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SYNOPSIS 

In general nanotechnology deals with the engineering or manipulation of materials 

with structural features in between those of atoms and bulk materials, which has 

applications in the real world. The term “nano” relates to the scale of size in 

nanometers [1nm = 10-9m] of small particles which serve as the fundamental 

building blocks for intended application. 

Nanoparticles are defined as particles with size in the range of 1 to 100nm at least in 

one of the three dimensions. In this size range, the physical, chemical and biological 

properties of particles change in fundamental ways. It differs from the properties of 

molecular sub-units or its corresponding bulk material. 

Nanoparticles play a major role in many fields of medicine especially in diagnosis, 

therapeutic and regenerative medicinal applications. The basic unit of biological 

systems are cells that are approximately 10 microns in size with intracellular proteins 

in the 5nm range. This is comparable with the dimensions of the smallest synthetic 

nanoparticles. Understanding of biological processes at the nanoscale level is a 

strong driving force behind development of nanotechnology for clinical and 

biological applications. 

During the last one decade, several nanoparticles have been synthesised and 

evaluated successfully for different biomedical applications. Among them, magnetic 

nanoparticles are considered as a potential candidate due to their unique magnetic 

properties. Less than100nm size, these particles exists as a single magnetic domain 

and responds to the direction of magnetic moment at room temperature. This type of 
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magnetism is termed as superparamgnetism. Several materials that exhibit 

superparamagnetic property exist. With magnetite particles gaining considerable 

attention due to their all round performance and were termed as superparamagnetic 

iron oxide [SPION]. In biomedical applications, SPION usage has been reported as 

targeted drug delivery, cell therapy, gene therapy, non-invasive biomolecule 

controlling, MRI contrast agent, hyperthermia therapy and theranostic applications. 

SPIONs have been evaluated by numerous authors on their multi-faceted 

applications. There is still a lack of distinct information on magnetic nanoparticles 

development, surface modification and magnetic property alterations to fit actual 

clinical needs and address biological safety issues.  

One of the major problems associated with SPIONs are their instability in colloidal 

condition due to the large surface area along with poor surface charge potential. As a 

result the particles aggregate and form large clusters. Aggregates perform sub-

optimally when compared to uniform colloidal suspension of nanoparticles. 

Aggregated particles resist cellular uptake, promote clearance via the 

reticuloendothelial system and generate uncontrolled temperature variations in 

hyperthermia applications. Thus cell separation, therapeutic application of guided 

delivery; contrasting applications in MRI are rendered non – feasible. To reduce the 

aggregation potential, several molecules and crystals were studied as surface 

protection and stabilization agent for SPIONs. Among them, use of an inorganic 

matrix, hydroxyapatite (HA), was recognized as effective for imparting surface 

modification. HA surface modification was proposed to regulate the magnetic 

property of SPION via its nonmagnetic nature. 
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The magnetic nanoparticle should have good magnetic susceptibility and magnetic 

response for diagnostic and therapeutic application. However, common spinel ferrites 

SPIONs have intrinsic magnetic properties with standards far below than optimum. 

In order to improve their magnetic property, the best method is to substitute Fe2+ ions 

in the SPIONs crystal with a biocompatible magnetic ion having maximum magnetic 

moment. The‘d’ block elements such as Co, Ni, Mn, Zn and Cu were evaluated and 

Mn identified as a suitable candidate for substitution. Thermal decomposition, 

microemulsion, hydrothermal and sonochemical processes were reported for ionic 

substitution in SPIONs. In these techniques, particles obtained are hydrophobic due 

to the non-polar hydrocarbon molecules at the surface and therefore are insoluble in 

aqueous media. 

Main requirements for a MRI contrast agent are aqueous dispersion ability and 

colloidal stability. The relaxivity of nanoferrites are based on the ease of its surface 

contact with water molecules and proton relaxation. Also unstable ferrite particles 

get aggregated and act as a ferromagnetic system, which would adversely affect the 

application in targeted delivery and therapy. Hence a stable surface modification is 

essential for nanoferrite particles which can impart high aqueous dispersion ability 

and colloidal stability. 

In a conventional route, the biocompatible polymeric molecules were used for 

nanoferrite stabilization. However due to the weak interactions like hydrogen 

bonding and   physical force surface interactions, the polymeric molecules may 

easily detach from the nanoparticles surfaces under harsh in vivo condition. The 

recent studies revealed that inorganic molecule like trisodium citrate can possibly be 
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used as a dispersion agent which form stable chemical bonding to nanoparticle 

surface and act as a suitable nanoferrite stabilizer. 

Based on an exhaustive literature review and current work in the biomedical field, 

our main objectives were defined as follows 

1. To prepare surface modified superparamagnetic iron oxide particles via an 

aqueous method. 

2. To evaluate the magnetic field guided cell delivery and culturing via magnetic 

nanocomposite. 

3. To explore the feasibility of above nano particles for therapeutic hyperthermia & 

MRI contrast enhancement.   

4. To enhance theranostic [MRI contrast and hyperthermia] properties of SPION via 

aqueous crystal modification and stabilization. 

The thesis is divided into following chapters: Introduction, Literature Review, 

Materials and methods, Results and Discussion, Summary and Conclusion.   

Chapter 1- Introduction  

This chapter provides an introduction to the field of nanotechnology, nanoparticles, 

importance of magnetic nanoparticles and up to date details of its potential 

applications. Major part deals with the current challenges, modification of 

nanoparticles and limitation associated with SPIONs. The demand for crystals 

substitution, surface modification along with stability, efficiency and compatibility 

issues are addressed. An introduction to stable surface coating and its importance in 
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application level is also discussed. Further the magnetic metal ion substitution into 

SPION crystal and its relevance in therapeutics has been discussed.  

Chapter 2- Literature review 

The literature review addresses the field, tracing out the origin and importance of 

SPION and to its potential biomedical applications. The use of Magnetic Resonance 

Imaging as a diagnostic tool, role of nanoparticle contrast agents, nanoparticle 

application in cell manipulation, 3D culturing & SPION based hyperthermia 

applications have been addressed. More over the development of different 

preparation methods of SPION, their surface modification and limitations, 

importance of inorganic moiety stabilizers are also described. The crystal 

substitutions for magnetic property improvement were addressed along with the 

emergence novel processing methods. 

Chapter 3 – Materials and Methods 

3.1 Synthesis of superparamagnetic iron oxide embedded hydroxyapatite composites 

[HAIOs] and SPION 

The synthesis of HAIO has been carried out by co-precipitating iron salt and calcium 

phosphate precursors in alkaline medium. The iron salts were taken in such way as to 

get a molar ratio of ferric and ferrous 1:2. The Ca (NO3)2·4H2O and (NH4) H2PO4 

solutions were taken in such a way as to get the Ca/P ratio of 1.67. The calcium 

solution was mixed with iron salt precursors and deoxygenated at elevated 

temperature. Followed by increases the pH of solution via addition of 25% ammonia 

solution along with (NH4)H2PO4. The precipitate was washed, freeze dried and 
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characterized. The HAIO samples having weight percentage ratios of 10–90 were 

synthesised using the same method. In an ascending order of iron oxide weight 

percentage in the composite, the samples are termed as HAIO10, HAIO20, HAIO30, 

HAIO40, HAIO50, HAIO60, HAIO70, HAIO80 and HAIO90. Bare SPION was also 

prepared using a co-precipitation method. 

Physicochemical characterization of HAIOs and SPION 

High-resolution TEM (HRTEM) along with EDS and ESEM along with EDS 

analysis was performed to evaluate the morphology, particle size, and composition 

analysis. The phase purity of crystals was analyzed using an X-ray diffraction and 

functional group analysis using FT-IR technique. The size and zeta potential 

measured by DLS measurement and magnetic property analyzed through VSM 

technique. 

Biological evaluations of HAIOs and SPION 

The cell viability and haemocompatibility of HAIOs and SPION were analyzed via 

MTT assay, alamar blue assay and hemolysis analysis studies in various 

concentrations.  Cell uptake of HAIOs was assessed through Prussian blue staining. 

Further; HAIO particles post exposed cellular response was evaluated by flow 

cytometry, phase contrast light microscopy and confocal laser scanning microscopy.  

3.2 Cell separation or manipulation and its culturing 

HeLa cells were treated with HAIO particles and were concentrated and separated 

from suspension via an external magnetic field. The separation efficiency, cellular 

morphology, viability were evaluated by various techniques such as coulter counter 
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cell counting, UV transilluminator, cLSM and ESEM. Further the separated cells 

were cultured under in vitro condition and assessed the cell proliferation, 

morphology and cytoskeleton structures.  

3.3 Three dimensional model cell culture using HAIO and HAIO based magnetic 

microsphere  

The HAIO incorporated cells were levitated with the aid of external magnetic field 

and cultured in a 3D model under in vitro condition. Cells proliferation, morphology, 

cytoskeleton structure has been evaluated. Further the magnetic microspheres were 

developed using HAIO and polycaprolactone through solvent evaporation technique. 

