanometers of separation, VS is the potential energy due to the solvent, which 

typically marginalizes the total potential energy. VA is the contribution of the attractive force, 

and VB is the contribution of the repulsive force. The attractive potential function, which 

operates over a much larger distance, is written as
167,168

:   
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𝑉 =
ି

ଵଶగమ                                                                                                                               (3.39) 

where 𝐴 is the Hamaker constant, and 𝐷 is the particle separation. The repulsive potential 

function is the more complex one, which is written as
167,168

: 

𝑉ோ = 2𝜋𝜖𝑎𝜁ଶ exp(−𝜅𝐷)                                                                                                         (3.40) 

In this equation, the terms a and stand for the particle radius, solvent permeability, ionic 

composition, and zeta potential. The stability of a colloidal system, according to the DVLO 

theory, depends on the total of the Van Der Waals attractive and electrical double-layer repulsive 

forces traveling in opposite directions when Brownian motion takes place. As a result, the 

repulsive force creates an energy barrier that prevents two particles from coming together and 

attaching. However, if the repulsive force weakens, the particles collide with sufficient energy 

during Brownian motion. The attractive force pulls them into contact, which results in a sizeable 

hydrodynamic diameter by flocculation and agglomeration. Therefore, for the colloidal system's 

stability, a sufficiently high repulsive force is necessary for resisting flocculation and 

agglomeration.  

The zeta potential in colloidal suspension is the electrokinetic potential that develops from the 

electrical potential in the dual interfacial layer at the site of the sliding plane in comparison to a 

point in the bulk fluid away from the interface. The Henry
169

 equation connects the zeta 

potential and electrophoretic mobility, which is written as follows: 

𝑈ா =
ଶఌೝఌబி()

ଷఎ
                                                                                                                       (3.41) 

where UE is electrophoretic mobility, ε୰ it is the dielectric constant, ε is the permittivity of 

vacuum, ζ is zeta potential, F(κα) is Henry's function, and η is the viscosity of the solution at 
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experimental temperature. It depends on the solution's particle concentration, viscosity, and pH. 

3.6.7  Raman spectroscopy 

 

Figure 3.19: Stokes line and anti-Stokes line of Raman scattering. 

 

Raman spectroscopy is molecular spectroscopy followed by inelastically scattered light, 

permitting the interrogation and designation of molecule vibrational (phonon) states. It delivers a 

valuable analytical device for molecular fingerprinting and observing transformations in 

molecular bond structure. Consequently, it provides information about product formation, state 

changes, stresses and strains of covalent bonds, crystalline form, and crystallinity. Raman has 

several significant advantages corresponding to other vibrational spectroscopy methods. Instead 

of the light being absorbed by a sample, the Raman effect manifests itself in the reflected light. It 

makes it imperceptible to aqueous absorption bands and requires little to no sample preparation. 

This Raman effect encourages the direct exploration of solids, liquids, and gases through a 
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transparent holder made of glass, quartz, or plastic. Raman spectra of various materials are 

differentiable, even to the untrained eye. Therefore it can be employed for material identification 

and confirmation. The most effective way to detect Raman scattering is as a slight shift in 

frequency for a monochromatic ray's intensity due to the interaction between the incident 

radiation and molecules' vibrational energy levels. When the polarizability of the molecule in a 

vibrational mode changes, it becomes Raman active
170

. 

A transparent substance distributes a small amount of monochromatic light in all directions. 

When a spectroscope examines the dispersed light, it reveals numerous new, faint frequencies 

and a solid line with the same frequency as the incident light. For example, if a substance is 

illuminated with light of frequency 𝑣 and the scattered light is analyzed, several new frequencies 

will be seen 𝑣 −  𝑣ଵ, 𝑣 −  𝑣ଶ, 𝑣 −  𝑣ଷ, etc., of lower energy named Stokes lines, and 𝑣 +  𝜈ଵ, 

𝑣 + 𝜐ଶ, 𝑣 + 𝜐ଷ, etc., of higher energy called anti-Stokes lines. These lines are symmetrically 

disposed near the stimulating frequency and the values of 𝜈ଵ, 𝜈ଶ are often seen to overlap with 

empirical infrared frequencies. The Stokes lines are found to be broadly better intense than the 

anti-Stokes lines, and if the exciting frequency 𝑣 is modified, the values of 𝑣 shift, but the 

frequency changes (𝑣ଵ, 𝑣ଶ, 𝑣ଷ, etc.) remain unaffected. The power of the Raman line is 

proportional to the intensity of the frequency of the stimulating light, so blue light provides much 

better intense Raman lines than red light
171

. 

If an incident light of energy 𝐸 = ℎ𝑣 strikes a molecule, it can be scattered inelastically, where 

power is given up or received from the molecule. The lights' quantum can offer or accept energy 

from the approach simply in amounts identical to the energy difference between the fixed states 

of the system. Suppose the illuminating incident light scatters a molecule in the ground state; it 
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moves to a short-lived virtual energy state and immediately gets back to a vibrational state by 

releasing energy ℎ𝜈 − ΔΕ, where ΔΕ represents the energy difference between the ground state 

and vibrational state. In this case, we obtain the Stokes line. When the incident light is scattered 

with the molecule of vibrational states, it also moves to the virtual state and immediately back to 

the ground state by emitting energy ℎ𝜈 − ΔΕ. In this case, we obtain the Anti-Stokes line
170,171

.  

The CRS+ 500/BX53, MonoVista, S & I Spectroscopy & Imaging, Germany, was used for the 

Raman Spectroscopy measurements. The laser line was cleaned with an edge filter width of 

approximately 60 cm-1 and a diode laser system operating at 785 nm, powered internally by 100 

mW. For pelletized materials with diameters ranging from 200 to 3500 cm-1, Raman spectra were 

recorded. 

 

Figure 3.20: Raman spectroscope, model no CRS+ 500/BX53, MonoVista, S & I Spectroscopy 
& Imaging, Germany. 

3.6.8  Hyperthermia Set-up 

An AMF is used in induction heating, a non-contact method of heating conductive 

objects. Hyperthermia setup is a vital tool used in all induction heating forms. An induction 
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heater typically operates in medium frequency (MF) or radio frequency (RF) frequencies. 

Induction heaters with instantaneously fed coils from the power source and supply frequencies of 

50 Hz or 60 Hz are typically used in industrial settings requiring lower surface temperatures. 

Some specialized induction heaters operate at 400 Hz, the frequency of aerospace power. 

Operating frequencies for induction generators range from 100 kHz to 10 MHz. Most induction 

heating devices (with induction frequency control) have an operational voltage range of 2.5 kW 

to 40 kW and a frequency range of 100 Hz to 200 kHz. MF induction generators operate between 

1 and 10 kHz. 50 kW to 500 kW are commonly included in the output range. Induction heaters 

are used on medium to more significant components within these ranges. By using the Neel and 

Brownian effects in the presence of magnetic nanoparticles, the induction heater is a simple way 

to generate heat. Figure 3.18 shows how the hyperthermia setup is set up. Induction coils with 

eight turns and a 4 mm diameter are used in the hyperthermia setup, producing a 20 mT applied 

field while measuring 200 A current, 342 kHz frequency, and 1.5 kW power3,10,10,99,172–175. 

 

Figure 3.21: Hyperthermia Set-up Material Science Division, Atomic Energy Centre, Dhaka,  
Model: EASY HEAT 5060LI, Input voltage: 187-265 AC, Frequency: 150-400 Hz, In-Out 
power: 3 Kw-60 Kw, Company: Ambrell, USA. 
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3.6.9  MRI 

MRI is a high-imaging technique used in radiology to create images of the physiological and 

anatomical functions of the body. MRI scanners used strong magnetic fields, magnetic field 

gradients, and radio waves to create images of the body parts depicted in Figure 3.19. Unlike CT, 

CAT, and PET scans, MRI does not use X-rays or ionizing radiation. MRI scan may even be a 

more suitable option than a CT scan. MRI is widely utilized in hospitals and clinics for medical 

diagnosis, producing disease, and follow-up without disclosing the body to radiation. MRI is 

established in the base of nuclear magnetic resonance (NMR). When positioned in an external 

magnetic field that produces MR pictures via a pair of relaxations, many atomic nuclei can 

absorb and emit radio frequency energy. In MRI, hydrogen atoms are typically used to create a 

strong radio frequency signal that the antenna picks up close to the scanned object being studied. 

People and other living things have many hydrogen atoms, particularly in water and fat. For 

clinical and research purposes, MRI procedures are often performed. The movement in space is 

localized by magnetic field gradients after the radio wave pulses ignite the nuclear spin energy 

shift. According to this reasoning, most MRI scans practically map where the body's water and 

fat are located. Based on the relaxation characteristics of the hydrogen atoms, altering the pulse 

sequence parameters may provide various contrasts between tissues. A contrast agent's capacity 

to increase the proton relaxation rate in a homogenous medium. The relaxivity proportionality 

constant measures how much the proton relaxation rate of the contrast agent is increased per unit 

concentration and measures it in millimoles per second. Increasing the T1 relaxation rate tends to 

enhance the MR signal intensity, whereas increasing the T2 relaxation rate tends to decrease the 

signal intensity. Once the electromagnetic field is switched off, the nuclei will resume their 

initial precession around the external magnetic field. Removing magnetic moments to their 
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original orientation is referred to as T1 relaxation. The phase loss in nuclear precession following 

the electromagnetic field is called T2 relaxation.  

 

Figure 3.22: Laboratory Research MRI of Model: MRS7017, Company: MR Solution, Country: 
UK situated at Materials Science Division, Atomic Energy Centre, Dhaka 

3.6.10. Cytotoxicity  

A Bio Safety Cabinet, Model: NU-400 E, Nuaire, U.S.A., CO2 Incubator, Hemocytometer, 

Optika, Italy, and an inverted light microscope were used to conduct the cytotoxic assay on the 

HeLa cell line. The material employed was DMEM (Dulbecco's Modified Eagles' Medium), 

which contained 10% fetal bovine serum (FBS), 0.2% gentamycin, and 1% penicillin-

streptomycin. HeLa cells (4 × 10ହ per 200 mL) were seeded in 96-well plates and incubated in a 

CO2 incubator for 24 hours containing 37oC temperature and 5% CO2. A 0.45 mm syringe filter 

was then used to filter them. Each well received 50 mL of coated and uncoated MCFO 
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nanoparticles at a concentration of 4 mg mL-1. Each sample was placed in a different set of wells. 

Insoluble samples were removed from the incubation solution with media numerous times after 

48 hours. 

 

Figure 3.23: Co2 Incubator (Nuaire, U.S.A)  in the cell culture lab 

Cytotoxicity measurement is crucial for MNPs before in-vivo biomedical application. The 

toxicity of MNPs can be measured in cell lines or animal models. In the cell lines model, the cell 

viability of living cells or cancer cells was measured to calculate the cytotoxicity of MNPs. 

Cell viability was studied manually by a hemocytometer which is written as 

% cell viability = [Total Viable cells (Unstained) / Total cells (Viable +Dead)  × 100     (3.42) 

where, Viable cells (/ ml) = Average viable cell count per square x Dilution Factor x 104;  

Average Viable cell (count per square) = Total number of viable cells in 4 squares / 4; Dilution 

Factor = Total Volume (Volume of sample + Volume of diluting liquid / Volume of the 

sample)
176–178

. 
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CHAPTER 4: STUDY OF COMPOSITION 
DEPENDENCE HYPERTHERMIA AND IN-VIVO MRI 
PROPERTIES OF SURFACE-FUNCTIONALIZED 
MCFO 

 

The composition of MCFO changed with different levels of cobalt content. After that, chitosan 

was used to coat the prepared MCFO materials. The structural and magnetic properties of these 

materials were then investigated. The objective was to find the appropriate combination of 

composition for the hyperthermia treatment and MRI contrast agents. Finally, the hyperthermia 

and MRI properties of the chitosan-coated MCFO materials were studied. 

4.1. Structural Characterizations 

4.1.1. X-ray diffraction (XRD) 

As-dried XRD patterns of MCFO are shown in Figure 4.1 (a-b) for structural characterization. 

XRD spectra did not show a different peak within the resolution level of the XRD 

machine
44,46,179

. Spinel is the structure of the samples, which belong to the Fd3m space group. A 

broad diffuse peak pattern can be seen in Figure 4.1(a) for Mg-rich compositions up to x=0.4. As 

the Co amount increases, the peak pattern narrows. Figure 4.1(a-b) shows that while the intensity 

of the peaks sharpens, their positions shift towards the lower value with an increase in cobalt 

content x. CoFe2O4 has a higher crystallinity than MgFe2O4, and NaOH is a co-precipitant. Lodhi 

et al.
179 also found that particle size increased with increased cobalt content, x of MCFO, 

prepared by the micro-emulsion method. Bragg's law calculated the lattice parameters, and the 

Nelson-Riley function was used to determine the absolute lattice parameters. 
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According to Figure 4.1(c), lattice parameters for each composition are determined from plots of 

the lattice constants, ao. Cobalt content x increases the lattice parameter because Mg2+ (0.065 

nm) has a smaller ionic radius than Co2+ (0.072 nm) 180,181. Fig. 4.1 (c) illustrates a linear 

relationship between lattice parameters and composition as predicted by Vegard's Law. The 

lattice parameter of spinel MCFO nanocomposites increases with increased cobalt content, as 

reported by Abraham182 et al. The value of the lattice constant is 8.303Å for MgFe2O4, which is 

close to our finding. A chemical co-precipitation method was used by Stein et al.183 to synthesize 

CoFe2O4 nanoparticles with a lattice parameter of 8.358 Å. According to this study, MgFe2O4 

and CoFe2O4 have lattice parameters of 8.301 and 8.351, respectively. Using Debye-Scherrer's 

formula in equation (2.34), we can determine the grain sizes of the compositions. 

Figure 4.1 (c) presents the variations in grain size with x. The grain size at x=0 was 3.8 nm, and 

at x=1  was 7.3  nm. There is almost a linear relationship between grain size and x. Highscore 

Software was used to estimate peak width. 
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Fig. 4.1 (a-b) X-ray diffraction pattern of Mg1−xCoxFe2O4 magnetic material at the as-synthesized 
condition, (c) variations of lattice parameter and grain size with the cobalt content x.  
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4.1.2. Transmission electron microscopy (TEM) 

 

Fig. 4.2: TEM images of uncoated and chitosan-coated Mg0.1Co0.9Fe2O4 nanoparticles. In this 
figure, representative TEM images of the Mg1-xCoxFe2O4 series are presented. Uncoated 
nanoparticle BF images, SAED patterns, and HRTEM images are shown in the upper panel. 
Chitosan-coated nanoparticle BF images, SAED patterns, and HRTEM images are shown in the 
bottom panel. Uncoated nanoparticles are agglomerated in the figure, while coated nanoparticles 
are dispersed. Because coated nanoparticles are more dispersed than uncoated nanoparticles, the 
lines appear more intense on the SAED patterns for uncoated samples. As-dried HRTEM images 
of the uncoated and coated nanoparticles demonstrate good crystallinity. 
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Figure 4.3: An electron diffraction spectroscopy (EDS) mapping of Fe, Mg, Co, and O after 
scanning transmission electron microscopy (STEM) of chitosan-coated Mg0.1Co0.9Fe2O4 
nanoparticles using the HAADF detector. Chitosan atoms such as carbon (C) and nitrogen (N) 
are also mapped. The figure shows the EDS spectrum of Mg0.1Co0.9Fe2O4 particles coated with 
chitosan. 
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A representative TEM image of bare and chitosan-coated Mg0.1Co0.9Fe2O4 nanoparticles from 

the MCFO series is shown in Figure 4.2. Ferrite nanoparticles cluster due to magnetic dipole 

interactions
184

. After coating with Chitosan, dipole interactions are decreased, and particles are 

dispersed. The size distribution is shown as an inset in the BF image. BF images of 

Mg0.1Co0.9Fe2O4 show an average nanoparticle size of 7.4 nm, consistent with the XRD value of 

7.2 nm. Figure 4.2 shows selected area electron diffraction patterns of bare and chitosan-coated 

Mg0.1Co0.9Fe2O4 nanoparticles. According to the SAED patterns, (311) is the plane with the 

highest intensity, followed by (220), (400), (420), (511), and (440). Diffractograms were indexed 

based on the SAED d values as determined by the Velox software. SAED patterns support the 

noncrystalline structure reported in the literature
185–187

. Debye circles are more intense for 

uncoated nanoparticles due to the higher level of dispersion in coated particles. In addition, 

figure 4.2 displays images of bare and chitosan-coated particles captured by high-resolution 

transmission electron microscopy (HRTEM). Figure 4.2 shows that uncoated and chitosan-

coated particles have excellent crystallinity based on their lattice fringes. According to the 

HRTEM image, the (311) plane had a d value of 252 pm. Fig. 4.2 shows HRTEM images of as-

synthesized Mg0.1Co0.9Fe2O4 compositions. Based on HRTEM images, all nanoparticles are 

crystalline, with the degree of crystallinity increasing with increasing cobalt concentration x. 

Higher cobalt concentrations result in more prominent fringes in HRTEM images. It is because 

of the higher crystallinity degree with the rising Co. In the as-synthesized conditions, the particle 

size of MCFO increases with increasing cobalt content. STEM images, electron diffraction 

spectra, and elemental mapping of chitosan-coated Mg0.1Co0.9Fe2O4 nanoparticles are presented 

in Figure 4.3. Atomic maps of the carbon (C) and nitrogen (N) in chitosan are also offered. 

According to STEM-EDS mapping, ferrite nanoparticles are chemically homogeneous. It is 
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remarkable to see that C and N atoms are distributed uniformly on chitosan-coated ferrite 

nanoparticles. The coating of chitosan is thin and exclusively applied to the nanoparticles. 

According to the STEM EDS mapping, Mg, Co, Fe, and O have respective atomic percents of 

4.11% (0.86), 8.6%5 (1.31), 12.86% (1.94), and 74.39% (5.36) and mass percents of 3.96% 

(0.81), 20.25% (2.87), 28.52 (4.03), and 47.27% (2.31). From the EDS spectra of chitosan-coated 

Mg0.1Co0.9Fe2O4 particles, the N (0.39 keV),  C (0.28keV), Fe-L (0.71 keV), O (0.53 keV), Cu-L 

(0.79 keV), Co-L (0.93 keV), Mg (1.27 keV), Fe-ka (6.42 keV), Co-ka (6.96keV), Co-kb (7.68 

keV), Cu-ka (8.07 keV), and Cu-kb (8.91 keV) peaks were observed. The C and Cu peaks in the 

EDS spectrum are highly intense due to the carbon-coated copper grid. Additionally, there are no 

impurity peaks. 
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Table 4.1: Value of lattice parameter and grain size of studied CoxMg1-xFe2O4  ferrite 
nanoparticles.  

Name of the sample  

Grain size in (nm) of the 

as-dried particle measured 

by XRD  

Grain size in (nm) of 

the as-dried particle 

measured by TEM  

Lattice 

parameter 

a (Ȧ)  

MgFe2O4  3.81  3.84  8.301  

Mg0.9Co0.1Fe2O4  4.02  4.0  8.314  

Mg0.8Co0.2Fe2O4  4.47  4.5  8.312  

Mg0.7Co0.3Fe2O4  4.5  4.52  8.304  

Mg0.6Co0.4Fe2O4  5.21  5.19  8.325  

Mg0.5Co0.5Fe2O4  5.84  5.9  8.339  

Mg0.4Co0.6Fe2O4  6.57  6.7  8.341  

Mg0.3Co0.7Fe2O4  6.57  6.68  8.335  

Mg0.2Co0.8Fe2O4  6.69  6.7  8.334  

Mg0.1Co0.9Fe2O4  7.02  7.21  8.337  

CoFe2O4  7.32  7.41  8.349  
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4.1.3. Mössbauer spectroscopy 

Figure 4.4 shows Mössbauer spectroscopy of MCFO at room temperature in the as-dried 

condition.  The spectrum was analyzed using the WMOSS 4R program. Hyperfine parameters of 

isomer shift, quadrupole splitting, and hyperfine magnetic field with x are presented in Table 

4.2. These parameters were obtained by model-fitting the experimental data. The goodness of fit, 

χ2, ranges from 0.64 to 3.112, within acceptable limits
188,189

. Manova et al.
190 showed that a 

Fe3+ sub-spectrum with a more significant isomer shift represents octahedral B-sites. In 

contrast, a Fe3+ sub-spectrum with a lower isomer shift represents tetrahedral A-sites. B-

sites have a stronger covalent bond than A-sites due to the smaller orbital overlap at B-sites and 

the greater internuclear separation between ferric and oxygen ions
191

.  

Because of the short-range order of the ferric ions surrounded by the nonmagnetic ions, zero-

field measurements cannot be used to determine the site occupancy for this spinel series. There 

is a decrease in the doublet area and an increase in the sextet area. Lin et al.192  observed a 

reduction in the hyperfine field on the A and B sites of CoAlxFe2−xO4 ferrite nanoparticles, 

increasing nonmagnetic Al3+ content. Low cobalt content spectra (0 ≤ x ≤ 0.3) showed two 

distinct doublets. These samples contain nonmagnetic Mg2+ ions surrounding magnetically 

short-range ordered Fe3+ ions, which reduces their magnetic moment, resulting in fast 

relaxation193. Model fitting was successful for spectra with a more significant cobalt content (0.4 

≤ x ≤ 1.0) when considering one doublet and one sextet subspectra, which exhibit mixed 

relaxation. The quadruple splitting is higher for the doublet subspectra than the sextet 

subspectra194. The region of the subspectra with the most considerable ferrimagnetic contribution to 

slow relaxation was cobalt ferrite. The isomer shifts fall within the 0.250–0.338 range, consistent with 



 

107 
 

the literature
195

. According to the isomer shift values, only the trivalent state of iron (Fe3+), which 

falls within the range of 0.1-0.5, exists; no Fe2+ has an isomer shift greater than>0.5. Because of 

the ferrimagnetic to superparamagnetic transition, the areas of the subspectra that represent the 

sextet in Table 4.2 decrease as cobalt levels rise, consistent with the findings of the physical 

property measuring system (PPMS) that are described subsequently190,191,193,195,196. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 



 

 

Figure 4.4: Mossbauer spectra of Mg
spectra were collected without using an applied field at room temperature. The black lines in the 
picture represent the experimental data, while the red l
contributions of subspectra 1 and 2, estimated by model fit using the WMOSS 4R program, are 
represented by the blue and green lines, respectively.

108 

Mossbauer spectra of Mg1-xCoxFe2O4 at room temperature in the as
spectra were collected without using an applied field at room temperature. The black lines in the 
picture represent the experimental data, while the red lines show the model fitting. The 
contributions of subspectra 1 and 2, estimated by model fit using the WMOSS 4R program, are 
represented by the blue and green lines, respectively. 

 

at room temperature in the as-dried state. The 
spectra were collected without using an applied field at room temperature. The black lines in the 

ines show the model fitting. The 
contributions of subspectra 1 and 2, estimated by model fit using the WMOSS 4R program, are 
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Table 4.2: Hyperfine Mossbauer spectroscopic characteristics data recorded under zero-field and 
room temperature 

Sample name  Position 
of Fe3+  

IS  QS  Hyperfine 
field (kG)  

fwhm  Area  

 (mm s−1)   (mm s−1)  mm/s   

CoFe2O4                 Reduced χ2 = 
3.112  

A  0.304 2.2 18 0.2 0.997 

B  0.299 0.534 448 1.23 0.055 

Mg0.1Co0.9Fe2O4 Reduced χ2 =  
2.318  

A  0.276 0.674 65 0.27 0.207 

B  0.295 0.27 462 1.08 0.895 

Mg0.2Co0.8Fe2O4 Reduced χ2 = 
2.327  

A  0.325 0.669 0.18 0.59 0.418 

B  0.293 0.047 554 1.11 0.73 

Mg0.3Co0.7Fe2O4 Reduced χ2 = 
1.752  

A  0.326 0.656 0.06 0.54 0.453 

B  0.3 0.014 456 1.12 0.688 

Mg0.4Co0.6Fe2O4 Reduced χ2 = 
0.939  

 

A  0.329  0.650  2  0.516  0.652  

B  0.303 0.06 453 1.17 0.43 

Mg0.5Co0.5Fe2O4 Reduced χ2 = 
0.774  

A  0.325 0.663 13 0.41 0.862 

B  0.25 0.169 457 1.15 0.202 

Mg0.6Co0.4Fe2O4 Reduced χ2 = 
1.04  

A  0.332 0.631 10 0.42 0.651 

B  0.327 0.022 449 1.28 0.405 

Mg0.7Co0.3Fe2O4 Reduced χ2 = 
0.641  

Doublet  0.323 0.532 354 0.37 0.348 

Doublet  0.32 0.871 352 0.5 0.596 

Mg0.8Co0.2Fe2O4 Reduced χ2 = 
0.906  

Doublet  0.335 0.506 287 0.33 0.473 

Doublet  0.334 0.864 335 0.41 0.48 

Mg0.9Co0.1Fe2O4 Reduced χ2 = 
0.841  

Doublet  0.337 0.531 355 0.35 0.67 

Doublet  0.338 0.903 352 0.38 0.431 
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4.1.4. FTIR spectroscopy 

The FTIR spectrum of bare, uncoated, and chitosan-coated MCFO nanoparticles is shown in 

Figure 4.5. Chitosan is known for its peaks at 890, 1402, 1638, 2896, and 3482 cm-1. The 

stretching vibration of the O-H and -CH2 pyranose rings, respectively, were responsible for 

the absorption peaks at 3482 cm-1 and 2896 cm-1. Because of the amino (-NH2) group's N-H 

bending vibration, there were absorption peaks at 1638 cm-1. Alkyl group C-H bending 

vibration is represented by an absorption peak at 1402 cm-1. The antisymmetric stretching 

vibration of the C-O-C bridges of the glucopyranose ring in the chitosan matrix is shown by 

the absorption peaks at 1058 and 890 cm-1 185,187. Two peaks are observed at the lower 

frequency region, the characteristic peaks of the cubic spinel structure 
46,179,182,197

. A higher 

frequency absorption band (v2) is seen in the 580 to 592 cm-1 range, whereas a lower 

frequency absorption band (v1) is seen in the 390 to 418 cm-1 range. A metal-oxide bond at 

the A-site is stretched, vibrating in the higher frequency band (v2). The stretching vibration 

of a metal-oxide bond at the B-site is represented by the lower frequency band (v1) 

simultaneously. Due to the A-site's shorter bond length, the typical mode of vibration at the 

A-site is higher than B-site
43,198,199

. With the increase in x, the occupation of Co2+ ions at the 

octahedral sites increases, thus reducing the bond length at this site. The preference of Mg2+ ions 

is for the tetrahedral sites. Therefore, with the increase in x, the bond length at the octahedral 

sites increases with a corresponding reduction in the bond length at the tetrahedral sites, for 

which ν1 increases, and ν2 decreases with cobalt content x. Figures 4.6(c) and (d) show the 

variations of ν1and ν2of bare and coated nanoparticles. For coated Mg1−xCoxFe2O4 nanoparticles, 

the ν1 and ν2 shift towards the higher wavenumber than the as-dried nanoparticles, which ensures 

the bonding of ferrite with chitosan 
200

. When other nuclei are considered to be in their 
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equilibrium positions, the force constant informs us of the stiffness of the Fe3+ ions to vibrational 

displacement. The length of the Fe3+ and nearest neighbour ions' bonds is inversely correlated 

with the force constants. We obtained the force constants (FC) for the A-site (FCT) and B- site 

(FCO) by the following relation, 

Fc=4π2C2ν2m                                                             (4.1) 

In the above equation, c is the speed of light~2.99x1010 cms−1, ν is the vibrational 

frequency of the ions at A and B sites, m is the reduced mass for the Fe2+ and the O2− ions 

which are 2.061x10−23g. Figure 4.6(b) shows that the value of FCO is lower than FCT 

because of the higher orbital overlap at the A-site. However, FCO increases, and FCT 

decreases with increasing cobalt content x, indicating that the B-site's bond lengths reduce 

and the A-site increases with x201. 
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Figure 4.5: FTIR spectrum of Chitosan, as dried Mg1-xCoxFe2O4 and chitosan-coated      
Mg1-xCoxFe2O4 ferrite nanoparticle. 
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Figure 4.6: (a) Variation of the ionic radius of A site (rA) and B site (rB), (b) Variation of the 
force constants of  A site (FCT)  and B site (FCO),  (c) variation of lower frequency absorption 
band (n1), and (d) variation of higher frequency absorption band (n2) with cobalt content, x of 
Mg1-xCoxFe2O4 ferrite nanoparticle. 
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4.1.5. Raman spectroscopy 

Nanoparticle structure is further investigated using Raman spectroscopy by identifying several 

vibrational modes202–205.    Figure  4.7  illustrates room temperature Raman spectra of MCFO 

nanoparticles in the 190–1000 cm-1.    It has already been shown that MCFO ferrites have a 

partially inverse spinel structure associated with spacegroups (Fd3m) 42,203,206–208. This space 

group has vibrational modes A1g(R), Eg(R), F1g, 3F2g(R), 2A2u, 2Eu, 4F1u(IR), 2F2u. The others 

are silent modes, while R denotes Raman-active vibrational modes and IR denotes infrared-

active vibrational modes. Five Raman active modes, A1g, Eg, F2g(3), F2g(2), and F2g(1), are 

therefore anticipated to be seen in Raman spectra. The examined samples exhibit observable 

Raman modes, as shown in Figure 4.7 (b). Symmetric stretching of MeO4 (Me represents Co 

and/or Mg) and stretching of FeO4 at the A-site are linked to A1g modes. Eg modes represent 

oxygen bending concerning Fe at the B site. The asymmetric bending of oxygen for Fe is 

represented by an F2g(3) mode, the asymmetric stretching of Fe and O is represented by an F2g(2) 

mode, and the complete translation of Fe and O is represented by an F2g(1) mode203,207. 660 to 

720 cm-1 and 460 to 660 cm-1 can be assumed to be Raman peaks corresponding to the A-site of 

ferrites and the B-site of ferrites, respectively209. Raman modes A1g, Eg, F2g(1), F2g(2), and F2g(3) 

of MCFO are presented in Table 4.3. A1g vibrational modes are reduced with increasing cobalt 

content x since Co (58.9332 amu) ions have a higher atomic mass than Mg ions (24.3050 amu). 