The developed microspheres were characterized using physicochemical techniques 

such as SEM, XRD, and FTIR and followed by carried out biological evaluations 

cytotoxicity and hemolysis. Moreover these microspheres were used for magnetic 

levitated 3D cell culture system and evaluated the morphology, viability and 

cytoskeleton. 

3.4 Theranostic evaluation of HAIO [Magnetic hyperthermia and MRI contrast 

agent] 

Evaluation of hyperthermia: Hyperthermia potential of various concentrations of 

HAIO was investigated using Ambell Easy Heating system and measured the time-

temperature profile and specific loss power [SLP]. Hyperthermia efficiency of HAIO 

to cancer cells destruction was assessed under in vitro condition. The cell death was 

estimated through flow cytomerty and ESEM techniques.  
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Evaluation of MRI contrast: Contrast efficiency of HAIO in MRI imaging was 

measured by aqueous phantom studies under 1.5T clinical MRI system. Relaxivity 

coefficient and in vitro pixel intensity variation of HAIO were also calculated.  

3.5 Synthesis of manganese [Mn2+] substituted SPION crystals [MnIO] 

The Mn2+ substituted SPIONs were synthesized using aqueous co-precipitation 

method. The experimental procedure was repeated for various molar compositions of 

Mn2+ to Fe2+ ratios of 1:3, 1:1 and 3:1 keeping the concentration of ferric salt 

solution constant, (represented as MnIO25, MnIO50 and MnIO75, respectively). 

Bare SPIONs were prepared according to a previously reported procedure using 

ferrous and ferric chlorides in a 1:2 molar ratio under the same reaction conditions. 

Physicochemical characterizations: The crystal structure, particle size, morphology 

were analyzed by using XRD, HRTEM and ESEM techniques. Further chemical 

composition identified through ICP-OES and EDS analysis and the chemical 

bonding evaluated by FT-IR spectroscopy. Followed by the chemical decomposition, 

magnetic properties, surface potential, hydrodynamic sizes were measured through 

TG-DTA, VSM, DLS techniques.  

Biological evaluation: Cytotoxicity, haemocompatibility and cellular uptake of 

MnIOs were measured through Alamar Blue assay, hemolysis test, and Prussian blue 

staining respectively. The MnIOs post exposed cell morphology and cell viability 

were examined using cLSM, ESEM and light microscopic techniques.  
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3.6 MRI contrast efficiency of MnIOs 

The relaxivity coefficients of MnIOs were measured via aqueous phantom studies. 

Various concentrations of MnIOs dispersed in deionized water and carried out the 

MRI phantom studies. Followed by the pixel intensity of images plotted against 

concentration of material and calculated the relaxivity.  

3.7 Colloidal stabilization of MnIOs by surface modification and theranostic 

evaluation [MRI contrast and hyperthermia therapy] 

In order to stabilize the MnIOs in colloidal condition; particles were surface 

modified via trisodium citrate molecules and termed as MnIOTCs. Stabilized 

particles were characterized using TEM, SEM, TG-DTA, FT-IR, and VSM 

techniques. MnIOTCs biocompatibility was studied through assessing the 

cytotoxicity, hemolysis, cell uptake, material exposed cytoskeleton evaluations.  

MRI contrast analysis: The relaxivity of MnIOTCs were calculated using MRI 

aqueous phantom experiment. The MnIO75TC was selected and conducted in vitro 

cellular MRI studies. 

Hyperthermia study: to evaluate the heating efficiency of MnIO75TC, sample was 

subjected to an alternating magnetic field, time-temperature profile observed and 

SLP values calculated. Ability of hyperthermia mediated by MnIO75TC to induce 

cell death in a cancer cell line was examined under in vitro condition and 

characterized using flow cytometry, cLSM, ESEM techniques.  
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Results and discussion (Chapter 4 & 5) 

A homogeneous dispersion of Superparamagnetic iron oxide nanoparticle embedded 

in hydroxyapatite (HAIO) particles were synthesised by a co-precipitation method. 

The in-situ generated dispersion of the composite powders showed nanosize HA 

particles with ~5 nm sized superparamagnetic iron oxide embedded inside. The XRD 

phase analysis results revealed the presence of HA and SPION with no tertiary 

phase. The ascending molar compositions [SPION concentrations] such as 10, 20, 

30, 40, 50, 60, 70, 80 and 90 were developed using same method and labelled as 

HAIO10, HAIO20, HAIO30, HAIO50, HAIO60, HAIO70, HAIO80 and HAIO90. 

Depending on the molar concentration of SPION with respect to HA, the 

enhancement of corresponding crystal relative peak intensities in XRD demonstrated 

the phase pure formation of crystals. HRTEM and SEM results of the HAIO 

composite having lesser content of SPION shows needle like nanocrystal and on 

increasing the SPION concentration the particle morphology gradually changes from 

needle form to spherical shape. In FTIR spectra, characteristic phosphate peaks 

indicating the HA crystal and peaks at 572 cm-1 confirm the presence of magnetite 

phase of SPION. EDS spectra, ICP-OES analysis confirms molar compositions and 

VSM measurement demonstrated the superparamagnetic property of HAIOs.  

Biological evaluation via MTT assay, Alamar Blue assay, Hemocompatibility, blood 

cell aggregation tests, Prussian blue staining, material exposed flow cytometric 

analysis, and cytoskeleton evaluations demonstrated that the HAIOs are non - toxic 

in nature. However our interest was on lesser content of SPION embedded HA 
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crystals having good magnetic property and compatibility, which was observed in 

HAIO50 and was selected for potential application studies such as cell therapy, MRI 

contrast and hyperthermia. 

In a cell therapy, efficient delivery of cells to targeted sites at optimal concentrations 

within rational limits of damage to normal tissue is a major challenge. Cell 

conjugated magnetic nanoparticles enable external field based mobility & location 

management in biological systems. Based on these studies, the HAIO50 was selected 

for separation of cells and the concentration of HAIO50 for efficient cell separation 

was optimized. The magnetically separated cells were cultured and evaluated the 

proliferation, viability and cytoskeleton structure. In order to explore the possibility 

of cell manipulation and control, the HAIO50 tagged HeLa cells were levitated using 

an external magnetic field and cultured in a 3D model condition. The cells 

morphology, proliferation and structures were assessed through ESEM, cLSM and 

light microscopy. The results demonstrated that HAIO50 can be considered as an 

ideal vehicle for 3D model cell culturing. Moreover magnetic microspheres were 

made with the aid of polycaprolactone in a solvent evaporation technique. The 

structure, shape and chemical bonding were confirmed by XRD, FTIR and ESEM 

analysis. Alamar Blue assay, hemolysis and cell adhesions tests affirmed the cell 

friendly nature of microspheres. Furthermore, cells attached to magnetic 

microspheres were used for 3D culturing via magnetic levitation. These cells were 

characterized using ESEM & fluorescent microscopy. The results suggested that the 

magnetic microspheres are useful for tissue engineering application. 
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Hyperthermia efficiency of SPION & HAIO50 was measured using Ambell Easy 

induction heating system at various concentrations. The SLP values of materials 

were calculated using time temperature profiles. HAIO50 showed controlled 

temperature generation due to the nonmagnetic HA surface coating over SPION. 

Effects of particle mediated hyperthermia on cancer cell lines was examined under in 

vitro condition and characterized using FACS and ESEM techniques. The results 

revealed that more than 75% of cells were non – viable with reduced cellular 

integrity. It was found that the HAIO50 based hyperthermia induced cell death via 

apoptosis and not via necrosis. The MRI contrast effect of HAIO50 was examined in 

aqueous phantom study and the relaxivity constant was calculated. Also in vitro 

cellular imaging has been carried out with various concentrations of HAIO50. The 

results demonstrated that HAIO50 can possibly be used as a contrast agent in MRI. 

The combined effect of MRI contrast efficiency and hyperthermia property 

suggested that HAIO50 may be considered as a future theranostic agent for cancer 

treatment.    

In order to improve the contrast effect in MRI technique of spinel ferrite, an in situ 

substitution of Mn2+ was performed in SPION and a series of ferrite particles, 

MnxFe1-xFe2O4 with a varying molar ratio of Mn2+ : Fe2+ where ‘x’ varies from 0–

0.75 were developed. Manganese substituted ferrite nanocrystals (MnIOs) were 

synthesized using a novel, one-step aqueous co-precipitation method based on the 

use of a combination of sodium hydroxide and trisodium citrate (TC). This approach 

yielded the formation of highly crystalline, superparamagnetic MnIOs with good 

control over their size and bivalent Mn ion crystal substitution. Primary 



xxxv 

 

characterizations such as structural, chemical and magnetic properties demonstrated 

the successful formation of manganese substituted ferrite. More significantly, the 

MRI relaxivity of the MnIOs improved fourfold when compared to SPION crystals 

imparting high potential for use as an MRI contrast agent. Further, the 

cytocompatibility and blood compatibility evaluations demonstrated excellent cell 

morphological integrity even at high concentrations of nanoparticles supporting the 

non-toxic nature of nanoparticles.  

However the poor surface potential of MnIOs showed instability in aqueous system. 