Mund et al.204 also establish a rise in the vibrational mode (blue shift) when Mg is increased in 

magnesium cobalt ferrite prepared by the sol-gel auto-combustion technique because of the 

lower atomic mass Mg than Co. The different Raman peak at 402-415 cm-1 is related to the A-

site way that exhibits the local lattice effect in the B-site of MCFO209.  
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Based on the Gaussian fitting of the Raman spectra, Figure 4.8 depicts variations in area 

integrals with the cobalt concentration x. Following background subtraction and deconvolution, 

the Gaussian function produced the best fit for the experimental and theoretical data. In Figure 

4.8, the area integral for A1g, i.e., the peaks describing the tetrahedral sites for both Me–O and 

Fe–O, is the highest, demonstrating that the cation occupancy at the A-site is the highest (where 

Me represents Mg and Co and Fe for iron). Figure 4.8 depicts the area integral of A1g for Me–O 

and Fe–O, illustrating that as x increases, the occupancy of Me and Fe ions decreases. As x 

increases, the integral area of Eg, F2g(2), and F2g(3) increases, indicating a more incredible 

inverse spinel structure at the B-site. Cobalt prefers to occupy the B-sites, while magnesium 

prefers the A-sites. The area integral of the peaks of A1g decreases with increasing cobalt 

concentration x, which leads to the emergence of lower modes, such as Eg and F2g
210. 
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Figure 4.7 (a) Room temperature Raman spectra of Mg1−xCoxFe2O4 nanoparticles in the range of 
190–1000 cm-1 using the pelletized solid samples. Five Raman active modes A1g, Eg, F2g(1), 
F2g(2), and F2g(3) are assigned in the Raman spectra. (b) Representative best fitting of the Raman 
spectra using the Gaussian function after background subtraction and deconvolution. 
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Table 4.3: Data of Raman modes of Mg1-xCoxFe2O4 ferrite nanoparticles. 

Value of x  

Main Raman mode peak energy (cm-1) 

F2g (1)  Eg  F2g (2)  F2g (3)  A1g  

0  -  337 491  550  712  

0.1  216  336 481  549  707  

0.2  216  336 481  561  705  

0.3  216  336 479  564  705  

0.4  213  335 480  569  643, 704  

0.5  213  325 480  567  642, 700  

0.6  208  329 465  563  627 , 697  

0.7  213  323 475  573  637, 694  

0.8  212  318 479  567  632, 694  

0.9  -  315 470  -  620, 689  

1.0  -  311 472  569  613, 687  
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Figure 4.8 Variation of area integral with Co concentration x of the A1g, Eg, F2g(1), F2g(2), and 
F2g(3) peaks assigned to the Raman spectra of the Mg1-xCoxFe2O4 nanoparticles obtained by 
Gaussian fitting and deconvolution. 
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4.1.6. Hydrodynamic diameter and Zeta potential 

Figures 4.9(a-d) and 4.10 (a-d) present the hydrodynamic diameter of chitosan-coated MCFO  

nanoparticles in water at different concentrations and temperatures determined by dynamic light 

scattering. Dynamic light scattering (DLS) measures Brownian motion, the arbitrary movement 

of particles due to the interactions with the neighbouring solvent molecules, correlating to the 

particle size in the solution by the Stokes-Einstein equation167. Nanoparticles without coatings 

exhibited massive hydrodynamic diameters ranging from 2000 to 8000 nm at 4 mg/ml. Uncoated 

nanoparticles had polydispersity indices ranging from  0.152 to 1. As-dried particles tend to 

agglomerate, resulting in sedimentation in water 167. In Figure 4.2(a–c), TEM images confirm 

the accumulation of uncoated samples. Nanoparticles coated with chitosan and diluted to 4 

mg/ml were 145 to 165 nm in hydrodynamic size. The corresponding poly-dispersity indexes 

were 0.115 to 0.291. It can be seen from Figure 4.9(a) that the curves are symmetrical. Figure 

4.9(b) shows nanoparticle hydrodynamic diameters increase as solution concentration rises. 

Figs. 4.9(c) and (d) show the hydrodynamic diameters of coated nanoparticles at 4 mg/ml and 2 

mg/ml, respectively, as a function of temperature. Temperature decreases hydrodynamic 

diameter at both concentrations. When the concentration of the solution decreases, and the 

temperature increases, the hydrodynamic size decreases. Therefore, chitosan-coated MCFO 

nanoparticles should not aggregate at physiological temperatures of 37°C or 42-46°C for 

hyperthermia applications. As shown in Figure 4.10 (e), chitosan-coated MCFO particles 

exhibited a greater zeta potential at pH 2.5 to 5, indicating stability in that range. The solution's 

isoelectric zeta potentials were found at pH 9 to 10.5. Uncoated MCFO particles at 4 mg/ml had 

zeta potentials of -2mV to 6.45mV, and their pH ranged from 6.25 to 6.70, indicating that the 

particles were unstable. Figure 4.10 (e) shows that the pH of the chitosan-coated MCFO 
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particles was 3.45 to 4.55, and their zeta potential was 30 to 50 mV. Zahraei et al. 41 observed 

the highest zeta potential value of chitosan-coated manganese zinc ferrite at pH 3, close to our 

findings. Arakha et al. 211 determined the zeta potential of chitosan-coated iron oxide 

nanoparticles, resulting in a stable suspension of 36.3 mV. Nevertheless, in this pH region, the 

solution is durable because the zeta potential of the coated particles is higher than 30 mV. It was 

evident that the samples were well-coated and dispersed. Even after one year, no precipitation or 

aggregation occurred in the solution's vial. Therefore, electrostatic stability occurs in pH>2.5 

and pH<5.5. The isoelectric zeta potentials of the investigated solution were in the pH range of  

7  to  8.5. Zahraei et al. 41 found that the isoelectric point of chitosan-coated manganese zinc 

ferrite is 8.5, which supported our measured data.    For the higher pH,  zeta potential decreases 

slowly, and particles may settle down due to flocculation, aggregation,  and coagulation
169

. 

There is a direct correlation between particle concentration, viscosity, and pH of the solution and 

the zeta potential of the solution210. 
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Figure 4.9: Hydrodynamic size distribution of Chitosan coated Mg1−xCoxFe2O4 nanoparticles at 
25oC temperature, (b) Variation of hydrodynamic size with the concentration of the solution of 
chitosan-coated Mg1−xCoxFe2O4 nanoparticles, (c) Variation of average hydrodynamic size with 
the temperature at the concentration of 4 mg/ml chitosan coated Mg1−xCoxFe2O4 nanoparticles, 
(d) variation of average hydrodynamic size with the temperature of 2 mg/ml chitosan-coated 
Mg1−xCoxFe2O4 nanoparticles.  
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Figure 4.10: (a) Hydrodynamic size distribution of Chitosan coated Mg1−xCoxFe2O4 
nanoparticles at 25oC temperature, (b) Variation of hydrodynamic size with the concentration of 
the solution of chitosan-coated Mg1−xCoxFe2O4 nanoparticles, (c) Variation of average 
hydrodynamic size with the temperature at the concentration of 4 mg/ml chitosan coated 
Mg1−xCoxFe2O4 nanoparticles, (d) variation of average hydrodynamic size with the temperature 
of 2 mg/ml chitosan-coated Mg1−xCoxFe2O4 nanoparticles, (e) Variation of zeta potential with pH 
of the solution of chitosan-coated Mg1-xCoxFe2O4  nanoparticles at 250C temperature.  
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4.2. Magnetic measurements 

Figures 4.11 and 4.12 show variations in magnetization with a magnetic field of 5 Tesla for bare 

and chitosan-coated MCFO nanoparticles. M-H curves exhibit interesting composition variations 

and differences between bare and coated conditions. The M-H curves of uncoated and coated 

samples show a significant difference, demonstrating the surface functionalization of 

nanoparticles. MgFe2O4 (x=0) particles, whether uncoated or coated, are superparamagnetic. 

According to Mössbauer spectroscopy, superparamagnetic relaxation occurs as x increases, 

followed by a mixed slow and fast relaxation. Hysteresis loop shapes differ significantly between 

bare and coated particles at x=0, possibly because of clustering effects
210,212

. Since nanoparticles 

have a high surface-to-volume ratio, their surface atoms influence their magnetic properties. 

There are incomplete coordination atoms on the surface, and A-B coupling is broken by 

superexchange interactions mediated by oxygen. As a result of the distribution of exchange and 

crystal fields, surface anisotropy is induced 190
. When nanoparticles are coated with chitosan, 

their surface stress anisotropy is reduced, reducing their overall effective anisotropy. With 

increasing x, i.e., Co-content, magnetocrystalline anisotropy gains effective anisotropy 190
. As a 

result, the magnetic softness of the coated sample decreases with x. For the samples with lower 

cobalt content (0 ≤ 𝑥 ≤ 0.3), the M-H hysteresis curves of these materials are similar to those of 

diamagnetic materials. Cobalt content influences the magnetic properties of the sample. When 

cobalt content is increased, the material will exhibit stronger ferromagnetic behavior, meaning it 

will retain some degree of magnetization even after being removed from a magnetic field. The 

material may possess weaker magnetic properties if it contains less cobalt and behaves more like 

a diamagnetic material when it has a lower cobalt content. According to FTIR spectroscopy, 
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Mg2+ ions tend to occupy A sites, and Fe3+ ions tend to occupy B sites. A significant reduction 

in the magnetic moment of Fe3+ ions on the B sites can be attributed to their antiparallel 

orientation among themselves. Small particles with a low cobalt content are found agglomerated 

in TEM images. Therefore, their magnetic moment is oriented randomly, similar to a 

paramagnetic material. But when these particles are coated with chitosan, they are found 

dispersed in the solution and quickly respond to the applied magnetic field though the value of 

their saturation magnetization is low. The law of approach to saturation was used to determine 

the saturation magnetization 213. In only a few coated samples with positive slope, the highest 

observed value of magnetization is considered saturation magnetization. Some coated particles 

exhibit a positive slope on the M-H hysteresis curve for a variety of reasons. The positive slope 

may be caused by the presence of a coating on the particles. As a result of the coating, additional 

magnetic interactions can be introduced or the magnetic properties of the particles may be 

altered, resulting in deviations from the typical hysteresis behavior. Coatings can affect magnetic 

anisotropy, exchange interactions, or domain wall dynamics, resulting in a modified hysteresis 

curve. The presence of magnetic interactions between the coated particles can also contribute to 

a positive slope. As a result of dipolar interactions, exchange interactions, or other magnetic 

coupling mechanisms, these interactions can occur. It is possible for the magnetic behavior of 

particles to be affected by their interactions if they are close to one another or in contact, 

resulting in deviations from the expected hysteresis behavior. A positive slope can also be 

explained by the size and shape of the coated particles. A particle's magnetic behavior can be 

significantly influenced by size effects and shape anisotropy at the nanoscale. Hysteresis 

behavior may be altered by the presence of a coating, resulting in deviations from what is 

expected. Figures 4.11 and 4.12 show the saturation magnetization of bare and chitosan-coated 
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MCFO nanoparticles plotted against cobalt content. Increasing cobalt content x increases 

saturation magnetization because cobalt has a higher magnetic moment (3.88B) than magnesium 

(0B) 214,215.   According to their saturation magnetization, MCFO nanoparticles as-dried have a 

saturation magnetization of 6.9, 11.4, 14.67,  22.26,  25.21,  32.29,  43.44,  49.12,  55.54, 56.54, 

and 59.29 emu/gm, respectively.  

Figure 4.13(a-b) exhibits the coercive field, remanent magnetization, and anisotropy constant 

increase with cobalt content supported by Mund et al. 
215

. Increasing Mg2+ content, i.e., lower x, 

dilutes magnetic moment. When x increases, magnetic moment increases, and 

magnetocrystalline anisotropy of Co2+ enhances effective anisotropy. As shown in Figure 4.13, 

the bare state has a higher coercivity ratio and remanent ratio. Pervaiz et al. 
216 synthesized the 

CoFe2O4 by sol-gel auto-combustion technique. Their saturation magnetic moment and 

anisotropy constant are 63 emu/g and 0.35 x 106 erg/cm3, which are close to this study. Coated 

particles exhibit a lower magnetization than uncoated particles, as shown in Figures 4.11 and 

4.12. A dead layer on the surface of the nanoparticles causes this. Although coated particles 

respond faster to the applied field, the coating reduces the effective anisotropy and surface of the 

particles. As a result, the layer clusters. Therefore, coated particles have lower coercivity and 

remanent magnetization values than uncoated particles
174,186,217

. The cubic anisotropy 

constant, K1, was determined considering Ms by the law of approach to saturation, which 

characterizes the dependence of magnetization M on the applied magnetic field for H>>Hc, and 

this relation is expressed as, 
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𝑀 = 𝑀ௌ 1 −
଼

ଵହ
ቀ

భ

ெೄு
ቁ

ଶ
൨ + 𝜒𝐻                                                                                             (4.2) 

where, K1 is the cubic anisotropy constant, Ms is the saturation magnetization, and 𝜒 is the high-

field susceptibility 218
. An increase in x increases the cubic anisotropy constant K1, but the 

coating layer. The surface anisotropy effect at lower x causes a cubic anisotropy. A cubic 

anisotropy results from surface anisotropy and magnetocrystalline anisotropy at higher x. The 

coating cannot reduce magnetocrystalline anisotropy, but surface and stress anisotropy can be 

reduced.   As a result, cubic anisotropy increases with x as chitosan-coated MCFO is layered. 
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Figure 4.11:  Representative M–H curves of bare Mg1−xCoxFe2O4 (0  ≤x  ≤ 1  with  ∆x  = 0.1) 
nanoparticles were measured on the powder samples in the bare with a maximum magnetic field 
of 5 T. Magnetic moment increases with an increase in cobalt content x. 
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Figure 4.12: The variation of magnetization with an applied field for chitosan-coated 
𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସ (0 ≤ x ≤ 1 with ∆x = 0.1) nanoparticles with a maximum magnetic field of 5. It 
is interesting to note the M-H curves' shape, composition, and coating variations. Extensive 
variations in the M-H curves of coated samples demonstrate that the nanoparticles of all 
compositions have undergone surface functionalizations. 
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Figure 4.13: Variation of saturation magnetization (Ms), coercivity (Hc), remnant ratio (Mr/Ms), 
magnetic anisotropy constants (K1) with cobalt content, x of (a) uncoated, and (b) chitosan-
coated Mg1-xCoxFe2O4.  
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4.3. Cytotoxicity 

MCFO nanoparticles coated with chitosan and bare MCFO nanoparticles were studied using the 

HeLa cell line.    HeLa cell lines were used to inoculate tumours for future in-vivo MRI and 

hyperthermia studies.   The nanoparticles must be excluded from cytotoxic effects on HeLa cells 

before in-vivo tumour studies. According to Figure 4.14, uncoated MCFO nanoparticles are not 

viable under bare conditions. Meanwhile, chitosan-coated MCFO nanoparticles show a 

remarkable difference. Since chitosan and chitosan-coated MCFO nanoparticles had more than 

80% cell viability, both were nontoxic. Across the entire composition range of as-synthesized 

MCFO, toxicity increases with increasing cobalt content x. Increasing cobalt content x decreases 

cell viability slightly
219–223

. 
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Figure 4.14: Survival of HeLa cells of different as-dried and Chitosan-coated 
𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒௫𝑂ସ samples.  
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4.4. Hyperthermia 

As shown in Figure 4.15 (a), chitosan-coated MCFO reaches a plateau temperature after a rise in 

temperature with time. According to equations (2.10) and (2.11) the temperature rises with time 

due to a loss of Néel and Brownian relaxations. According to Figure 4.15 (a), the plateau 

temperature has a higher value over time as anisotropy constants and particle sizes increase, 

generating more heat due to Neel's relaxation. The Brownian relaxation of nanoparticle solutions 

is influenced by particle size and viscosity. The temperature rise shown in Figure 4.15 (a) is also 

a result of Brownian relaxation. Viscosity increases with an increase in colloidal suspension 

concentration. The size of the nanoparticles increases with the addition of Co content. Therefore, 

Brownian relaxation also influences the concentration of magnetic nanoparticles and the 

increase in plateau temperature with x
10,221,222

. The effective relaxation time is given in equation 

(2.12). Figure 4.15 (b) illustrates how the solution concentration for MCFO causes the maximum 

temperature (at the plateau zone), Tmax, to rise. For a field of 26 mT and a concentration of 4 

mg/ml, the maximum temperature ranges between 41 and 72°C. Figure 13(b) further shows that 

chitosan-coated MgFe2O4 requires 8 mg/ml to reach hyperthermia temperature (42–46°C) for an 

AC magnetic field of 26 mT. x=0.1, 0.2, and 0.3, a concentration of 4 mg/ml is needed, 1 mg/ml 

for x=0.4, 0.5, 0.5 mg/ml for x=0.6, 0.7, and 0.25 mg/ml for x=0.8, 0.9, and 1. Different 

compositions and concentrations produce various specific loss powers (SLPs), as seen in Figure 

13(c). The SLP rises with increasing cobalt content x; it falls with increasing nanoparticle 

concentration
10,221,222

. Up to a 4 mg/ml concentration, MgFe2O4 does not exhibit hyperthermia 

properties. Nevertheless, magnesium is minimally substituted with cobalt in the studied samples, 

making them suitable for hyperthermia at a concentration of 4 mg/ml.
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Figure 4.15:  (a) The increase in temperature of dried Mg1-xCoxFe2O4 nanoparticles coated with 
chitosan at a concentration of 4 mg/ml; (b) The variation in maximum temperature with a 
concentration of magnetic nanoparticles; and (c) The variation in specific loss power (SLP) with 
cobalt content x. 
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4.5. Magnetic Resonance Imaging (MRI) 

The T2 maps of phantoms containing chitosan-coated MCFO nanoparticles were acquired 

with different concentrations. An imaging sequence used a 7-tesla static magnetic field with a 

flip angle of 90°, repeated time of 4000 ms, and echo times of 7 ms, 14 ms, 21 ms, 28 ms, 

35ms, 42ms, 49ms, 56ms, 63ms, 70ms, 77ms, 84ms, 91ms, 98ms, 105ms, and 112ms. An 

image matrix of 128x128 pixels and a field of view (FOV) of 40x40 mm2 were used. Pulses 

induce a change in net magnetization, measured by transverse relaxation time (T2). T2 maps of 

phantoms coated with chitosan-coated MCFO nanoparticles at different concentrations are 

presented in Figure 4.16 (a). Since T2 relaxation time decreases with increasing concentration, 

each voxel becomes darker 
21

. The magnetic characterization by Mössbauer and PPMS showed 

a change from superparamagnetic to ferromagnetic with increasing x. When pulses are 

produced by ultrafine magnetic nanoparticles and their magnetic field gradients, ferrite 

nanoparticles speed up transverse or spin-spin relaxation, which causes magnetic moments to 

dephase quickly. Keonig and Keller provide a mathematical interpretation, which is given in 

equation 2.12.221. Transverse relaxivities were measured using equations 2.12.3, 2.12.4, and 

2.12.5. The differences in relaxation rate with concentration are depicted in Figure 14(b). The 

relationship between 1/T2 and nanoparticle concentrations was linear, and the slope provides 

values for the relaxivities for each x. The change in r2 relaxivities with x as magnetic moments 

rise is depicted in Figure 4.16 (a-d). Chitosan-coated MCFO ferrite nanoparticles have recorded 

r2 relaxivities ranging from 15.2 to 185.5 mM-1s-1, which results in virtually linear relaxivities 

with the saturation magnetic moment that follows a linear fluctuation. The variations of 

relaxivity with anisotropy in Figure 4.16 (c) are scattered, but there is a tendency to increase.   

A similar trend is present in Figure 4.16 (d), where relaxivity increases with initial 
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susceptibility but in a scattered manner. Kim
16 reported identical results for MnFe2O4, 

CoFe2O4, and Fe3O4 synthesized by a diol reduction of organic metals. Wang 
15 observed the r2 

relaxivities of commercially approved MRI phase-contrast agent Ferumoxtran-10 (AMI-227; 

Combidex, AMAG Pharma; Sinerem, Guerbet), Ferucarbotran (Resovist, Bayer Healthcare), 

and Ferumoxides (FeridexIV, Berlex  Laboratories;   and  Endorem,  Guerbet)  as  60,151, and  

98.3,   respectively. The r2 relaxivities of chitosan-coated MCFO ferrite nanoparticles are 

comparable to the above-mentioned commercial contrast agents. Accordingly, MCFO ferrite 

nanoparticles are potential contrast agents for MRI. A fast Spin Echo (FSE) pulse sequence was 

used to acquire T2-weighted in-vivo MRI images of the rat brain. MCFO nanoparticles coated 

with chitosan were studied to determine their efficacy. For all the investigated samples, T2 FSE 

MR images of rat brains were taken before and after using chitosan-coated MCFO 

nanoparticles as contrast agents, shown in Figure 4.17. The regions of interest ROI 1 and 2 

were marked prior to and during the administration of the contrast agents with x. Before the 

animals were vaccinated, there were 17818 counts of signal intensity at x = 0 and ROI 1. After 

the injection of the contrast agent, the signal decreased to 17820, 16578, 10398, 11605, and 

13247 counts at 15, 30, 60, 90, and 120 minutes. Following the injection of chitosan-coated 

MCFO contrast agent, Figure 4.18 shows an average intensity fall of (%) in both the brain and 

the muscle after 60 minutes. Intensity loss of the T2 image of the rat brain after injecting 

chitosan-coated MCFO ferrite nanoparticles ranged from 29.2 - 41.6% in Figure 4.18. Hong et 

al. 
17

 registered a 31.7% intensity loss in the T2 image of a rabbit liver after injecting the 

aqueous solution of chitosan-coated Fe3O4, which supported our result. 
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Figure 4.16: We acquired phantom images for chitosan-coated Mg1-xCoxFe2O4 (0 ≤ x ≤ 1 with ∆x 
= 0.1) nanoparticles. TheT2 weighted fast spin-echo (FSE) magnetic resonance images were 
acquired using the machine of model: Bo = 7T, the repetition time(TR) was 4000ms, slice 
thickness(THK) was 1.0 mm, and FOV was 40 x 40. We acquired T2 mapping; several echo 
times(TE) were 7ms,14ms,21ms,28ms,35ms,42 ms, 49 ms, 56 ms, 63 ms, 70 ms, 77 ms, 84 ms, 
91 ms, 98 ms, 105ms, and 112ms. (a) Slices for different cobalt content x with concentrations of 
0.04, 0.10, 0.20, 0.40, and 0.80 mM in each phantom. (b) concentration dependence of relaxation 
with the linear fitting, the slope of which provides the values of relaxivity for different values of 
x, (c) variation of relaxivity with the cobalt content x, (d) with saturation magnetization, (e) with 
susceptibility, and (f) with the magnetocrystalline anisotropy. 
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Figure 4.17: The T2 weighted MRI imaging of the rat brain using the Fast Spin Echo (FSE) pulse 
sequence. Some representative T2 FSE MR images of rat brains before and after administering 
the chitosan-coated Mg1-xCoxFe2O4 nanoparticles as contrast agents. We marked the region of 
interest (ROI) 1 and 2 to observe the (%) intensity fall before and after administering the contrast 
agents of all the values of x. 
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Figure 4.18: Variation of fall of intensity with cobalt content at brain and muscle of a rat without 
and with chitosan-coated Mg1-xCoxFe2O4 nanoparticles agent.  
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CHAPTER 5: SIZE AND COMPOSITION 
DEPENDENCE OF LOCAL MAGNETIC 
HYPERTHERMIA OF CHITOSAN-MCFO 
NANOHYBRID 

In this chapter, the MCFO materials' particle sizes varied by annealing them at different 

temperatures. Then, the structural and magnetic properties of uncoated and chitosan-coated 

MCFO particles with varying particle sizes were investigated. Finally, this study examined how 

particle size affects the hyperthermia and MRI properties of chitosan-coated MCFO materials. 

5.1. Structural Characterizations 

5.1.1. The X-ray Diffraction (XRD) 

The XRD spectrum of our investigated MCFO annealed at 200oC, 400oC, 600oC, and 800oC are 

presented in Figure 5.1. The observed peaks are the characteristic peaks of the single-phase 

spinel structure with space group Fd-3m44,46. A broad diffused (311) peak was observed for the 

MCFO ferrite nanoparticles with Co2+ content 0 ≤ 𝑥 ≤ 0.4 annealed at 200oC and 400oC. The 

peaks become narrower with the increase in both Co2+ content and annealing temperature. The 

intensity of the (311) peaks becomes sharper, and their positions are shifted towards the lower 

value with an increase in Co2+ content and annealing temperature, ensuring their high degree of 

crystallinity
14

. The particle sizes were calculated using Debye-Scherrer's formula in equation 

(3.34)
224

. Figure 5.2 (a) represents the variation of particle size with Co2+ content of MCFO 

ferrite nanoparticles annealed at 200oC, 400oC, 600oC, and 800oC. Particle size increases with 

increases in cobalt content and annealing temperature. The observed lattice parameter for each 

plane was calculated using Bragg's law presented in equation (2.32)
224

. The precise values of the 

lattice parameters were determined using the Nelson-Riley function shown in equation (2.33) 
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Figure 5.1: X-ray diffraction pattern of Mg1-xCoxFe2O4 nanoparticles annealed at 200oC, 400oC, 
600oC, and 800oC. 
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Figure 5.2: Variation of (a) the particle size D, (b) the observed lattice parameter a, (c) the X-ray 
density, (d) the specific surface area of the particles S, (e) the ionic radius of the tetrahedral site 
rA, (f) the ionic radius of octahedral site rB, (g) the theoretical lattice parameter ath, (h) the 
hopping length for tetrahedral site dA, (i) the hopping length for octahedral site dB, (j) the bond 
length of tetrahedral site dAX, (k) the bond length of octahedral site dBX, (l) the tetrahedral edge 
dAXE, (m) the shared octahedral edge dBXE, and (n) the unshared octahedral edge dBXEU of 
𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସ nanoparticles annealed at 200oC, 400oC, 600oC, and 800oC. 
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Figure 5.3: Variation of (a-e) the interionic distances between the cations, (f-i) the cation-anion 
distance, and (j-n) the bond angle of Mg1-xCoxFe2O4 nanoparticles annealed at 200oC, 400oC, 
600oC, and 800oC. 
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The values of the lattice constant, 𝑎 for each plane are plotted as a function of 𝐹(𝜃), and the 

actual value of the lattice parameter was found from the intercept of the linear extrapolation of 

𝑎 vs. 𝐹(𝜃) lines
225,226

. Figure 5.2 (b) represents the variation of the observed lattice parameter 

with Co2+ content of MCFO nanoparticles annealed at 200oC, 400oC, 600oC, and 800oC. The 

lattice parameter increases linearly with the increase in Co2+ content and annealing temperature, 

indicating that the lattice parameter's dependence on Co2+ content and annealing temperature 

follows Vegard's Law
227,228

. The lattice parameter increases with an increase in Co2+ content 

because the ionic radius of Mg2+ (0.065 nm) ion is smaller than that of Co2+ (0.072 nm) ion
182

. 

The lattice parameter also increases with an increase in annealing temperature because grain size 

increases with an increase in annealing temperature. The spinel ferrite nanoparticles' X-ray 

density (dx) is calculated using equation (3.5)
144

. Figure 5.2 (c) represents the variation of X-ray 

density with Co2+ content of MCFO nanoparticles annealed at 200oC, 400oC, 600oC, and 800oC. 

The X-ray density increases with an increase in Co2+ content and annealing temperature. The 

specific surface area of the particles (S), the radius of the tetrahedral site (rA), the radius of the 

octahedral site (rB),  the theoretical lattice parameter (ath), the hopping length for the tetrahedral 

site (dA), hopping length for the octahedral site (dB), the tetrahedral bond length (dAX) and the 

octahedral bond length (dBX), the tetrahedral edge (dAXE), the shared and unshared octahedral 

edge (dBXE and dBXEU) for cubic spinel ferrite nanoparticles are calculated using equation 3.6 to 

3.16
144,229,230

. Figure 5.2 (d)-(n) shows the variation of S, rA, rB, dA, dB, dAX, dBX,dAXE, dBXE, 

and dBXEU with Co2+ content of MCFO nanoparticles annealed at 200oC, 400oC, 600oC, and 

800oC. The value of S decreases with an increase in Co2+ content and annealing temperature 

because particle size increases with an increase in Co2+ content and annealing temperature. The 
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value of rA, rB, dA, dB, dAX, dBX, dAXE, dBXE, and dBXEU increases with an increase in Co2+ content 

and annealing temperature because particle size increases with an increase in Co2+ content and 

annealing temperature, which is associated with cation redistribution on grain size growth. 

The interionic distances between cations 𝑏, 𝑐, 𝑑, 𝑒, and 𝑓 were obtained using the equation (3.17) 

to (3.21). The spaces between cations and anions 𝑝, 𝑞, 𝑟, and 𝑠 were found using the equations 

(3.22) to (3.25). The cation-cation distances 𝑏, 𝑐, 𝑑, 𝑒,and𝑓 with particle size are plotted in Fig 

5.3 (a)-(e) and the cation-anion distances 𝑝, 𝑞, 𝑟, and 𝑠 are plotted with particle size in Fig 5.3 (f)-

(i), and the bond angles 𝜃ଵ, 𝜃ଶ, 𝜃ଷ, 𝜃ସ, and 𝜃ହ with the particle size plotted in Fig. 5.3 (j)-

(n)
144,229,230

. The cation-cation distances and cation-anion distances increase with an increase 

in Co2+ content and annealing temperature because the ionic radius of Co2+(0.072 nm) is higher 

than that of Mg2+(0.065 nm)
182

. The bond angles 𝜃ଵ, 𝜃ଶ, 𝜃ଷ, 𝜃ସ, and 𝜃ହ decreases with 

increasing Co2+ content. 