Hence their surfaces were modified using trisodium citrate molecules and termed as 

MnIOTCs. The MnIOTC was analyzed by physicochemical and biological 

characterization techniques. Size distribution calculation from TEM and SEM 

morphological analysis suggests that the particle size is below 20nm. Further, the 

FTIR, TGA, DLS and zeta potential measurements support the presence of citrate 

molecule on the crystal surface. XRD and SEM-EDS patterns confirmed the phase 

pure spinel structure. Superparamagnetic property of MnIOTCs was measured by 

vibrating samples magnetometer. Materials on evaluation exhibited good 

cytocompatibility & hemocompatibility. Upto 75 % Mn2+ substituted ferrites having 

good magnetic property and stability was prepared. This was obtained in the molar 

concentration of Mn2+ to Fe2+ as 3:1and it termed as MnIO75TC and selected for 

theranostic evaluations. MnIO75TC exhibited high T2 relaxivity of 184.6 mM-1s-1 in 

MRI phantom experiment and showed excellent signal intensity variation in the in 

vitro cell studies. Hyperthermia via application of an alternating magnetic field to 

MnIO75TC in a HeLa population induced apoptosis. FACS evaluation and post-
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hyperthermia imaging by confocal laser scanning microscopy confirmed the 

observation. ESEM imaging showed significant disruption in the morphological 

structures in post-hyperthermic cells. The potential of MnIO75TC for contrast 

enhancement in MRI and hyperthermia therapy was demonstrated confirming its 

utility in the burgeoning field of theranostics. 

Chapter 6- Summary & Conclusion  

Novel SPION embedded hydroxyapatite  nanocomposites [HAIOs] were  developed  

which showed excellent stability in aqueous medium, optimum responses to the 

external magnetic field and non toxicity under in vitro condition. The HAIO50 

exhibit high concentration of cellular uptake and can be guided through a magnetic 

field and can be used for high through put cell culture system in a 3D model via 

magnetic levitation. HAIO50 demonstrated stable hyperthermia temperature 

generation and good contrast effect in MRI technique. Further manganese substituted 

iron oxide nanoparticles were synthesized via an aqueous co-precipitation method.  

The surface modified manganese ferrite particles showed excellent contrast effect in 

MRI imaging and hyperthermia therapy. Thus we have developed surface modified 

and stabilized two superparamagnetic nanoparticles [HAIO and MnIO] for functional 

biomedical applications. 
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Chapter 1 

INTRODUCTION  

1.1 Nanotechnology 

Nanotechnology is technology at the nanoscale. It involves the creation and 

development of materials with structural features in between those of atoms and bulk 

materials, which has applications in the real world. The term “nano” refers to the 

scale of the observed area in nanometer [1nm = 10-9m]. The importance of 

nanotechnology was pointed out by Feynman as early as 1959, in his often-cited 

lecture titled ‘‘There is plenty of room at the bottom’’(Feynman, 1960). Properties of 

materials of nanometric dimensions are importantly varied from those of atoms as 

well as those of bulk materials (Varadan, 2010). Modulation of structural properties 

of materials at the nano scale can lead to new science as well innovative devices and 

advanced technologies. The underlying theme of nanotechnology is miniaturization. 

It covers the production and application of physical, chemical and biological systems 

as size scales, ranging from individual atoms or molecules to submicron dimensions 

as well as the integration of the resulting nanostructure into larger systems. There has 

been an explosive growth of nanoscience and technology in the last few years, as 

new strategies for the synthesis of nanomaterials and new tools for characterization 

and manipulation have been developed. There are many examples to determine the 

current creation and paradigm shifts in this area. Evolving surface qualities as 

compared with volume of materials plays an ever increasing role, and the cumulative 

quantum physical effects must be given adequate consideration in nanotech. 
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In the last decade nanotechnology based interventions have been at the forefront of 

engineering, medical and biological fields of research and application. Improvement 

of existing technologies, development of new techniques and cost effective delivery 

of the same is expected from nanotech based applications.  

In the biomedical field it is poised to make potentially revolutionary innovations in 

the theranostics & imaging (Labhasetwar and Leslie-Pelecky, 2007). 

Nanotechnology based diagnostic tools can detect abnormalities even at molecular 

level that potentially lead to disease progression. Nanoparticles serve as the key 

building blocks in several applications, improving on specification and accuracy.  

1.2 Nanoparticles 

Nanoparticles are defined as particles in the range of 1 to 100nm at least in one of 

three dimensions. Nanomaterial properties based on the “size effect” are most 

intriguing to researchers.  The effects determined by size relate to the evolution of 

structural, thermodynamic, electronic, spectroscopic, electromagnetic and chemical 

features of these finite systems. In nanosize range, the particle’s physical, chemical 

and biological properties change in fundamental ways from properties of 

atoms/molecules and of the corresponding bulk material. Nanoparticle structure and 

properties play a key role in fundamental studies and practical applications in a range 

of disciplines (Rotello, 2012a). 

Nanoparticles can be made of materials of distinct chemical nature, the most 

common being metals, metal oxides, polymers, silicates, non-oxide ceramics, 

organics, carbon and biomolecules. Nanoparticles exist in various morphologies such 

as cylinders, spheres, platelets, tubes etc. Normally, they are designed with surface 
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modifications to meet the needs of specific applications. The extended diversity of 

the nanoparticles arise from their disparate chemical origins, shapes and 

morphologies, medium of dispersion, state of dispersion and the possible surface 

modifications, which make this an important field of science (Nogi et al., 2012).  

At the nanoscale, particle surfaces indicate the presence of a high fraction of 

constituent atoms/molecules. Thus the material exhibits a large surface area to unit 

volume ratio. Nanoparticles display interesting optical properties since the absorption 

and/or emission wavelengths can be controlled by particle size and surface 

functionalization. Whenever the nanoparticle size is below the critical wavelength of 

light, then transparency can be achieved. The chemical nature and size of the 

nanoparticle control the ionic potential or electron affinity and thereby the electron 

transport properties. Further, in some metal and metal oxides, decrease in particle 

size results in improved magnetic property. Metal nanoparticles are considered to be 

the building blocks of the next generation of electronic, optoelectronic and chemical 

sensing devices (Rotello, 2012b). 

Nanoparticles are broadly classified into two types, organic: and inorganic molecule-

based systems.  Major issue associated with organic molecule-based nanoparticles in 

contrast to inorganic systems during application in the biomedical field are:  

(i) Oral route non - tolerance (ii) Poor encapsulation efficiency, (iii) Outflow of 

water-soluble drugs in the presence of blood components, (iv) Batch-to-batch 

reproducibility issues (v) Aggregation and poor storage stability (vi) Difficult scale-

up processes & (vii) Toxicity (Fuente and Grazu, 2012).   
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Mainly there are two techniques for the development of inorganic nanoparticles; the 

first one is ‘top-down’ approach, which involves breaking down large pieces of 

material, generally by attrition or milling, to generate nanoparticles. Etching and 

lithography are probably the most typical examples of this approach. But the biggest 

problem of the ‘top-down’ approach is the heterogeneity of the resulting product. 

Particles produced in this way usually present broad size distribution and varied 

particle shape. They might contain a significant amount of impurities from the 

milling medium. Also, the material surface presents important defects and 

crystallographic damage. The second approach is known as ‘bottom-up’ and implies 

assembling single atoms and molecules into larger nanostructures. In this way, we 

have a better chance to obtain particles with less defects, more homogeneous 

chemical composition and narrower size and shape distribution. There are several 

inorganic nanoparticles such as gold, iron oxide, carbon nanotubes and quantum dots 

etc. reported in different ways of synthesis-based on their application potentials 

(Rotello, 2012b), (Cao and Wang, 2011).  

1.3 Importance of Nanoparticles in the Biomedical Field 

Nanoparticles are projected to play a major role in the biomedical field, especially in 

diagnosis, therapeutic and regenerative medicine applications. The basic unit of 

biological system are cells and is approximately 10 microns in size. Even the 

intracellular proteins size with a typical size of just 5 nm, are comparable with the 

dimensions of the smallest manmade nanoparticles This simple size comparison 

gives an idea of using nanoparticles as very small probes that would allow us to spy 
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on cellular machinery without introducing too much interference (Wang et al., 2012), 

(Treuel et al., 2013). 

In-depth understanding of biological processes at the nanoscale level is fuelled by 

advances in nanotechnology. There are several reports on nano-engineered tissue 

scaffolds and nanostructured biomaterials and coatings for implants and prostheses 

for tissue design, reconstruction, and reparative medicine (Liao et al., 2008), 

(Khademhosseini et al., 2010). In bone implants, a smooth surface is likely to cause 

production of a fibrous tissue covering the surface of the implant. This reduces the 

bone - implant contact, resulting in loosening of the implant and leads to implant 

failure. Nano-sized features on the surface of implants could reduce the chances of 

rejection as well as stimulate the attachment and proliferation of osteoblasts (Bose et 

al., 2012),(Lv et al., 2013). Nanoparticles have potential applications in drug delivery 

systems, as it’s possible to deliver minimum quantity of drugs to a specific site via 

targeted delivery. The fluorescent nanoparticles such as quantum dots, gold 

nanoparticle and magnetic nanoparticle have been reported for diagnostic purposes. 