5.1.2. Transmission electron microscopy (TEM) 

Fig. 5.4 (a-b) shows TEM images of MCFO nanoparticles annealing at 200oC, 400oC, 600oC, 

and 800oC temperatures. Semi-spherical particles were observed in the TEM images. The 

figure indicates that particle size and degree of crystallinity increase with increasing cobalt 

content x. The figure also shows that particle size rises with increasing annealing temperature. 

The particle size is obtained from the histogram of the size distribution, which follows a log-

normal distribution.  

 

 



 

 

Figure 5.4 (a): TEM image of Mg
400°C, 600°C, and 800°C. Particle size increases with increasing cobalt content x and annealing 
temperature. 
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5.4 (a): TEM image of Mg1-xCoxFe2O4 nanoparticle (0≤∆x≤0.5) annealed at 200°C, 
400°C, 600°C, and 800°C. Particle size increases with increasing cobalt content x and annealing 

 

∆x≤0.5) annealed at 200°C, 
400°C, 600°C, and 800°C. Particle size increases with increasing cobalt content x and annealing 



 

 

Figure 5.4 (b): TEM image of Mg
400°C, 600°C, and 800°C. Particle size increases with increasing cobalt content x and annealing 
temperature. 
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5.4 (b): TEM image of Mg1-xCoxFe2O4 nanoparticle (0.6≤∆x≤1.0) annealed at 200°C, 
and 800°C. Particle size increases with increasing cobalt content x and annealing 

 

∆x≤1.0) annealed at 200°C, 
and 800°C. Particle size increases with increasing cobalt content x and annealing 
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Figure 5.4 (c): HTEM image of Mg1-xCoxFe2O4 nanoparticle annealed at 200°C, 400°C, 600°C, 
and 800°C.  
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Figure 5.4 (d): HTEM image of Mg1-xCoxFe2O4 nanoparticle (x=0.1, 0.3, 0.5, 0.7, and 0.9) 
annealed at different temperature. Particle size increases with increasing cobalt content x and 
annealing temperature. 



 

 

 

 

 

 

 
 

Figure 5.4 (e): A graph of the lognormal distribution of Mg
200°C, 400°C, 600°C, and 800°C and variations of particle size with cobalt content. Particle size 
increases with increasing cobalt content and annealing temperature.
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5.4 (e): A graph of the lognormal distribution of Mg1-xCoxFe2O4nanoparticle annealed 
200°C, 400°C, 600°C, and 800°C and variations of particle size with cobalt content. Particle size 
increases with increasing cobalt content and annealing temperature. 
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Particles are generally agglomerated for samples at 200oC annealing temperature due to magnetic 

dipole interactions between ferrite nanoparticles to reduce surface energy. Increasing the 

annealing temperature decreases dipole interactions, resulting in less aggregation183,188,231. The 

SAED patterns of MCFO nanoparticles are shown in the right corner of figure-5.4 (a-b). An 

intense Debye circle in the SAED pattern indicates a nanocrystalline structure with higher 

crystallinity. In the SAED pattern, the highest intensity plane (311), along with the other planes 

(220), (400), (420), (511), and (440), are found. The SAED pattern dhkl values were determined 

using Velox software, and the diffractograms were indexed accordingly43,186,187,232–234. Figure-5.4 

(c-d) shows HRTEM images of MCFO nanoparticles heated at 200oC, 400oC, 600oC, and 800oC. 

HRTEM images show all investigated samples are nanocrystalline, with crystallinity increasing 

as cobalt concentration and heating temperature increase. More prominent lattice fringes in the 

HRTEM image were observed in materials with higher cobalt content and heat treatment 

temperature. It is because of the higher degree of crystallinity with increased cobalt content and 

processing temperature. Figure-5.4(e) shows the lognormal distribution of MCFO nanoparticles. 

This study shows particle size increases when cobalt content and annealing temperature increase. 

Figure-5.4(f) depicts the variation in particle size with the cobalt content of the sample heated at 

200oC, 400oC, 600oC, and 800oC. The figure also suggests particle size increases with increasing 

cobalt content and annealing temperature. The particle size observed in this study is similar to 

that in the previous study based on XRD analysis.  

5.1.3. Raman spectroscopy 

For further structural investigation, we employed Raman spectroscopy of MCFO nanoparticles 

annealed at 200oC, 400oC, 600oC, and 800oC to identify several vibrational modes. Fig. 5.5 (a) 
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shows the Fig. 5.5 (a) shows the Raman spectra of MCFO nanoparticles annealed at 200oC, 

400oC, 600oC, and 800oC in the range of 190–1000 cm-1 at ambient temperature. It was well 

established by the literature that MCFO ferrites have a partially inverse spinel structure of the 

𝐹𝑑3ത𝑚 space group. The vibrational modes associated with this space group are A1g(R), Eg(R), 

F1g, 3F2g(R), 2A2u, 2Eu, 4F1u(IR), and 2 F2u. The notation R denotes vibrational modes active in 

the Raman regime, IR denotes vibrational modes active in the infrared regime, and the other 

modes are silent. The Raman spectrum should therefore contain the Raman active modes A1g, 

Eg, F2g(3), F2g(2), and F2g(1)53,206,235. Figure 5.5 (b-e) illustrates the visible Raman modes of the 

studied samples after deconvolution and Gaussian fitting of the whole spectra at different 

compositions and annealing temperatures. After background subtractions and deconvolution, 

the Gaussian function produced the most accurate fit between experimental and theoretical 

data. The A1g modes are associated with symmetric stretching of MeO4 (Me stands for Co 

and/or Mg) and FeO4 at the A-site. The Eg modes represent oxygen bending concerning Fe at 

the B-site. The F2g(3) modes represent oxygen's antisymmetric bending for Fe, the F2g(2) 

modes describe Fe's asymmetric stretching with O. The F2g(1) modes demonstrate the complete 

translational motion of Fe and O. The Raman peaks in the region of 660–720 cm-1 indicate the 

vibrational modes of the A-site, and the Raman peaks in the region of 460–660 cm-1 represent 

the vibrational modes of the B-site of the ferrites53,184,206,207,235. Figure 5.5 (f-i) depicts the 

variations in the area integrals with the cobalt concentration x of MCFO nanoparticles annealed 

at 200oC, 400oC, 600oC, and 800oC. These integrals were acquired by Gaussian fitting A1g, Eg, 

F2g(3), F2g(2), and F2g(1) peaks allocated to the Raman spectra, as shown in Figure 5.5 (b-e). 

Figure 5.5 (f) exhibits that for the annealing temperature of 200oC, i.e. for the particle size of 

4.3-9.6 nm, the area integral for A1g (i.e., A-site occupancy for both Fe and Me) is the largest 
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for MgFe2O4. With the increase of Co, A-site occupancy of both Me and Fe decrease and B-site 

occupancy represented by F2g(2) increase, where Me represents Mg and Co and Fe for iron. 

This shows that Mg-rich compositions prefer normal spinel structure for the particle size range 

of 4.3-9.6 nm. In contrast, cobalt-rich compositions show a preference for inverse spinel 

structure. The variation of the area integral of other peaks, Eg, F2g(1) and F2g(3) are almost 

nonvariant, which shows that the site occupancies of the ions representing these peaks with the 

composition variation do not change considerably.  
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Figure 5.5 (a): Room temperature Raman spectra of 𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସnanoparticles annealed at 
200°C, 400°C, 600°C, and 800°C in the range of 190–1000 cm-1 usingthe pelletized solid 
samples. Five Raman active modes A1g, Eg, F2g(1),F2g(2), and F2g(3) are assigned in the Raman 
spectra.  
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Figure 5.5 (b): Representative best fitting of the Raman spectra of 𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସ 
nanoparticles annealed at 200oC using the Gaussian function after background subtraction and 
deconvolution. 
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Figure 5.5(c): Representative best fitting of the Raman spectra of 𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସ nanoparticles 
annealed at 400oC using the Gaussian function after background subtraction and deconvolution. 
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Figure 5.5 (d): Representative best fitting of the Raman spectra of 𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସ 
nanoparticles annealed at 600oC using the Gaussian function after background subtraction and 
deconvolution. 
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Figure 5.5 (e): Representative best fitting of the Raman spectra of 𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସ 
nanoparticles annealed at 800oC using the Gaussian function after background subtraction and 
deconvolution. 
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Figure 5.5 (f): Variation of area integral with Co concentration x of the A1g, Eg, F2g(1), F2g(2), 
and F2g(3) peaks assigned to the Raman spectra of 𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସnanoparticles annealed at 
200oC obtained by Gaussian fitting and deconvolution. 

 

 

 

 

 



 

159 
 

 

Figure 5.5 (g): Variation of area integral with Co concentration x of the A1g, Eg,F2g(1), F2g(2), 
and F2g(3) peaks assigned to the Raman spectra of 𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସnanoparticles annealed at 
400oC obtained by Gaussian fitting and deconvolution. 
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Figure 5.5 (h): Variation of area integral with Co concentration x of the A1g, Eg, F2g(1), F2g(2), 
and F2g(3) peaks assigned to the Raman spectra of 𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସnanoparticles annealed at 
600oC obtained by Gaussian fitting and deconvolution. 
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Figure 5.5 (i): Variation of area integral with Co concentration x of the A1g, Eg, F2g(1), F2g(2), 
and F2g(3) peaks assigned to the Raman spectra of 𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସnanoparticles annealed at 
800oC obtained by Gaussian fitting and deconvolution. 
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Table 5.1:  Wavenumbers of the five Raman active modes A1g, Eg, F2g(1),F2g(2), and F2g(3) of 
𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସ nanoparticles annealed at 200oC assigned to the Raman spectra. 

 
x 

Main Raman mode peak energy (cm-1) 

F2g(1) Eg F2g(2) F2g(3) A1g (Me-
O) 

A1g(Fe-O) 

0 - 330 487 - 656 711 

0.1 - 327 478 - 673 707 

0.2 - 327 477 - 675 706 

0.3 210 341 480 - 674 706 

0.4 208 326 476 - 651 703 

0.5 207 325 475 - 653 700 

0.6 214 323 475 - 645 698 

0.7 181 323 474 553 642 697 

0.8 174 323 472 - 638 692 

0.9 146 322 474 545 621 691 

1 164 325 473 570 618 690 

 
 
 
Table 5.2:  Wavenumbers of the five Raman active modes A1g, Eg, F2g(1),F2g(2), and F2g(3) of 
𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସ nanoparticles annealed at 400oC assigned to the Raman spectra. 

 
 
x 

Main Raman mode peak energy (cm-1) 

F2g(1) Eg F2g(2) F2g(3) A1g (Me-
O) 

A1g(Fe-O) 

0 281 331 484 - 657 711 

0.1 - 330 479 - 652 706 

0.2 162 333 479 - 645 702 

0.3 142 323 476 564 648 702 

0.4 214 334 480 581 664 705 

0.5 127 336 479 591 653 697 

0.6 182 333 476 566 642 695 

0.7 208 320 472 563 644 696 

0.8 210 320 471 524 640 694 

0.9 243 317 473 490 646 697 

1 215 319 471 574 618 693 
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Table 5.3:  Wavenumbers of the five Raman active modes A1g, Eg, F2g(1),F2g(2), and F2g(3) of 
𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସ nanoparticles annealed at 600oC assigned to the Raman spectra. 

 
 
x 

Main Raman mode peak energy (cm-1)   
F2g(1) Eg F2g(2) F2g(3) A1g (Me-

O) 
A1g(Fe-O) 

0 298 338 488 554 686 715 
0.1 219 331 481 589 677 712 

0.2 213 318 475  657 704 
0.3 200 325 466 480 651 702 
0.4 213 331 478 519 666 704 
0.5 205 317 474 553 650 698 
0.6 229 310 472 514 641 696 
0.7 212 313 470 507 629 687 

0.8  314 471 476 617 691 
0.9 198 316 471 535 616 691 

1 215 319 471 574 618 693 
 
 
Table 5.4:  Wavenumbers of the five Raman active modes A1g, Eg, F2g(1),F2g(2), and F2g(3) of 
𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସ  nanoparticles annealed at 800oC assigned to the Raman spectra. 

 
 
x 

Main Raman mode peak energy (cm-1)   

F2g(1) Eg F2g(2) F2g(3) A1g (Me-
O) 

A1g(Fe-O) 

0 224 337 482 550 655 708 

0.1 202 331 479 549 654 707 

0.2 216 331 474 505 653 703 

0.3 216 329 474 532 653 703 

0.4 216 324 472 548 640 697 

0.5 204 311 465 486 626 685 

0.6 263 309 469 580 609 685 

0.7 208 317 471  607 690 

0.8 208 317 471  607 690 

0.9 206 311 468  626 686 

1 206 310 467 579 626 685 
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For the annealing temperature of 400oC, i.e., particle size in the 5.5-15.8 nm range, the 

variation of area integral A1g and F2g(2) even becomes more scattered. However, they change 

perceivably as in Figure 5.5 (g), i.e., with the increase of Co, the spinel structure change from 

inverse to mixed spinel structure. For the annealing temperature of 600oC, in Figure 5.5(h), i.e., 

the structure is primarily disordered for the particle size range of 10.1-24.9 nm. However, a 

decrease of the area integral of A1g for Me ions decreases, and F2g(2) increases, demonstrating 

that A-site occupancy decreases while B-site occupancies increase. For the annealing 

temperature of 800oC, however, i.e., for the particle size in the range of 15.9-30.3 nm, site 

occupancy is almost nonvariant up to x=0.2. Above x=0.2, A-site occupancy decreases, and B-

site occupancy increases with the increase of Co, showing that the spinel structure changes 

from inverse to mixed spinel structure. 

Table 5.1-5.4 provides the wavenumbers of the Raman active modes A1g, Eg, F2g(1), F2g(2), and 

F2g(3) of 𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସnanoparticles annealed at 200oC, 400oC, 600oC, and 800oC obtained 

from the Raman spectra. For all the samples, the frequencies of A1g vibrational modes decline 

with an increase in the cobalt content, x, because the heavier cobalt (58.9332 amu) ions replace 

iron (55.8470 amu) ions or magnesium (24.3050 emu) ions. The frequencies of F2g(2) decrease 

with increased cobalt content. This is because cobalt (58.9332 amu) ions with higher atomic 

mass replace magnesium (24.3050 emu). In conclusion, for comparatively smaller particles 

(particles annealed at 200oC and 400oC have smaller particle sizes than particles annealed at 

600oC and 800oC), particles with higher magnesium have a greater degree of normal spinel 

structure. On the other hand, particles with more cobalt exhibit a more inverse spinel structure. 