These particles have showed excellent photo stability, narrow range of emission, 

broad excitation wavelength, and multiple possibilities of modifications. 

Nanoparticles aid in specific site based in vivo imaging. Surface engineered 

nanoparticles have been studied for early detection of cancer cells (Nune et al., 

2009). Also, the gold and carbon nanotube crystals under NIR laser, magnetic 

nanoparticles under alternating magnetic field can generate heat energy and is useful 

for noninvasive  cancer therapeutic purposes (Shi Kam et al., 2004).  
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Recently, the theranostics approaches to treatment have evoked interest in 

interventional medicine. Theranostics is based on using drugs or specifically 

developed methods for simultaneous diagnosis and treatment. The integrated nano -

therapeutic system which can diagnose, deliver targeted therapy and monitor the 

response to therapy is envisaged. It is assumed that a combined technique will result 

in the acceleration of drug development, improved disease management and reduce 

risks at decreased cost. Prime causes of mortality and morbidity require targeted 

approaches as described above at the earliest. (Yoo et al., 2011), (Ho et al., 2011).  

1.4 Magnetism and Superparamagnetic Nanoparticles 

Magnetic materials are those materials that show a response to an external magnetic 

field. Depending on the nature of response, they are mainly classified into 

paramagnetic, diamagnetic, ferromagnetic, anti - ferromagnetic and ferrimagnetic. In 

paramagnetic materials, magnetic domains are absent and the magnetic moments are 

generated by unpaired electrons. These materials do not retain magnetic property 

after the removal of the external magnetic field. A diamagnetic material has no 

unpaired electron and shows zero net magnetic moment under external magnetic 

field. In the case of ferromagnetic materials, atoms have net magnetic moment due to 

unpaired electron. Also, the materials composed of domains [a region having 

uniform direction of magnetization] and each domain containing large number of 

atoms, whose magnetic moments are parallel to producing a net magnetic moment 

and a residual magnetic moment exists even after the removal of the external 

magnetic field. The antiferrromagnetic materials are compounds of two different 

atoms that occupy different lattice positions, which have equal magnetic moment 
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with opposite directions and the net magnetic moments becomes zero. Ferrimagnetic 

materials having different atoms reside on different lattice sites with anti - parallel 

magnetic moment and shows net magnetism in the presence of external magnetic 

field(Coey, 2010), (Jiles, 1998).  

Ferromagnetic particles which are less than 100nm size exhibit a special type of 

magnetism termed as “superparamagnetim”.  In this size the coercivity drops down 

which results in corresponding reduction in anisotropy energy with size. The 

anisotropy energy, which holds the magnetization along an easy direction is given by 

the product of the anisotropy constant, K, and the volume, V of the particle. As the 

volume gets reduced, KV becomes comparable to the thermal energy, kBT. As a 

result, the thermal energy can overcome the anisotropy “force” and spontaneously 

reverse the magnetization of a particle from one easy direction to the other, even in 

the absence of an external magnetic field. This phenomenon is termed as 

superparamagnetism. The magnetic moment of superparamagnetic particles is so 

much larger than that of atoms. Iron oxide particles contain magnetite and 

maghemite phases. At nanosize iron oxide particles are superparamagnetic in nature. 

Superparamagnetic nanoparticles have considerable interest in the biomedical field 

compared to other types of nanoparticles (Getzlaff, 2007), (Alez, 2012). 

1.5 Potential Application of Superparamagnetic Nanoparticles in the Biomedical 

Field 

1.5.1 Targeted Cell Therapy 

Tissue Engineering depends on targeted delivery of cells & cellular components and 

facilitators as part of path breaking Regenerative Medicine applications. However, 
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the treatment modality faces several problems due to the lack of specificity and 

targeting ability.  The SPION shows excellent response to external magnetic field 

guidance in a non-invasive manner. SPIONs utilization has been reported for several 

targeted drug delivery, gene delivery and therapeutic agents. Cells combined with 

magnetic nanoparticles can be easily guided, concentrated and delivered to a selected 

area. This could address the non-essential accumulation of administered therapeutic 

cells and ensures better efficiency(Gupta and Gupta, 2005), (Parsa et al., 2015).  

1.5.2 Diagnostic Tool- Magnetic Resonance Imaging (MRI) Contrast Agent  

MRI is a premier non – invasive imaging technology utilized in the clinical diagnosis 

of disease. Imaging proficiency is adequate to obtaining tomographic images of 

living subjects with high spatial resolution as a result of perturbation of tissue water 

protons in the presence of an external magnetic field (Westbrook, 2014).  

Among existing imaging tools, new and amended techniques are continuously 

deployed. Implementation of new imaging technologies in an accessible diagnostic 

environment requires massive investment in terms of time, cost & skill acquisition. 

Development of accessories that maximize existing devices or image tools are 

therefore preferred (Na et al., 2009). A highly efficacious add-on is an imaging probe 

or contrast agent, which is innovative to amend its visibility in the image. 

Superparamagnetic iron oxide (SPION) shows excellent contrast enhancement in 

MRI images. As these particles have large value of magnetic susceptibility, which 

can generate large magnetization in local area and can alter the spin-spin (T2) 

relaxation of environmental protons.  This property creates good contrast enhacement 
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in MRI images and is possible to ease disease diagnosis (Lee et al., 2006),(Wang et 

al., 2001). 

1.5.3 Therapeutic Agent – Magnetic Hyperthermia Cancer Treatment 

Hyperthermia therapy involves exposure to slightly higher temperatures, to damage, 

kill or make cancer cells more sensitive to the effects of radiation & chemotherapy. 

Cancer cells with inherently poor heat shock protein activation are susceptible to 

temperature fluctuations. Hyperthermia via traditional methods may lead to 

uncontrolled temperature generation and cause collateral damage to normal tissues.  

Localized cancer therapy mediated by magnetic nanoparticles is therefore possible. 

Reducing collateral tissue damage results in lack of side effects and ensures delivery 

of therapy to targeted cell population alone. Superparamagnetic nanoparticles 

targeted to tumor tissue are excited at the target site via application of an alternating 

external magnetic field. This induces controlled temperature generation at desired 

site inducing apoptosis in malignant cells (Kobayashi, 2011), (Giustini et al., 2010). 

1.6 Limitation of the Current Approaches 

The use of magnetic nanoparticles has been explored in several studies in the 

biomedical field. However there is a serious deficit of information in the 

development, stabilization and magnetic property modifications of magnetic 

nanoparticles aimed at the biomedical niche. The major limitations are outlined 

below.  

1. Biomedical and Bioengineering applications require high magnetization values 

and particle size smaller than 100nm. Size distribution should be narrow to ensure 



10 

 

that the particles showed uniform physical and chemical properties. Lack of stability 

of particles in colloidal solutions is a grave issue.  Aggregation is prominent in cases 

where particles have a large surface area coupled with poor surface potential leading 

to increased hydrophobic interactions. In these cases the van der Waals forces 

between particles are greater than electrostatic repulsive forces produced by the 

nanostructure surface.  This causes the particles to form large clusters and increase 

measured particle sizes. In the case of iron oxide nanoparticles these clusters exhibit 

strong magnetic dipole -dipole interactions and showed ferromagnetic behaviour 

(Mohamed, 2014), (Hu and Apblett, 2014).  

2. The Reticular Endothelial System (RES) is an immune system component, 

utilizing macrophages, monocytes, Kuffer cells, spleen and the lymphatic system to 

remove foreign bodies. Nanoparticles with poor surface potential and high 

aggregation rates are more prone to clearance via the RES. Anomalous surface 

charge on particles may impede circulation via occlusion of circulatory vessels 

(Longmire et al., 2008), (Singh et al., 2010).  

3. Cellular manipulation via nanoparticles is based on the ability of the particles to 

remain in suspension with non-significant levels of aggregation. Cells conjugated 

with nanoparticles via surface charge interaction can be guided by a non-invasive 

magnetic field. In case of nanoparticle aggregation, the surface potential decreases to 

zero and causes failure of cell surface interactions. This lack of colloidal stability 

may lead to failure of cell – manipulation procedures. (Kolosnjaj-Tabi et al., 2013), 

(Yang et al., 2012).  
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4. When nanoparticles in suspension are placed in the presence of an alternating 

magnetic field, hyperthermia generation is induced. Heat generated via this process 

depends on the magnetic identity of the particles involved. Aggregated particles with 

strong interaction exhibit ferromagnetic nature.  It retains magnetic property even in 

the absence of external magnetic field. Non–aggregated particles exhibit 

superparamagnetic nature in an alternating external magnetic field and does not 

retain magnetic property in the absence of an applied field. Moreover, for 

hyperthermia applications aggregated particles materials are not preferred due to 

possible overheating. This could damage non – malignant tissues. (Lao and 

Ramanujan, 2004), (Yoo et al., 2011).  

5. Surface modifications are widely utilized to improve stability of nanoparticles in 

solution. Conventional approach uses coatings based on biocompatible polymers.  

However, due to the weak interactions like hydrogen boding and opposite charged 

physical surface interactions, the polymeric molecules may detach under harsh in 

vivo condition. (Moghimi et al., 2001),(Gupta and Gupta, 2005), (Zhang et al., 2002). 

6. The most essential property of magnetic nanoparticles for biomedical applications 

is good magnetic property and excellent field response. However, common spinel 

ferrite SPION has intrinsic magnetic property far below that of the optimal level. To 

improve efficiency; modifications are incorporated during the synthesis process. One 

among the best techniques for magnetic property modification is crystal ion 

substitution with appropriate candidate. Several d-block elements are suitable for 

ionic substitution.  However, based on elemental toxicity, hydrophobic nature, & 

leaching property a suitable candidate has to be selected. Furthermore, various 



12 

 

methods have been evolved for preparing iron oxide crystal modification. 

Conventional techniques are non-polar or organic solvent based high temperature 

decomposition. The hydrophobic hydrocarbon molecules at the surfaces of 

nanoparticles inhibit proper dispersion in polar solvents. Hence, the current challenge 

in this area is to develop a novel synthetic method for aqueous dispersed magnetic 

particles with enhanced magnetic properties (Sun et al., 2004), (Pereira et al., 2012).  

This thesis is a detailed investigation into the development of superpramagnetic iron 

oxide particles in an aqueous condition, followed by addition of a stable surface 

protection via an in-situ technique. These surface modified magnetic nanocomposite 

particles are used to assess potential applications such as cell manipulation, 3D 

model cell culture & theranostics. Crystal substitution is executed and examined via 

detailed characterizations. The substituted particle was also evaluated for application 

in theranostics.  

Hypothesis 

Surface modified and stabilized superparamagnetic nanoparticles for biomedical 

applications.  

Objectives of the Study 

SPION’s with surface modifications via aqueous in-situ technique have not been 

widely reported. Reported abilities include drug delivery and gene delivery 

applications. However cell concentration, site targeting, regenerative medicine 

applications and 3D culture methods have not been widely explored. Also reports of 

magnetic hyperthermia and MRI contrast agent applications have not been 
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investigated in detail. This study undertakes a closer look at controlled temperature 

generation, mechanism of cancer cell destruction and corresponding MRI contrast 

efficiency.  

The study aims to address the concerns above via the following pathways:  

1. To prepare surface modified superparamagnetic iron oxide particles via an 

aqueous method. 

2. To guide cell delivery and culturing via magnetic nanocomposite. 

3. To explore theranostic properties such as therapeutic hyperthermia and MRI 

contrast enhancement.   

4. To enhance theranostic properties of superparamagnetic iron oxide particle via 

aqueous crystal modification and stabilization. 

The thesis has been divided into six chapters for a holistic overview of the problem at 

hand. Chapter 1 provides a brief glimpse at the terminology, technology and the 

major issues in play. Chapter 2 undertakes a comprehensive literature analysis, 

covering technical approaches, current limitations and possible avenues of approach 

backed up with latest citations. Chapter 3 lays down the protocols used through out 

the study, details of techniques developed and parameters of experimental design. 

Chapter 4 lays out the results and observations gleaned from experimental analysis in 

prescribed formats, with critical discussion of results making up Chapter 5. Chapter 6 

draws together important findings of this study, provides comparison with the current 

state of the art and teases out new directions for the work ahead. 
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Chapter 2  

LITERATURE REVIEW  

 2. 1 Superparamagnetism and Superparamagnetic Iron Oxide Nanoparticles 

[SPION] 

The scale of reduction in materials shows changes in their basic structure, which in 

turn greatly modifies the electronic, optical and magnetic properties (Varadan, 2010). 

Generally, considering magnetic materials, ferromagnetic substances exhibit 

permanent magnetic properties. This is because of the large number of magnetic 

domain [magnetic domain: the small area of material having same direction of 

magnetization] are aligned in an easy direction. On decreasing the particle size, the 

numbers of domain formations decrease. At less than 100nm particle size it acts as a 

single domain. Frenkel and Dorfman were the first to predict that a ferromagnetic 

material below a critical size would consist of a single magnetic domain. From the 

Neel and Brown theories, these particles’ magnetization vector can change its 

orientation with the aid of thermal fluctuation (Getzlaff, 2007). When the size of the 

magnetic particles is small enough, then the anisotropy energy becomes comparable 

to the thermal energy. The thermal instability of magnetization gives rise to 

superparamagnetism. Superparamagnetism is defined as a form of magnetism, 

which appears in small ferromagnetic or ferrimagnetic nanoparticles. Particles can 

randomly flip direction under the influence of temperature   and their susceptibility is 

between that of ferromagnetic and paramagnetic materials (Alez, 2012). The term 

superpramagnetism was first introduced by Bean and Livingston in 1959.  Iron oxide 
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particles having less than 100nm size exhibit superparamagnetism and are termed as 

superparamagnetic iron oxide nanoparticles [SPION] (Bean and Livingston, 1959).  

SPION exist as inverse spinel structure containing ferrous [Fe2+] and ferric [Fe3+] 

ions. The basic crystal structure is formulated by thirty two oxygen anions forming a 

face-centred cubic unit cell. The iron atoms are situated on 8 tetrahedral sites 

(surrounded by four oxygen ions) and 16 octahedral sites (surrounded by 8 oxygen 

ions). The tetrahedral sites are exclusively occupied by Fe3+ ions although Fe2+ and 

Fe3+ ions alternately occupy octahedral sites. This organization of ions in crystals is 

generally represented as FeTd
3+ [Fe2+ Fe3+]oh O4.   The magnetic property is generated 

by superexchange oxygen mediated coupling. All magnetic moments of the 

tetrahedral iron ions are aligned in the same direction. While the octahedral ions 

magnetic moment is aligned in the opposite direction. Since there are an equal 

number of octahedral and tetrahedral Fe3+ ions, they compensate for each other and 

the resulting superparamagnetic property of crystal arises only from uncompensated 

octahedral Fe2+ ions (Gossuin et al., 2009). 

2.2 Different Method of SPION Synthesis and Importance of Co-precipitation  

There are several chemical methods for synthesis of SPION such as microemulsion, 

sonochemical reaction, hydrothermal reaction, sol-gel synthesis, hydrolysis and 

thermolysis, electrospray synthesis and flow injection synthesis. The main challenge 

consists of designing experimental conditions for monodisperse particles with 

uniform size. The second major problem is to select a reproducible process that can 

be easily industrialized without any complex purification procedure, such as size 

exclusion chromatography, magnetic filtration, ultracentrifugation, flow field 
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gradient etc. In non-polar solvents like organic reagent-based methods hydrophobic 

particles are produced even if it is homogeneous and of uniform particle sizes. For 

biomedical applications, these particles require further surface modification and 

stabilizations. Hence, the most common method of synthesis of SPION is chemical 

co-precipitation technique of iron salts (Laurent et al., 2008),(Gupta and Gupta, 

2005).  

The co-precipitation technique is likely the simplest, most efficient and versatile 

synthesis route to prepare nanocrystals. In this technique, SPION are usually 

prepared by aging stoichiometric mixtures of ferric and ferrous salts in an aqueous 

medium. The main advantage of this method is that a large quantity of nanoparticles 

can be synthesized. It is cost effective, provides high yields and is less time 

consuming. It is an eco-friendly route because there is no use of hazardous solvents 

or chemicals, high temperature and pressure (Wu et al., 2008).  

2.3 Versatile Applications of SPION and Importance in Potential Biomedical 

Field 

SPIONs are of great interest in applications ranging from catalysis to data storage 

and biomedical applications. Due to their biocompatibility, FDA approval and 

absence of toxicity, these particles are intensively studied for potential applications 

studies in biology and biomedicines such as magnetic targeted delivery, theranostics 

and cancer therapy by magnetic fluid hyperthermia etc (Laurent et al., 2010).  

2.3.1 Targeted Delivery and Therapy 

The magnetic nanoparticles assisted targeted therapy has emerged as one among the 

best ways of disease treatment. Targeted delivery reduces the unwanted 
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accumulation of therapeutic agent from normal tissues, which reduces the toxicity as 

well as quantity of curing agent. The mainly reported areas are gene delivery, bio-

separation, cells sorting and drug delivery (Singh and Lillard Jr., 2009). Literature 

revealed that a great deal of effort has been made to design novel therapeutic agents 

with targeted modality, specificity, minimize the side effects and good efficiency 

(Kamaly et al., 2012).  

Similarly, the cell-based therapy has emerged as a new frontier in medicine. Cell 

therapy provides more promising solution for several diseases and injuries compared 

to most conventional medicines and therapies. Cells can perform better physiologic 

as well as metabolic duties than any of the mechanical devices, recombination 

proteins or chemical compounds (Wang et al., 2013), (Mooney and Vandenburgh, 

2008). However, there are a lot of hurdles to systemic administration of cells, 

causing significant difficulties for effective retention of the therapeutic cells at the 

target site. In order to achieve greater efficiency and optimum performance, a higher 

cell dose or higher engraftment of cells is inevitable (Li et al., 2009). Nevertheless, 

higher cell doses induce larger systemic circulation, which in turn raises safety 

concerns. Since the fundamental requirement associated with the success of cell 

therapy is the ability of cells to migrate and engraft (Singh, 2009), (Huang et al., 

2010) the inability to achieve the desired level of cell homing and engraftment is a 

basic challenge for cell-based therapy.  