From Figure 5.5 (h-i), the total area of B-sites increases with increasing cobalt content. From 
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the results, we can conclude that when particle size increases, i.e., when the particles shift from 

nanoparticles to bulk particles, particles with higher magnesium tend to form an inverse spinel 

structure. Particles with more cobalt tend to exhibit a mixed spinel structure.  

 

5.1.4. Fourier-transform infrared spectroscopy (FTIR) 

Fourier-transform infrared spectroscopy (FTIR) of MCFO ferrite nanoparticles annealed at 

200oC, 400oC, 600oC, and 800oC are presented in Figure 5.6 (a). Two characteristic peaks of 

spinel ferrite of the cubic structure at the lower frequency region were observed. The higher 

frequency band is related to the stretching vibration of a metal-oxide bond at the tetrahedral (A) 

site, and the lower frequency band is related to the stretching vibration of a metal-oxide bond at 

the octahedral (B) site because the bond length of the A site is shorter than the bond length of the 

B site
204,236–241

. As the Co2+ content increased, the higher frequency band shifted to a lower 

frequency region, and the lower frequency band shifted to a higher frequency region because 

Co2+ (0.072 nm) took the place of Mg2+ (0.065 nm) at the A site, resulting in a reduction of the 

covalent bond. Additionally, at the B site, Fe2+ (0.0645 nm) replaces Co2+ (0.072 nm), which 

increases the covalent bond. The Raman spectroscopy of magnesium-rich compositions displays 

a preference for normal spinel structures, while that of cobalt-rich compositions reveals a 

preference for mixed spinel structures. Both Raman spectroscopy and FTIR spectroscopy yield 

comparable results. This is because the vibrational modes of the inverse spinel structure are 

much better defined than those of the normal spinel structure and, thus, are detected more easily 

by Raman spectroscopy. FTIR spectroscopy, however, detects a broader range of vibrational 

modes, enabling it to identify inverse and normal spinel structures. These two techniques can 
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therefore be used together to identify and differentiate between different spinel structures. They 

are also helpful in characterizing the vibrational modes of various materials. The MCFO that was 

annealed at different temperatures had varying absorption bands. At 200°C, a lower frequency 

absorption band (ν1) was observed between 403 to 418 cm−1, and a higher frequency absorption 

band (ν2) was observed between 603 to 622 cm-1. At 400°C, the lower frequency absorption band 

(ν1) was observed between 398 to 415 cm−1, and the higher frequency absorption band (ν2) was 

observed between 597 to 618 cm-1. At 600°C, the lower frequency absorption band (ν1) was 

observed between 395 to 412 cm−1, and the higher frequency absorption band (ν2) was observed 

between 593 to 610 cm-1. Lastly, at 800°C, the lower frequency absorption band (ν1) was 

observed between 391 and 408 cm−1, and the higher frequency absorption band (ν2) was 

observed between 580 and 600 cm-1. Both the frequency band shifted toward the lower 

frequency region with increasing particle size (annealing temperature) because the covalent bond 

shrinks with an increase in particle size (annealing temperature). Both the frequency bands 

shifted toward the lower frequency because bond length increased with particle size. The force 

constants (FC) for the A site (FCT) and B site (FCO) are obtained using equation (4.1). Variations 

of the obtained values of FCT and FCO of Mg1-xCoxFe2O4 ferrites annealed at 200oC, 400oC, 

600oC, and 800oC with Co2+ content, x are presented in figure -5.6 (b). The value of FCT 

decreases, and FCO increases with increasing Co2+ content x because the A site's bond length 

increases, and the B site's bond length decreases with an increase in Co2+ content x
201

.  The 

absorption peaks at 3430-3493 cm-1 were observed for the stretching vibration of the O-H 

group
242

.  
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Fig. 38 (a): (a) The FTIR spectrum of Mg1-xCoxFe2O4 nanoparticles annealed at 200oC, 
400oC, 600oC, and 800oC, (b) variation of the octahedral, and the tetrahedral force constant 
with cobalt content x of Mg1-xCoxFe2O4 nanoparticles annealed at 200oC, 400oC, 600oC, and 
800oC. 

(a) 

(b) 
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5.2. Thermo-gravimetric analysis (TG) and differential scanning 
calorimetry (DSC) 
 

Thermal traits of studied MCFO ferrite nanoparticles were investigated using thermo-gravimetric 

analysis (TG) and differential scanning calorimetry (DSC) measurement. As-synthesized ferrites-

powder was heated in a nitrogen atmosphere from 25 to 1300oC. Endothermic and exothermic 

peak positions are determined from the first derivative of the DSC (DDSC) and TG (DTG) 

curves.  The phenomenological data of DSC and TG measurements are presented in Table -5.5. 

The first exothermic peak of studied MCFO was found at 90 to 130oC, associated with removing 

physically absorbed water molecules because no other volatile components are present in the 

sample. The second exothermic peak of the studied sample was found at 219 to 339oC, which is 

associated with eliminating the lattice water and the water from the pores. Other weight losses 

are related to the reformation of metal oxide bond243–250. In the TG curve of Chitosan-coated 

Mg0.9Co0.1Fe2O4 ferrite, a significant portion of weight loss was found at 230 to 300oC due to the 

chitosan release.  
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Figure 5.7: The thermo-gravimetric analysis (TG) and differential scanning calorimetry (DSC) 
spectrum of Mg1-xCoxFe2O4 nanoparticles annealed at 200oC, 400oC, 600oC, and 800oC. 
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Table 5.5: Data of peak position, mass loss, and enthalpy of TG measurement of MCFO ferrite 
nanoparticles. 

Value 
of x  

Data of TG measurement  Data of TG measurement  
Data range  Peak position Mass 

loss  
Nature  Data range  Peak 

position 
Enthalpy 
(ergg-1)  

Nature 

0  35-2200C  
220-5000C  
500-13000C  

1300C  
3300C  
-  

12.8%  
12.3%  
4%  

Exo  
Exo  
Exo  

85-3100C  
310-4850C  
486-6850C  

2000C  
3900C  
8450C  

186× 10  
340× 10  
112× 10  

Exo  
Exo  
Exo  

0.1  37-2240C  
224-4800C  
550-10200C  

1280C  
3240C  
8900C  

11.8%  
11%  
4%  

Exo  
Exo  
Exo  

26-840C  
85-3140C  
314-4890C  
489-6790C  
679-9400C  

300C  
1990C  
3840C  
6000C  
8040C  

70× 10  
301× 10  
114× 10  
116× 10  
154× 10  

Exo  
Exo  
Exo  
Exo  
Exo  

0.2  34-2240C  
224-4140C  
414-1300  

1150C  
3140C  
-  

15.7%  
9.68%  
6.6%  

Exo  
Exo  
Exo  

294-6090C  
609-10190C  

4690C  
8140C  

285× 10  
215× 10  

Exo  
Exo  

0.3  30-2060C  
206-3860C  
386-13000C  

1060C  
2910C  
-  

8%  
7%  
3%  

Exo  
Exo  
Exo  

27-940C  
94-4410C  
542-9110C  

460C  
2690C  
8110C  

113× 10  
236× 10  
119× 10  

Exo  
Exo  
Exo  

0.4  35-2200C  
220-4360C  
436-13000C  

960C  
2960C  
-  

15.5%  
8.6%  
5.4%  

Exo  
Exo  
Exo  

28-1450C  
145-2800C  
280-5600C  

1050C  
2100C  
4450C  

116× 10  
128× 10  
237× 10  

Exo  
Exo  
Exo  

0.5  34-2100C  
210-5500C  
550-13000C  

950C  
2940C  
-  

14.3%  
9.6%  
3.7%  

Exo  
Exo  
Exo  

30-1600C  
160-3040C  
304-8100C  

1400C  
2340C  
6950C  

93× 10  
231× 10  
243× 10  

Exo  
Exo  
Exo  

0.6  34-2190C  
219-4200C  
420-13000C  

990C  
2790C  
-  

13%  
6.3%  
5%  

Exo  
Exo  
Exo  
Exo  
Exo  

40-1740C  
174-3040C  
304-5890C  
589-7290C  
729-11090C  

1090C  
2040C  
4240C  
6290C  
9290C  

95 × 10 
101× 10  
225× 10  
103× 10  
93× 10  

Exo  
Exo  
Exo  
Exo  
Exo  

0.7  27-2000C  
200-4000C  
400-13000C  

930C  
3150C  
-  

7.2%  
4.8%  
5%  

Exo  
Exo  
Exo  

32-1550C  
155-3400C  
340-6850C  

1030C  
2750C  
4100C  

90× 10  
276× 10  
91 × 10 

Exo  
Exo  
Exo  

0.8  32-1640C  
164-2600C  
260-4340C  
434-13000C  

940C  
2190C  
3390C  
-  

8%  
2.6%  
3.6%  
5.4%  

Exo  
Exo  
Exo  
Exo  

32-1690C  
169-3190C  
319-6600C  
660-11340C  

1040C  
2440C  
4990C  
9540C  

91 × 10 
123× 10  
115× 10  
95× 10  

Exo  
Exo  
Exo  
Exo  

0.9  32-1940C  
194-5000C  
500-13000C  

950C  
3100C  
-  

5.5%  
4.5%  
4.5%  

Exo  
Exo  
Exo  
Exo  

30-1600C  
160-3800C  
380-7640C  
764-11040C  

990C  
2500C  
4250C  
9090C  

200× 10  
342× 10  
115× 10  
95× 10  

Exo  
Exo  
Exo  
Exo  

1.0  31-1800C  
180-4200C  
420-13000C  

920C  
3300C  
-  

7%  
4.2%  
3.8%  

Exo  
Exo  
Exo  

32-1400C  
140-7100C  
710-10750C  

960C  
4550C  
9000C  

212× 10  
313× 10  
99× 10  

Exo  
Exo  
Exo  
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5.3. Magnetization measurements  

The variation of magnetization (M) with an applied magnetic field (H) of MCFO ferrite 

nanoparticles annealed at 200oC, 400oC, 600oC, and 800oC are presented in Figure 7. The value 

of M increases with an increase in Co2+ content because Co2+ replaces Mg2+, and the magnetic 

moment of Co2+(3.88µB)is higher than that of Mg2+(0µB)
214,215

. The value of M also increases 

with an increase in annealing temperature because grain size increases with an increase in 

annealing temperature. The saturation magnetizations (Ms) were obtained by extrapolating M - 
ଵ

ு
 

curve at 
ଵ

ு
→ 0 for a higher value of H

213
. The anisotropy constants (K) were obtained by using 

the relation, 

𝐾 =
ு×ெೞ

.ଽ
                                                                                                                                   (5.3) 

where Hc is the coercive field
144

. The variation of Hc, Ms, remanence ratio (Mr/Ms), and K with 

the particle size of MCFO ferrite nanoparticles annealed at 200oC, 400oC, 600oC, and 800oC are 

presented in Figure 5.9. The values of Ms, K, Hc, and Mr/Ms increase with increased particle size 

and Co2+ content. In general, the values of Ms, K, Hc, and Mr/Ms tend to increase with 

increasing particle size up to a certain point. This is because larger particles tend to have more 

magnetic moments or spins, which can align with an external magnetic field, leading to a more 

robust overall magnetization. Additionally, larger particles can have a more ordered array of 

magnetic moments, leading to a giant magnetic anisotropy (the preference of the magnetic 

moments to align in a particular direction). 

However, further increases in particle size may lead to a decrease in magnetic properties beyond 

a certain point. It is because as particles become too large, they may become more susceptible to 
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thermal fluctuations, which can lead to a loss of magnetic order and a decrease in magnetization. 

Additionally, larger particles may have a less uniform distribution of magnetic moments, which 

can decrease magnetic anisotropy and coercivity
251–254

. The values of Ms increase with an 

increase in Co2+ content because the magnetic moment of Co2+(3.88µB) is higher than that of 

Mg2+(0µB). The values of Hc increase with an increase in Co2+ content because K increases with 

an increase in Co2+ content
215

. 
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Figure 5.8 (a): Variation of magnetization with an applied magnetic field of Mg1-xCoxFe2O4 
nanoparticles annealed at 200oC, 400oC, 600oC, and 800oC. 
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Figure 5.8 (b): Variation of magnetization with an applied magnetic field of Mg1-xCoxFe2O4 
nanoparticles annealed at 200oC, 400oC, 600oC, and 800oC. 
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Figure 5.9: Variation of the (a) saturation magnetization Ms, (b) coercive field Hc, (c) remnant 
ratio Mr/Ms, and (d) anisotropy constant K with the particle size of Mg1-xCoxFe2O4 nanoparticles 
annealed at 200oC, 400oC, 600oC, and 800oC. 
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5.4. Hyperthermia 

Heating profiles of chitosan-coated MCFO nanoparticles annealed at 200oC, 400oC, 600oC, and 

800oC are presented in Figure 5.10. For chitosan-coated MCFO nanoparticles annealed at 200oC, 

the heating rate and maximum achieved temperature increase with an increase in Co2+ content 

because the magnetic moment increases with an increase in Co2+ content.   

For chitosan-coated MCFO nanoparticles annealed at 400oC, the heating rate and maximum 

achieved temperature increase with an increase in Co2+ content x up to 𝑥 ≤ 0.8; after then, the 

heating rate and maximum achieved temperature decrease with an increase in Co2+ content x. For 

chitosan-coated MCFO nanoparticles annealed at 600oC, the heating rate and maximum achieved 

temperature increase with an increase in Co2+ content x up to 𝑥 ≤ 0.3; after then, the heating rate 

and maximum achieved temperature decrease with an increase in Co2+ content x.  

For chitosan-coated MCFO nanoparticles annealed at 800oC, the heating rate and maximum 

achieved temperature increase with an increase in Co2+ content x up to 𝑥 ≤ 0.1; after then, the 

heating rate and maximum achieved temperature decrease with an increase in Co2+ content x.  

The heating rate and maximum achieved temperature fall because the Brown contribution to 

losses attains a maximum at a particular particle size for all materials. After then, it drops 

sharply, and the Néel contribution to the losses varies exponentially with the product of the 

magnetic anisotropy constant and the particle volume11,12,47,98,99,255–257.  
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Figure 5.10: Heating profile of Chitosan-coated Mg1-xCoxFe2O4 nanoparticles annealed at 200oC, 
400oC, 600oC, and 800oC. 
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Figure 5.11: Heating profile of Chitosan
variation of temperature with particle size.
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Figure 5.11: Heating profile of Chitosan-coated Mg1-xCoxFe2O4 nanoparticles showing the 
variation of temperature with particle size. 
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Figure 5.12: Variation of maximum temperat
xCoxFe2O4 nanoparticles for different solution concentrations.
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Figure 5.12: Variation of maximum temperature with the particle size of Chitosan
nanoparticles for different solution concentrations. 

 

ure with the particle size of Chitosan-coated Mg1-
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Figure 5.13: Variation of SLP with the particle size of Chitosan-coated Mg1-xCoxFe2O4 
nanoparticles for different solution concentrations. 
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Figure 5.14: The particle size dependence of N
τB and effective relaxation time, 
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particle size dependence of Néel relaxation time, τN, Brownian relaxation time, 
and effective relaxation time, τeff  of  Mg1-xCoxFe2O4 nanoparticles. 

 

, Brownian relaxation time, 
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Figure 5.13 represents the variation of specific loss power (SLP) with the particle size of 

chitosan-coated MCFO nanoparticles having different concentrations. Initially, the value of SLP 

increases with an increase in particle size for each sample and concentration because, in that 

region, the Brown contribution to losses increases with an increase in particle size. After then, 

the value of SLP decreases with an increase in particle size. The Néel relaxation time varies 

exponentially with the product of the magnetic anisotropy constant and the particle volume, 

which is also another region of shifting the zenith of the SLP curve. The zenith of the SLP curve 

moved towards the lower particle size value with an increase in Co2+ content due to the rise in 

the anisotropy constant. Habib
255

 et al. reported similar behavior for Fe-Co alloy, magnetite, and 

maghemite nanoparticles. Figure 5.14 depicts the variation of Néel relaxation time, Brownian 

relaxation time, and the effective relaxation time with the particle size of MCFO nanoparticles. 

Upto x=0.5 effective relaxation time mostly coincides with the Néel relaxation. From x =0.6, 

Brownian relaxation starts to dominate, and above a critical diameter, the relaxation time 

coincides with Brownian relaxation. When the particle size is less than 10-16 nm, the Néel 

relaxation dominated the effective relaxation time. After then, Brownian relaxation is the 

relaxation time. The critical diameter above which hysteresis loss is dominant was determined by 

the formula,  

𝐷் = ඌ
6ln (𝑡𝑓)𝑘𝑇

𝜋𝐾
ඐ

ଵ
ଶ
 

Considering the anisotropy constant K of MCFOs, 𝑓 as109 Hz, kB the Boltzmann’s constant, T 

the temperature, and tm the measurement time258. The critical diameter decreases with increasing 

Co2+ content due to increasing anisotropy constant. Above the critical diameter and higher Co2+ 
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content, anisotropy increases, for which Néel relaxation cannot occur because of the higher 

anisotropy. Therefore relaxation mechanism is dominated by Brownian relaxation mainly. 
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CHAPTER 6: INVESTIGATING CONTRAST 
ENHANCEMENT IN MAGNETIC RESONANCE 
ANGIOGRAPHY WITH PEG/CHITOSAN/DEXTRAN 
AND MCFO NANOHYBRID AS CONTRAST DYE IN 
THE RAT MODEL 
 

In this chapter, MCFO particles were coated with chitosan, PEG, and dextran, and the 

hyperthermia and MRI properties were investigated to obtain suitable MRI contrast dye. 

6.1. Structural characterization 

6.1.1. X-ray diffraction (XRD) analysis 

Figure 6.1 demonstrates the variation of lattice parameters and particle size of MCFO with cobalt 

content. The average crystallite size was determined using Debye-Scherrer's formula
187

, which 

was 3.8 to 7.3 nm. Both the lattice parameter and particle size increase with increasing x, which 

is expected because the ionic radius of the Mg2+ (0.065 nm) ion is smaller than that of the Co2+ 

(0.072 nm) ion44,46,183. Smaller crystallite size is one of the requirements of in-vivo MRA 

applications. 

 

 



 

 

Figure 6.1: Variation of (a) lattice parameter and (b) particle size with cobalt content, x of 
MCFO ferrite nanoparticle in the as
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6.1: Variation of (a) lattice parameter and (b) particle size with cobalt content, x of 
oparticle in the as-dried condition.  

 

6.1: Variation of (a) lattice parameter and (b) particle size with cobalt content, x of 



 

186 
 

6.1.2. Transmission Electron Microscopy (TEM) 

Figure 6.2-(A) depicts TEM images of bare, Chitosan-coated, Dextran-coated, and PEG-coated 

MCFO ferrite nanoparticles. Clusters are present in uncoated particles. Particles with a lower 

cobalt content are smaller and more agglomerated. Uncoated samples cluster by magnetic dipole 

interactions between ferrite nanoparticles, minimizing surface-free energy. Dipole interactions 

are decreased, and particles are dispersed after coating with Chitosan, Dextran, and PEG. 

Chitosan-coated samples with lower cobalt content are more widely scattered. On the other hand, 

Dextran-covered MCFO ferrite nanoparticles are more scattered in samples with higher cobalt 

content. The PEG-coated particles agglomerate more than the other two coatings. The nature of 

particle dispersion in the solution is independent of the cobalt content in PEG-containing 

solutions. The bare and coated MCFO nanoparticle SAED patterns are shown in the right corner 

of figure-6.2 (A). The SAED patterns indicate that (311) is the highest intensity plane along with 

the other (220), (400), (420), (511), and (440) planes. The d values of the SAED pattern were 

obtained using Velox software, which indexes the diffractograms. The SAED patterns are 

consistent with the noncrystalline structure documented in the literature43,232–234. The Debye 

circles are more intense for uncoated than coated nanoparticles because of the higher degree of 

dispersion in Dextran-coated particles in a region. Figure 6.2 (B) presents HRTEM images of 

bare, Chitosan-coated, Dextran-coated, and PEG-coated particles. The lattice fringes of the 

HRTEM image of both uncoated and coated particles are shown in the figure. 6.2 (B) suggests 

high crystallinity. In the HRTEM pictures in Figure 6.2 (B), Chitosan-treated particles are found 

more dispersed with lower cobalt content, and Dextran-coated particles are found more dispersed 

with higher cobalt content. PEG-coated particles are more agglomerated, and the solution nature 

does not significantly depend on cobalt content42,43,186,198,217,232–234,259. 



 

 

Figure 6.2 (A): TEM images of uncoa
𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସ ferrites nanoparticles. 
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(A): TEM images of uncoated, Chitosan-coated, Dextran
ferrites nanoparticles.  

 

coated, Dextran-coated, PEG-coated 



 

 

 

 

Figure 6.2 (B): HTEM images of uncoated, Chitosan
𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସ ferrites nanopartic
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(B): HTEM images of uncoated, Chitosan-coated, Dextran
ferrites nanoparticles. 

 

coated, Dextran-coated, PEG-coated 
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6.1.3. Fourier-transform infrared spectroscopy (FTIR) 

The FTIR spectroscopy of the studied samples was taken to investigate the covalent bond length 

of PEG-coated, dextran-coated, and chitosan-coated MCFO ferrite nanoparticles, which are 

associated with the nature of the coating38,39. Figure-6.3 depicts the FTIR spectrum of as-dried, 

PEG-coated, dextran-coated, and chitosan-coated MCFO ferrite nanoparticles. The higher 

frequency bands of all coated samples are shifted towards the lower frequency region, indicating 

stable coating. Coating extended the bond length of the tetrahedral site. So, the higher frequency 

band is shifted towards the lower frequency region38,39,260,261. Turning off the higher frequency 

band is higher for chitosan-coated samples and lower for PEG-coated models. The result 

concludes that chitosan coating is thicker among these three coatings, and PEG coating is thinner 

than dextran coating. Covalent bond length extends more when the layer gets thicker. The 

absorption bands located at 1633-1639 cm−1 and 994-1054 cm−1 confirmed the bending mode of 

O-H bonds. The peak at 1394-1454 cm-1, 1153-1157 cm-1, 2902-2921 cm-1, 2980-2983 cm-1, and 

3281-3305 cm-1 is due to the vibration of the CH3 functional group, C-O-C  stretching bond, C-

H  stretching bond, the vibration of C-N active group, and O-H stretching vibration.  



 

 

 
Figure 6.3: FTIR spectrum of
𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସ ferrite nanoparticle. 
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Figure 6.3: FTIR spectrum of as-dried, chitosan-coated, dextran-coated, and PEG
ferrite nanoparticle.  

 

coated, and PEG-coated of 
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6.1.4. Hydrodynamic diameter and Zeta potential 

A small hydrodynamic diameter is assigned for achieving a suitable MRI contrast agent. 

Hydrodynamic diameters and zeta potential of analyzed coated MCFO ferrite nanoparticles 

solutions with a concentration of 4 mg/ml are illustrated in figure-6.4. The average 

hydrodynamic diameter for chitosan-coated MCFO ferrite nanoparticle solutions is 144 nm to 

170 nm. The poly dispersive index (PDI) exists at 0.101 to 0.239, and the Zeta potential remains 

35 to 59 mV. The small PDI value and the higher zeta potential value are evidence of good 

coating
169,261–263

. Therefore there is no sedimentation at the bottom of the coated solution even 

after one year of preparation. The average hydrodynamic diameter reduces with temperature rise 

and the concentration reduction of the solution. When the average hydrodynamic size decreases, 

the PDI and zeta potential of the solution decreases very slightly. So it is expected that chitosan-

coated MCFO ferrite nanoparticle solutions not be agglomerated inside a human body. The 

average hydrodynamic diameter for PEG-coated MCFO ferrite nanoparticle solutions is 122 nm 

to 135 nm. The solution's poly dispersive index (PDI) is 0.235 to 0.371, and the Zeta potential 

stands at 0 to 3 mV. Although PDI indicates that the solution is well dispersed and coated, some 

sedimentation was found at the bottom after six months. Hydrodynamic size decreases with an 

increase in temperature and a decrease in the solution's concentration. The average 

hydrodynamic diameter for dextran-coated MCFO nanoparticle solutions is 140 nm to 160 nm. 

The solution's poly dispersive index (PDI)is 0.221 to 0.369, and the Zeta potential stands at 08 to 

15 mV. This solution has been well dispersed and stable for six months. Both PEG-coating and 

dextran-coating are independent of the pH of the solution. 
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Figure 6.4: Hydrodynamic size distribution of (a) uncoated, (b) chitosan-coated, (c) dextran-
coated, and (d) PEG-coated Mg1-xCoxFe2O4 ferrite nanoparticle. Variation of (e) average 
hydrodynamic size and (f) zeta potential with cobalt content x of chitosan-coated, dextran-
coated, and PEG-coated of Mg1-xCoxFe2O4 ferrite nanoparticle.  
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6.2. Magnetic measurement 

 

Figure 6.5 (A): M-H curve of uncoated, Chitosan-coated, Dextran-coated, PEG-coated 
𝑀𝑔ଵି௫𝐶𝑜௫𝐹𝑒ଶ𝑂ସ ferrites nanoparticles. 
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Figure 6.5 (B): Variation of (a) the saturation magnetization Ms, (b) Coercive field Hc, 
(c)remnant ratio Mr/Ms, and  (d) anisotropy constant K with cobalt content x of uncoated, 
chitosan-coated, dextran-coated, and PEG-coated Mg1-xCoxFe2O4 nanoparticles. 
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Figure 6.5 (A) illustrates a variation in magnetization with an applied magnetic field of bare, 

Chitosan-coated, Dextran-coated, and PEG-coated MCFO ferrite nanoparticles. The saturation 

magnetic moment of uncoated particles is greater than that of coated particles because 

ferromagnetic cores are inside the nonmagnetic shell. Among the three coated materials, the 

thinner PEG-coating (PEG molecular weight 400) exhibits a higher magnetic moment, whereas 

relatively thicker chitosan-coated samples display a lower magnetic moment. As chitosan-coated 

MCFO ferrite nanoparticles with lower cobalt content are more dispersed in the solution, as 

observed in the previous TEM images, they exhibit less anisotropic energy, which gets a 

saturation magnetic moment in a comparatively lower magnetic field. On the other hand, the 

solution with a higher cobalt content, which displays more clusters in TEM pictures, exhibits an 

anisotropic nature and needs a much higher field to saturate. Dextran-coated samples, which 

produce more agglomeration in the TEM images with lower cobalt content, show a more 

anisotropic nature and gradually reach saturation with the applied magnetic field. A solution with 

a higher cobalt content shows less anisotropy and gets the saturation magnetic moment more 

quickly. 

PEG-coated MCFO ferrite nanoparticles solution has less anisotropic energy and a sharp 

magnetic moment
129,144,215,264,265

. Figure 6.5 (B) represents a variation in saturation 

magnetization, coercive force, remnant magnetization, remnant ratio, and anisotropic energy 

with cobalt content, x of bare, chitosan, dextran, and PEG-coated MCFO ferrite nanoparticles. 

Since coated particles are dispersed in a solution, they have a significantly smaller coercive 

force, remnant magnetization, remnant ratio, and an anisotropic constant. The coercive field, 

remnant magnetization, remnant ratio, and anisotropic constant of chitosan-coated MCFO ferrite 

nanoparticles solution increases with increasing cobalt content due to increasing cluster size of 



 

196 
 

the nanoparticles in the solution with increasing cobalt content. The coercive force and magnetic 

anisotropy of the dextran-coated MCFO ferrite nanoparticles solution diminish with increasing 

cobalt because the degree of dispersity increases with increasing cobalt content. In the case of the 

PEG-coated sample, a slight increase in coercive force, remnant magnetization, remnant ratio, 

and an anisotropic constant was observed with increasing cobalt content. The variations in 

magnetic parameters of bare and coated particles greatly depend on the coating type. Although 

all coatings reduced the anisotropy significantly, the reduction of anisotropy with chitosan and 

dextran is much higher than PEG. Since PEG in this experiment is of molecular weight 400, the 

barrier to inhibit dipolar interaction was lower than chitosan and dextran. Again the coercive 

field and anisotropy of dextran-coated particles are lower than the chitosan-coated particles, 

showing that dextran provided a more efficient coating to the Co-rich compositions than 

chitosan. 

 

 

 

 

 

 

 

 



 

 

6.3. Cytotoxicity Study

Figure 6.6: Cytotoxicity assay of Chitosan
Mg1-xCoxFe2O4 ferrite nanoparticle. 
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3. Cytotoxicity Study 

Figure 6.6: Cytotoxicity assay of Chitosan-coated, Dextran-coated, and PEG
ferrite nanoparticle.  

 

coated, and PEG-coated of                  
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Cytotoxicity measurement is essential because it allows researchers to assess and characterize the 

potentially harmful effects of chemicals or substances on living cells. Cytotoxicity assays are 

frequently used in fundamental research, drug development, and other areas to assess the ability 

of cytotoxic compounds to cause cell damage or death. It is essential to measure the cytotoxicity 

of substances before their in-vivo application, as this can help to ensure that they are not harmful 

to living organisms. Overall, cytotoxicity measurement is critical for assessing the safety and 

toxicity of new compounds and substances to prevent any adverse side effects. The measurement 

of cytotoxicity also plays a vital role in cancer research, as it helps to determine the effectiveness 

of new cancer treatments
266,267

. Figure 6.6 represents the cytotoxic assay of PEG-coated, 

chitosan-coated, and dextran-coated MCFO nanoparticles. They are found nontoxic though 

uncoated MCFOs are found toxic in the Hela cell line. After 48 hours of incubation, the viability 

of Hela cells with 4   mg/ml PEG-coated, chitosan-coated, and dextran-coated MCFOs was 75 to 

90%.  