Cells tagged with SPION can migrate easily and enhance accumulation by magnetic 

actuation (Chen et al., 2013). Recent literature puts forth several interesting research 

attempts at magnetic nanoparticle-conjugated stem cell delivery towards tissue repair 
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as well as hyperthermia applications (Edmundson et al., 2013),(Kubinová and 

Syková, 2010), (Bulte et al., 1999). Andreas et al. reported citrate-modified SPION-

labelled stem cell delivery and its MRI trafficking (Andreas et al., 2012). Kyrtatos et 

al. reported that ferridex-labelled endothelial progenitor cells efficiently targeted an 

arterial injury with the help of an external magnetic field (Kyrtatos et al., 2009). 

Basically, labelling techniques utilize either of the following two approaches: (a) 

immobilizing magnetic nanoparticles onto the cell surface (Gaipa et al., 2003) or (b) 

internalization of biofunctional magnetic nanoparticles, for example via endocytosis 

(Schoepf et al., 1998). In receptor , mediated endocytosis, more particles will have 

the opportunity to accumulate inside the cells are cause cell stress (Kou et al., 2013). 

Therefore, surface-charge enhanced nanoparticle cell labelling may be considered as 

a suitable option. 

The prerequisites for magnetic nanoparticles to be used for such applications are as 

follows: (a) should be stable enough to retain its physical integrity (b) retain its 

chemical stability, and (c) remain in the colloidal suspension. More significantly, it 

should not induce any un-favoured reactions in the biological milieu; nevertheless, it 

should facilitate faster and efficient binding to the required biomolecular component. 

In addition, feasibility of large-scale production without compromising its 

fundamental superparamagnetic nature is essential for clinically significant magnetic 

nanoparticles (Xu et al., 2011). 

2.3.1.1 Three Dimensional Cell Culturing and Magnetic Microspheres 

Potential applications of non-invasive cell manipulation is three dimensional cell 

culturing (Lei et al., 2014). At present, 2D cell cultures, in general are restricted in 
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their capability to replicate the molecular gradients, substrate stiffness, the spectrum 

of cell-cell and cell-matrix interactions observed in living tissue. But there is a 

prominent break in complexity and originality to native tissue properties between 

simple two dimensional cell culture experiments and human tissues of interest.        

As a result, there exists a demand to create more representative environments using 

three-dimensional cell culture, toward which biological research has moved. The 

three dimensional cell culture techniques extend the ability to control shape, structure 

and biochemical environment than existing 2D,(Pampaloni et al., 2007). Three 

dimensional cell culture techniques generally depends on encouraging direct cell-cell 

interactions, using cell aggregation method like spheroids and pellet cultures or cell 

matrix interactions such as protein gels or synthetic polymer scaffolds. In general, 

these methods have been successful in producing improved in vivo like condition, yet 

there is a lack to generate proper 3D cell culture techniques in the current scenario 

(Tseng et al., 2013). 

The application of magnetic nanoparticles-based magnetic levitation technique is a 

hopeful approach for 3D cell culture development. It is based on the use of magnetic 

nanoparticles that self assemble into networks based on electrostatic interactions. 

Cellular uptake of the biocompatible nanoparticles renders the cell amenable for 

magnetic manipulation of cells.  Cells in culture can be levitated within the culture 

medium (Haisler et al., 2013). These cells interact, self assemble and proliferate 

without the demand or influence of an artificial extracellular matrix.  Jialong et al in 

2013 reported the magnetic nanoparticles loaded cells controlled via non-invasive 

technique and delivered it in the in vivo model (Chen et al., 2013). Similarly, Dmitry 
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et al in 2014 demonstrated the magnetic nanoparticles loaded stem cells delivery for 

spinal cord injury therapy (Tukmachev et al., 2015). These results revealed that the 

magnetic nanoparticle tagged cells were easily manipulated with the aid of external 

magnetic field which will help the development of magnetically levitated 3D cell 

culture system.  

However, in the regenerative medicine, a synthetic extracellular matrix is crucial for 

supporting the differentiation process and for integration of the tissue formation. To 

overcome the limitations of existing 2D techniques there are several types of organic, 

inorganic, polymeric-based systems reported. One among the potential candidates for 

scaffold application is polymeric-based microspheres (Park et al., 2013) . Recently 

several groups have reported the microsphere based regenerative and selective 

separation in biological applications. Tsunehiro et al in 2013 demonstrated the 

magnetic nanoparticles embedded beads used for the selective separation of 

phosphorylated biomolecules from suspension (Tsunehiro et al., 2013). Also, Gong 

et al. in 2013 studied the surface-engineered magnetic microsphere for fast 

separation of phosphorylated biomolecules (Cheng et al., 2013). These reports 

revealed that the biocompatible magnetic microspheres are useful candidates for 

potential biomedical application.  

2.3.2 MRI Contrast Agent 

2.3.2.1 Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) is among the best non-invasive imaging 

methodologies today. It has long been used as a powerful technique in the clinical 

diagnosis of diseases. MRI is capable of obtaining three dimensional tomographic 
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images of living subjects with high spatial resolution as a result of perturbation of 

tissue water protons in the presence of an external magnetic field (van Gelderen et 

al., 1995). Although there are several imaging tools such as micro CT, X-ray, 

Positron emission tomography etc new and significant techniques are continually 

employed for a wide range of biomedical applications. Both in economic and virtual 

terms, it is more viable to develop accessories that can maximize the ability of the 

present devices or imaging tools. One of the most efficacious is an imaging probe or 

contrast agent, which helps in finer image acquisition (Na et al., 2009). 

2.3.2.2 Magnetic Resonance Imaging- Importance of Contrast Agent 

Disease diagnosis via MRI imaging is positively enabled by contrast agents. 

Superparamagnetic iron oxide and paramagnetic gadolinium complexes are the 

commonly used contrast agents. However, the gadolinium-based contrast agent has 

pitiable target-specific biodistribution, fast exertion and undesired side-effects in 

patients (Kim et al., 2011). Form the recent study reports that the “nephrogenic 

systemic fibrosis” has created increased concern over the use of gadolinium-based 

contrast agents, which later induced chronic kidney disease in the patients (Grobner, 

2006). Spinel ferrite SPION crystals have long been used as superparamagnetic T2 

contrast agents for magnetic resonance imaging (MRI). However, the common spinel 

ferrite iron oxides have intrinsic magnetic properties that are below the required 

standard. To improve their efficiency for various applications, the spinal ferrite 

nanoparticles with particular physical and magnetic properties were modified during 

the synthetic process (Lee et al., 2007), (Carta et al., 2009), (Lu et al., 2009). 



22 

 

2.3.2.3 Spinel Crystal Structure and its Modification 

One among the best techniques for magnetic modification is crystal ion substitution 

with appropriate candidates, which can provide a versatile strategy to tune the 

SPION crystal structure (Jang et al., 2009). It is known that the SPION crystals exist 

as a cubic spinel structure with the oxygen atoms forming an fcc close packing and 

Fe2+, Fe3+ occupying tetrahedral or octahedral interstitial sites, and is generally 

represented as MFe2O4 (O’Handley, 1999). By altering the chemical identity of M2+, 

the magnetic properties of MFe2O4 can be considerably increased (Sun et al., 2004). 

There are several d-block elements such as Mn, Co, Ni, Cu and Zn, which when 

incorporated into the crystal structure of SPIONs favor spinel crystal formation. This 

results in enhanced magnetic properties and relaxivity when compared to bare 

SPION (Stuber et al., 2007), (Bárcena et al., 2008). Spinel structures developed by 

doping SPION with Ni2+ and Cu2+ are sensitive to leaching and can cause 

cytotoxicity. Hence, these systems require further treatment for stability, while 

doping Zn2+ to SPION produces hydrophobic nanoparticles with superior magnetic 

moment and a negative contrast effect (Chen et al., 2011). The major drawback of 

this system is its high solubility in acidic and basic pH conditions. It is noteworthy to 

mention that Co2+ doping with SPION is not preferred due to the non - 

superparamagnetic nature of the resultant crystal structure and high toxicity of Co 

ions (Horev-Azaria et al., 2013). However, manganese ion (Mn2+) doped SPION 

crystals possess the highest magnetization value when compared to other doping 

agents reported till date. Moreover, these Mn2+ doped SPION crystals also 
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demonstrate higher transverse relaxivity values (Berry et al., 2004a), (Veranth et al., 

2007). 

2.3.2.4 Synthesis of Spinel Ferrite 

Various methods have been evolved for preparing SPION crystal modification, 

including thermal decomposition (Carta et al., 2010), co-precipitation, 

microemulsion, hydrothermal and sonochemical processes (Lu et al., 2007), 

(Bhasarkar et al., 2013). The most common protocols for their preparation are the 

thermal decomposition and co-precipitation techniques. The former method can 

easily produce size controlled ferrite nanoparticles under high temperature in an 

organic medium (Sun et al., 2004). However, these particles are hydrophobic with 

hydrocarbon molecules at the periphery of the surfactants, and therefore are insoluble 

in aqueous media. To transform the nanoparticles into water dispersible, one requires 

different steps. In this context, the current challenge is to develop a novel and 

synthetic method for aqueous dispersed magnetic nanoparticles with enhanced 

magnetic properties and biocompatibility. An aqueous-based co-precipitation method 

represents a simple and versatile tool to prepare nanocrystals not readily achievable 

using other methods. It is cost effective, provides high yields, is less time-consuming 

and easily scalable for large scale production. In addition to these advantages, it is an 

eco-friendly route because there is no use of hazardous solvents or chemicals and 

high temperature or pressure (Li et al., 2012), (Li et al., 2008). 

2.3.3 Hyperthermia Cancer Therapy – Importance of Magnetic Field 

Hyperthermia (controlled temperature) application has been used as a crucial self 

defence approach in biological system. For example, in an effort to fight injury, 
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including viral and bacterial infection, there is an increase in body temperature, thus 

creating the well-recognized symptoms of fever (Kyle, 2008). Hyperthermia as 

therapy has been realized with the aid of near-infrared light, microwave ablation, hot 

water bath, ultrasound waves and magnetic field by increasing localized temperature 

in a targeted region (Baronzio and Hager, 2008). Near infrared radiations have poor 

tissue penetration ability and it is difficult to modulate temperature at target sites.  

Magnetic nanoparticle assisted hyperthermia gained considerable attention compared 

to the other technical modalities due to the potential advantages. This is due to their 

capability to generate heat on exposure to an alternating magnetic field without a 

penetration depth limit (Nemala, 2015).  Heat thus generated is via a non-invasive 

magnetic field and prevents collateral tissue damage due to precise temperature 

control.   

2.3.3.1 Temperature Sensitivity of Cancer Cells 

Cancer therapy by hyperthermia is based on the variation in response of normal and 

cancerous cells to increase in environmental temperature. In general, normal cells 

show better resistance to elevated temperature and easily recover from injury than 

the cancer cells. This is based on the production of heat shock proteins (Storm et al., 

1979). 

Hyperthermia has long been used to activate the synthesis of heat shock proteins and 

it has been recently demonstrated that mild hyperthermia can also induce apoptosis 

(O’Neill et al., 1998). In culture cells react to environmental stressors in a graded 

fashion. At the initial stages of stress the heat shock or stress response is started. This 

response involves the rapid synthesis of an evolutionarily stored family of proteins 
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called heat shock proteins (HSPs). The primary function of these proteins is to enable 

cell survival till the stress element is removed. When the stressor is eliminated, the 

amount of intracellular HSPs quickly returns its normal level. If stress remains 

constant over a prolonged period of time or if its intensity is increased, the presence 

of HSPs may not suffice to ensure survival. Then HSP production ceases and 

apoptosis is initiated (Chu and Dupuy, 2014), (Vertrees et al., 2005).  

2.3.3.2 Hyperthermia Heating Mechanism of Magnetic Nanoparticles  

The magnetic induction heating of ferrite materials is developed from their power 

loss in an alternating magnetic field. The total power loss is composed of hysteresis 

loss, eddy current loss, residual loss and relaxation loss. In the case of nanoparticle 

the hysteresis loss, eddy current generations and residual loss contributions are 

negligible due to the absence of remanence and coercivity. The major contributions 

of heat generation in superparamagnetic particles from relaxation process are 

associated with the Neel relaxation and Brownian relaxation. The Neel relaxation 

process refers to the heat-assisted domain rotations in the particles by the alternating 

magnetic field. Brownian relaxation refers to the rotation of the magnetic particle as 

a whole because of the torque exerted on the magnetic moment by the external 

alternating magnetic field (Pearce et al., 2013). 

The energy barrier for changing the direction of particles is determined by rotational 

friction in the surrounding liquid. In general, the heating effects usually proceed 

through one of the two mechanisms: Neel and Brownian relaxation process, or both 

together. The relaxation losses due to both mechanisms could be calculated by the 

following equation: 
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Here, m is the particle magnetic moment, H is the ac field amplitude, ω is the AC 

field frequency, V is the nanoparticle volume, and τeff is the effective relaxation time. 

When the AC magnetic field is applied to magnetic nanoparticles, their magnetic 

moments attempt to rotate following the magnetic field with time lag. The effective 

relaxation time (τeff) is given by  

 

in which the Brownian relaxation is  

 

 

Where VH is the hydrodynamic volume of particle, η is the viscosity of the carrier 

fluid, T is the absolute temperature and k is the Boltzmann constant. Neel relaxation 

is  

 

Where τ0 =  on the order of 10-9 s, K= anisotropy constant of magnetic nanoparticle 

(Deatsch and Evans, 2014),(Chris Binns, 2014). 
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2.3.4 Theranostic Application of Magnetic Nanoparticles 

Theranostics is a newly emerging concept that combines diagnostics and therapeutics 

property in single unity. Numerous classes of nanomaterials have been explored and 

studied for their potential applications in cancer theranostics. Among them the 

SPION is considered a most applealing candiate due to their intrinsic physical and 

chemical properties (Wadajkar et al., 2013), (Gobbo et al., 2015). Based on the 

recent studies, the SPION has evaluated for use simultaneously as a diagnotic tool 

for cancer detection and hyperthermia tool for cancer therapy.  Li et al in 2013 and 

Yen et al in 2013 have reported the possiblity, advantages and efficiency of SPION 

nanoparticles for theranostic applications (Li et al., 2013). 

2.4 Problems Associated with Bare SPION Particles in Biomedical Applications 

One of the major problems associated with the bare particles is aggregation. This is 

due to the fact that nanoparticles in colloidal suspension will tend to irreversible 

inter-particles adherence. This leads to the formation of large and irregularly shaped 

clusters and proceeds to aggregate. In biomedical applications, the stability of 

particles is one among the major challenges. As aggregates may lead to 

misrepresentative results and impedes experimental reproducibility by changing 

cellular response and toxicity profile of the particle (Mahmoudi et al., 2012).  

There are several factors --physical and biological-- influencing the aggregation and 

sedimentation velocities (Jiang et al., 2010). Most of the nanoparticles have surface 

charge in aqueous environment due to the ionization/dissociation of surface groups, 

and adsorption of charged molecules or ions to the particle surface. The colloidal 

stability is decided by inter-particle behaviour resulting from intermolecular and 
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surface attractive forces (van der Waals force (vdW)), interacting with repulsive 

electrostatic double layer (EDL) and structural forces such as depletion attraction. 

The attractive vdW forces are repelled by EDL of particle surface, which stabilizes 

the dispersion (Min et al., 2008). The equilibrium between these forces determines 

the colloidal stability of particles. In the case of magnetic nanoparticle the magnetic 

dipole-dipole attraction also influences the colloidal stability. In the case of bare 

magnetic nanoparticle, at pH values near the isoelectric point or the point of zero 

charge, the overall surface potential of the particles tends to be neutral. As a result 

the repulsion of the nanoparticles caused by EDL decreases and the attractive forces 

such as vdW and dipole-dipole magnetic forces are dominated, this promoting the 

aggregation (Street et al., 2014). 

In the case of targeted therapy, cell manipulation, cell separation via nanoparticles 

that tend to aggregate fail. This is because of the difficulty in appropriate contact 

between the cell surfaces and nanoparticles (Peng et al., 2008). Ugelstad et al. in 

1993 has reported the criteria required for magnetic nanoparticles in cell separation 

experiments. One of the main conditions noted is based on particle colloidal stability 

(Ugelstad et al., 1993). Gupta et al in 2005 reported that the surface functionalized 

and stabilized magnetic particles can easily attach to cell surfaces and be taken up, 

thus allowing efficient manipulation or concentration of floating cells (Gupta and 

Gupta, 2005).   

For use as a MRI contrast agent, stability and dispersion are important. Dispersed 

particles effectively interact with protons and increase proton relaxivity. Yoo et al in 

2011 reported that magnetic particles with poor surface potential displayed artifacts 
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or limited sensitivity in MRI images due to aggregation (Yoo et al., 2012). Increase 

in cluster size of particles causes exclusion of water molecules from the inner surface 

of the particles. Thus altering the relaxivity even if it has good magnetic 

susceptibility. Balasubramaniam et al. in 2011 investigated  controlled aggregation 

of magnetic nanoparticles via thermoresponsive polymer surface functionalization 

(Balasubramaniam et al., 2011). The report demonstrated that controlled aggregation 

and stable particles exhibited excellent contrast efficacy in MR images.  

Hyperthermia mediated by magnetic nanoparticles also relies on their dispersed 

status in solution. In 2003 Hamley et al has reported that the aggregated particles or 

clumps may act as ferromagnetic systems under external magnetic field (Hamley, 

2003). A ferromagnetic system always retains magnetization or hysteresis loss even 

after removal of external field. In hyperthermia application, ferromagnetic 

characteristics of particles may cause uncontrolled temperature generation leading to 

non-targeted tissue damage.  There are few reports on the basis of controlled 

aggregation and hyperthermia therapeutic approaches for efficient cancer treatment. 