6.4. Magnetic resonance angiography 

Magnetic resonance angiography (MRA) is a considerably advanced clinical tool for noninvasive 

vascular imaging22–24. Therefore, it is extensively utilized to diagnose injuries like stenosis, 

intracranial aneurysms, aortic coarctation, aortic dissection, the cause of a stroke, heart disease, 

and blockage of vessels25–29. Also, MRA is one of the best additions for investigating suspected 

venous thrombosis inside the chest, abdomen, and pelvis, which will most probably replace 

formal X-ray angiography by resuming technical progress27,30. 

Contrast agents provide information on blood flow dynamics for tumour detection and enhancing 

the venous structures. In MRA, signal phase or intensity on the macroscopic motion of water 
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protons, yielding an intrinsic contrast between the stationary tissue and flowing blood10. MRA 

used two types of motion properties of blood: phase-contrast (PC) angiography and time-of-flight 

(TOF) angiography26,31. PC MRA visualizes and quantifies the blood flow by encoding the flow 

velocity in the MR signal phase. The movement of blood along a magnetic field gradient 

generates a change in the phase of the MR signal. In PC, pairs of pictures with distinct 

sensitivities to flow are received. For instance, a gradient of positive polarity is used to produce 

positive phase shifts during one image of each couple. For the other image, a negative polarity 

gradient induces negative phase shifts. Image subtraction eliminates motionless tissues so that 

entirely blood vessels are shown32–34. TOF in MRA is based on the concept that T1 of moving 

water is effectively shorter than T1 of standing water. The variation is attributed to the fact that, 

when stationary, the spins would be saturated by radiofrequency excitation. 

Furthermore, fresh spins with total magnetization would replace the static spins increasing the 

signal when flowing. The idea of spin saturation is a key to the perception of TOF MRA 

systems. A contrast agent (CA) in the TOF MRA study increases the contrast between blood and 

tissue, shortening the T1 relaxation time. The vasculature tree was shown more precisely with 

CA in the TOF MRA study35–37. 

 

 

 



 

 

Figure 6.7: The MRA images of rat brain taken a) without an agent, b) half an hour,
2 hours, e) 3 hours, f) 4 hours, g) 12 hours, h) 24 hours, i) 48 hours, and j) 72 hours after 
injecting chitosan-coated Mg0.2
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Figure 6.7: The MRA images of rat brain taken a) without an agent, b) half an hour,
2 hours, e) 3 hours, f) 4 hours, g) 12 hours, h) 24 hours, i) 48 hours, and j) 72 hours after 

0.2Co0.8Fe2O4 ferrite nanoparticles contrast agent. 

 

Figure 6.7: The MRA images of rat brain taken a) without an agent, b) half an hour, c) 1 hour, d) 
2 hours, e) 3 hours, f) 4 hours, g) 12 hours, h) 24 hours, i) 48 hours, and j) 72 hours after 

ferrite nanoparticles contrast agent.  



 

 

Figure 6.8: MRA images of rat brain without and with chitosan
nanoparticles contrast agent.  
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Figure 6.8: MRA images of rat brain without and with chitosan-coated Mg
 

 

ated Mg1-xCoxFe2O4 ferrite 



 

 

 

Figure 6.9: The MRA images of rat brains taken at different time intervals with PEG
CoFe2O4 ferrite nanoparticles contrast agent. 
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Figure 6.9: The MRA images of rat brains taken at different time intervals with PEG
ferrite nanoparticles contrast agent.  

 

Figure 6.9: The MRA images of rat brains taken at different time intervals with PEG-coated 
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In the TOF experiment, arteries appeared hyperintense, which produced a significant signal 

difference between arteries and stationary tissues. This signal difference conceived a strong 

contrast for which the rat head's angiogram was visualized using the maximum intensity 

projection (MIP) algorithm. Magnetic nanoparticle intensifies this signal difference which 

produces better contrast of the image. In this view, PEG-coated, chitosan-coated, and dextran-

coatedMg1-xCoxFe2O4 ferrite nanoparticles were injected through the tail vein without altering 

the rat's position. After injecting 1 ml PEG-coated or chitosan-coated or dextran-coated 

Mg1-xCoxFe2O4 ferrite nanoparticles with 2 mg/ml concentration, TOF images were taken after 

different time intervals. MRA of other rats with and without PEG-coated, chitosan-coated, and 

dextran-coated Mg1-xCoxFe2O4 ferrite was produced using the MIP algorithm. A significant 

number of tiny blood vessels were visible in the MRA after injecting the Chitosan-coated, 

Dextran-coated, and PEG-coated agents. More precise images were obtained after 0.5 hours of 

injecting Dextran-coated agents. Similar results were found after 1 hour of applying Chitosan-

coated and Dextran-coated agents. The intensity of MRA with Dextran-coated images decreases 

slowly after 1 hour of administering agents. After 72 hours of injecting Chitosan-coated agents, 

the intensity gradually decreases with time. Figure 6.9 shows the MRA of the PEG-coated 

CoFe2O4 ferrite agent taken at different time intervals. Clear images were found 1 hour 

subsequent injecting the agent. Numerous arteries are visible in the MRA with PEG-coated 

MCFO ferrite agent, most obscure without contrast agent. The middle cerebral arteries (MCAs), 

a bundle of vessels of the posterior cerebral arteries (PCA), and the anterior cerebral artery 

complex (ACA) are noticeable in the MIP images along the x-axis49,130–133,268,269. A significant 

number of tiny blood vessels were seen in the MRA, taken after 1 hour following injecting the 

PEG-coated Mg1-xCoxFe2O4 ferrite agent. Images of MRA after 2 and 24 hours with PEG-coated 
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CoFe2O4 ferrite agent were also clear. It indicated that the PEG-coated sample had been 

circulating in the blood for quite a long time. Figure 6.10 represents the MRA of the rat head 

along with the x-axis one hour after injecting PEG-coated Mg1-xCoxFe2O4 ferrite. 

 



 

 

 

Figure 6.10: MRA images of rat brain without and with PEG
nanoparticles contrast agent.  
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Figure 6.10: MRA images of rat brain without and with PEG-coated Mg
 

 

ted Mg1-xCoxFe2O4 ferrite 



 

 

 

 

Figure 6.11: The MRA images of rat brains taken at different intervals of time with dextran
coated Mg0.2Co0.8Fe2O4 ferrite nanoparticles contrast agent. 
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Figure 6.11: The MRA images of rat brains taken at different intervals of time with dextran
ferrite nanoparticles contrast agent.  

 

Figure 6.11: The MRA images of rat brains taken at different intervals of time with dextran-



 

 

Figure 6.12: MRA images of rat brain w
nanoparticles contrast agent.  
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Figure 6.12: MRA images of rat brain without and with dextran-coated Mg
 

 

coated Mg1-xCoxFe2O4 ferrite 



 

 

 

Figure 6.13: Sagittal view of MRA with chitosan
nanoparticles contrast agent.  
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Figure 6.13: Sagittal view of MRA with chitosan-coated and PEG-coated Mg
 

 

coated Mg1-xCoxFe2O4 ferrite 



 

209 
 

Conclusion 
 

In this study, cobalt-substituted magnesium ferrite MCFO [Mg1-xCoxFe2O4 (0  x  1 with Dx = 

0.1)] and polymer nanohybrid were synthesized by chemical co-precipitation to tune structure-

properties relationship to examine their potentials for biomedical applications. Initially, the 

applications of as-synthesized nanoparticle-chitosan nanohybrid without further heat treatment 

were examined. From FTIR, Raman, and Mössbauer spectrum, we observe an increase of cobalt 

on octahedral sites with the rise of x. Therefore, adding cobalt condenses covalent bonds at the 

octahedral site and expands covalent bonds at the tetrahedral site. The peak shifts of the 

absorption bands representing A and B FTIR sites indicate an excellent coating with chitosan 

with an optimum hydrodynamic diameter and zeta potential. Room temperature Mössbauer 

spectra of MCFO show that the Mössbauer absorption area of A site decreases, and the 

Mössbauer absorption area of B site increases with x. Mössbauer spectra and M-H hysteresis 

loops at room temperature confirmed that a transition from fast relaxation (superparamagnetic) to 

a mixed slow/fast (superparamagnetic/ ferrimagnetic) relaxation occurs with cobalt content. The 

magnetization increases with x in the bare condition because of the rise in A-B interactions and 

higher magnetic moment of  Co. The cobalt ions tend to occupy the octahedral B site, which 

enhances the A-B interaction. The Tmax and SLP of hyperthermia increase with x due to a higher 

magnetic moment and anisotropy. 

The values of T2 relaxivity, r2, increase with x because of the rise of magnetic moment, 

susceptibility, and anisotropy. The intensity of T2 fast spin echo MRI images and T2 mapping 

MRI shows that the contrast enhancement increases with increasing cobalt content and 

concentration of the solution. The r2 relaxivities of chitosan-coated MCFO ferrite nanoparticles 
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vary between 15.2 to 185.5 mM−1s−1, which shows an almost linear increase with the 

saturation magnetic moment and Co content. Variations of the relaxivity with the anisotropy are 

scattered, but there is an increasing trend of relaxivity with anisotropy and susceptibility. In-vivo 

studies of rat-brain show 29.2 to 41.6% fall of intensity. Intensity drop after 60 minutes of 

injection of contrast agent. The present study validates that the chitosan-coated MCFO ferrite 

nanoparticles are potential candidates for hyperthermia therapy and MRI contrast. However, 

adding cobalt reduces the dose concentration required for hyperthermia therapy and MR imaging. 

The as-synthesized particles were annealed at 200, 400, 600, and 800C for the detailed study in 

thermotherpeutic cancer applications, namely magnetic nanoparticle-mediated hyperthermia and 

laser ablation. The lattice parameter, the particle size, the X-ray density, the ionic radius of the A 

and B site, the hopping length of the A and B site, the bond length of the A and B site, the 

cation-cation distance, and cation-anion distance of the nanoparticles increase with an increase in 

cobalt content and annealing temperature. As the Co2+ content increased, FTIR spectroscopy 

shows that the higher frequency band shifted to a lower frequency region, and the lower 

frequency band shifted to a higher frequency region because Co2+ (0.072 nm) took the place of 

Mg2+ (0.065 nm) at the A site, resulting in a reduction of the covalent bond. Additionally, at the 

B site, Fe2+ (0.0645 nm) replaces Co2+ (0.072 nm), which increases the covalent bond. The 

Raman spectroscopy of magnesium-rich compositions displays a preference for normal spinel 

structures, while that of cobalt-rich compositions reveals a preference for mixed spinel 

structures. Both Raman spectroscopy and FTIR spectroscopy yield comparable results. The value 

of force constant FCT decreases, and FCO increases with increasing Co2+ content x because the A 

site's bond length decreases, and the B site's bond length increases with an increase in Co2+ 

content. TEM studies revealed that the lognormal distribution of the particle size was in the 
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range of 4.3-9.6 nm for the annealing temperature of 200oC, 5.5-15.8 nm for the annealing 

temperature of 400oC, 10.1-24.9 nm for 600oC and 15.9-30.3 nm for 800oC. 

Further, it was found from the HRTEM studies that the degrees of crystallinity increase with 

increasing cobalt content and annealing temperature.TEM images indicate that coated particles 

are dispersed in the solution. Chitosan-coated particles are more dispersed in the solution with 

lower cobalt content, and dextran-coated particles are more dispersed in the solution with higher 

cobalt content. The dispersity of PEG-coated solutions does not depend on the cobalt 

concentration because of the steric repulsion. The hydrodynamic diameter of the chitosan, 

dextran, and PEG-coated nanoparticles are 144-170 nm, 122-135 nm, and 140-160 nm, 

respectively. It decreases with increasing solution concentration and temperature, which is 

favorable for many biomedical applications. A lower polydispersity index (0.101-0.239) and 

higher zeta potential value (35-59 mV) of chitosan-coated particles ensure the higher stability of 

the solution. The saturation magnetization, coercivity, remanent magnetization, remnant ratio, 

and anisotropy constant of the bare magnesium-cobalt ferrite nanoparticles increase with 

increasing cobalt content and annealing temperature. Hyperthermia studies revealed that both the 

specific loss power (SLP) and maximum temperature Tmax attained by all compositions for the 

nanohybrid concentrations of 0.5, 1, 2, and 4 mg/ml increase with the increase of particle size, 

reaches a peak at around 10-15 nm and then sharply decreases. It shows that increased particle 

size and Co-content increase both the anisotropy and particle volume, which are detrimental to 

Neel and Brownian relaxation and severely impede hyperthermia performance. 

As-synthesized MCFO-polymer nanohybrid potential applications were examined as the contrast 

agents for magnetic resonance angiography (MRA). The as-synthesized nanoparticles were 

coated with chitosan, dextran, and PEG to synthesize MCFO-nanohybrid formulations. 
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Magnetization studies by PPMS revealed that compared to uncoated nanoparticles, all coated 

nanoparticles have significantly lower coercive forces and anisotropy energies. For chitosan-

coated Mg1-xCoxFe2O4 ferrite nanoparticle solutions, the average hydrodynamic diameter stands 

at 144 nm to 170 nm. The poly dispersive index (PDI) exists at 0.101 to 0.239, and the Zeta 

potential remains 35 to 59 mV. For PEG-coated Mg1-xCoxFe2O4 ferrite nanoparticle solutions, 

the average hydrodynamic diameter stands at 122 nm to 135 nm. The solution's poly dispersive 

index (PDI)is 0.235 to 0.371, and the Zeta potential stands at 0 to 3 mV. For dextran-coated 

Mg1-xCoxFe2O4 ferrite nanoparticle solutions, the average hydrodynamic diameter is 140 nm to 

160 nm. The solution's poly dispersive index (PDI) is 0.221 to 0.369, and the Zeta potential 

stands at 8 to 15 mV. Cytotoxicity experiments on HeLa cells revealed that chitosan-coated, 

dextran-coated, and PEG-coated magnesium cobalt ferrite nanoparticles are viable for the HeLa 

cells. The particles with lower cobalt content are more viable for the HeLa cells. In MRA study, 

Chitosan-coated agents gradually reduce their effects after 72 hours. PEG-coated agents 

circulated for more time in the blood. The impacts of dextran-coated reduce gradually after half 

an hour. In this study, extensive MRA studies were conducted with all three nanohybrids with 

variations in the composition of MCFO. Chitosan-MCFO nanohybrid produces better MRA 

images with lower cobalt concentrations. On the other hand, PEG-coated and dextran-coated 

samples provide better images with higher cobalt concentrations. The diminishing effects of the 

contrast enhancement were also studied after the initial inoculation with time. It shows that 

contrast enhancements diminish faster for dextran-MCFO nanohybrid and slower for PEG-

MCFO nanohybrid, while chitosan-MCFO nanohybrid diminishes between the abovementioned 

nanohybrid. 
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Hence, cobalt ferrite is the better option for hyperthermia treatment, and magnesium ferrite is the 

better choice for MRI agents. Based on the results of this study, the chitosan-coated magnesium-

cobalt ferrite having a lower x value (0.2≤x≤0.4) is a better choice to perform both the 

hyperthermia and MRI studies simultaneously. Also, PEG-coated samples should be the better 

choice for magnetic resonance angiography images for prolonged circulation half-time 

applications.  
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