Lao et al in 2004 reported that aggregated particle and large magnetic susceptibility 

crystals overshoot therapeutic temperature under alternating magnetic field and cause 

damage the normal tissues (Lao and Ramanujan, 2004).    

2.4.1 Importance of Surface Modification 

Storage stability and efficient in vivo targeting are major challenges in nanoparticle 

development. In colloidal storage, physicochemical attractions dominate and induce 

particle aggregation. Similarly, in the in vivo administration a major requirement is to 

minimize the non-specific adsorption of plasma protein on the nanoparticle surfaces 
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(Wilhelm et al., 2003). These non-specific events can drastically hamper molecular 

identification processes at the surface of the nanoparticles and reduce the efficiency 

in targeted application (Fang et al., 2009). The particles should also resist non-

specific adsorption of opsonins. Opsonisation of magnetic nanoparticles by plasma 

proteins results in rapid elimination from the blood by the mononuclear phagocyte 

system with subsequent accumulation in the RES. The nature and amount of plasma 

protein adsorbing on nanoparticles is directly related to the physicochemical 

characteristics of the surfaces. Adsorbed opsonins potentially conduct specific 

interactions with receptors on the surface of macrophages and hepatocytes with 

subsequent excretion of the nanoparticles (Sigmund et al., 2008).  

To reduce opsonisation and improve the colloidal stability, a critical requirement is 

to surface engineer the nanoparticles with molecules that provide repulsive forces 

large enough to counter the attractive ones in the collision process. The repulsive 

forces can be attained in the presence of an electrical double layer on the particles or 

in the presence of polymeric chains providing steric stabilization (Neoh and Kang, 

2011).  

2.4.2 Inorganic Molecules Used as Surface Coating Agent – Hydroxyapatite 

Crystals 

There are several types of polymers, ceramics and other materials used for surface 

modification of iron oxide particles. The polymers include dextran (Berry et al., 

2004b), polyethylene glycols, and polyvinylpyrrolidone, all of which are known to be 

biocompatible and promote good dispersion of iron oxide in aqueous medium 

(Kohler et al., 2005), (D’Souza et al., 2004). However, the possibility that the 
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polymer coating can disappear under harsh in vivo conditions has been a concern 

(Zhang et al., 2002), (Moghimi et al., 2001). Among diverse coating techniques, the 

use of an inorganic matrix as a host for nanocrystalline particles has been shown as 

an effective means for tailoring a uniform particle size and controlling the 

homogeneous dispersion of ultra-fine clusters (Moreno et al., 2002). These coatings 

not only provide stability to the nanoparticles in solution but also help in binding 

various biological ligands to the nanoparticles’ surface (Ashokan et al., 2010). These 

nanoparticles have an inner iron oxide core with an outer ceramic shell of inorganic 

materials. Several studies have reported potential use of iron oxide ceramics, 

especially the magnetite or maghemite phase. For biomedical applications of 

magnetic nanoparticles, it is crucial to develop biocompatible protection strategies 

against oxidation and agglomeration (Lu et al., 2007). Recent research has focused 

on the synthesis of silica stabilized iron oxide nanoparticles for various catalytic and 

biomedical applications (Sunil et al., 2009). Bretcanu et al. reported that iron oxide-

containing ferrimagnetic bioglass ceramics (FBC) could be used for hyperthermia 

treatment of bone cancer (Leventouri et al., 2005). Although distinct inorganic 

biocompatible materials are reported, hydroxyapatite (HA) (Ca10(PO4)6(OH)2), which 

is the main inorganic phase of human bones has been widely used as an inorganic 

material for bone filling and augmentation application. It is bioactive and supports 

bone ingrowth and osteointegrate when used in orthopedic, dental, and maxillofacial 

applications (Liu et al., 2008). Better biocompatibility of HA prompts its use as an 

inorganic host matrix for seeding iron oxide nanoparticles. One of the advantages of 

calcium phosphate as an embedding material relative to its polymeric nanoparticles 

or liposomes is its variable solubility in cells (Kester et al., 2008).                          
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Few studies have evaluated HA-nano iron oxide and its effect on biological system. 

A recent report suggests increased osteoblast density in the presence of nano iron 

oxide (maghemite) and hence favors its use as a potential candidate in bone tissue 

engineering applications (Hou et al., 2009), (Pareta et al., 2008). But there is a dearth 

of suitable synthetic strategy and proper microstructure evaluation in all the reported 

methods (Silva et al., 2008).  

2.4.3 Surface modification – Trisodium citrate (TC) Molecules 

Nanoparticles can be stabilized through surface modification via small polar 

molecules like citrate moieties. As the nanoparticles surface coating thickness has 

great importance in the efficiency in biomedical field (Andreas et al., 2012). The 

high molecular weight polymer and other crystal molecules thicken particle surfaces, 

which reduce the magnetic property. Moreover, the higher density of particles 

reduces the colloidal stability and increases the chance for settling or clustering 

under gravitational force for long term storage (Khandhar et al., 2015). The addition 

of citrate molecules in the synthesis of magnetic nanoparticles can control the 

nucleation, crystal growth, structure, stability, size and crystallinity.  Depending 

upon the concentration of citrate molecules, the core size gets varied (Laurent et al., 

2008). Carboxylic group have importance on the growth of magnetic nanoparticle 

and magnetic properties. Bee et al in 1995 have investigated the effect of 

concentration of citrate ions on size variation (Bee et al., 1995). Liu and Huang have 

studied the effect of the presence of citrate during magnetic nanoparticle synthesis 

(Chen Liu, 2003). Increasing concentrations of citrate cause significant decrease in 

the crystallinity of the iron oxides formed. Krishnamurti and Huang have studied the 
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influence of citrate on the kinetics of Fe2+ oxidation and the ensuing hydrolytic 

products of Fe3+ (P.M. HUANG, 1991).  Moreover the citrate molecules are highly 

water soluble and biocompatible.  Khlebtsov et al reported that the citrate molecules 

stabilized gold nanoparticles showed good biocompatibility in in vitro condition and 

excellent stability under in vivo system (Khlebtsov and Dykman, 2011).  
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Chapter 3 

MATERIALS AND METHODS 

3.1 Development of Superparamagnetic Iron Oxide Embedded Hydroxyapatite 

Nanocomposite 

 3.1.1 Materials  

Samples of FeCl2·4H2O (Merck, Darmstadt, Germany), FeCl3 (Merck), 

Ca(NO3)2·4H2O (Rankem, New Delhi, India), (NH4) H2PO4 (Rankem), and 25% 

aqueous NH4OH (SD Fine Chemicals, Mumbai, India) and 35% HCl (SD Fine 

Chemicals) were used as obtained. 3-(4,5-Dimethyl thiazol-2-yl)-2,5-

diphenyltetrazolium bromide (Sigma-Aldrich, USA), streptomycin (Invitrogen, 

USA) and fetal bovine serum (Invitrogen, USA) were used for the MTT assay. All 

chemicals used for the experiments other than those mentioned in the materials 

section were obtained from Sigma-Aldrich, USA. 

3.1.2 Synthesis of Nano Iron Oxide Embedded Hydroxyapatite Composites 

(HAIO) 

The synthesis of HAIO was carried out by co-precipitating iron salt and calcium 

phosphate precursors in alkaline medium. The iron salt solution was freshly prepared 

in an acidic medium of HCl using FeCl2·4H2O and FeCl3 in the ratio of 1:2. The Ca 

(NO3)2·4H2O and (NH4) H2PO4 solutions were taken in such a way as to get the Ca/P 

ratio of 1.67. The Ca (NO3)2·4H2O solution was mixed with iron salt solution with 

constant stirring until the required temperature 70°C was reached. The pH of the 

above solution was then slowly increased up to 11 by adding 25% ammonia solution 
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together with (NH4)H2PO4 for a period of 1 h. The addition and mixing of reagents 

were done under N2 atmosphere. After the addition was completed, temperature was 

increased to 80°C for a period of 1 h to eliminate excess ammonia. The suspension 

was aged for 24 h at room temperature, after which the precipitate was washed three 

times with distilled water and centrifuged at 3500 rpm. The particles were further 

collected after centrifuging at 6000 rpm followed by magnetic separation. Bare iron 

oxide particles were also prepared by 1:2 ratios of ferrous, ferric chlorides in the 

same reaction condition for size, phase purity, and chemical structure comparison. 

The HAIO samples at molar percentage ratios of 10–90 were synthesised using the 

same method. In ascending order of molar percentage of iron oxide in the composite, 

the samples are described as HAIO10, HAIO30, HAIO50, HAIO70, and HAIO90. 

Bare SPION was also prepared using a 1:2 ratio of ferrous: ferric chlorides at the 

same reaction conditions for size, phase purity, and chemical structure comparison. 

3.1.3 Physicochemical Characterizations HAIOs and SPION 

3.1.3.1 High Resolution Ttransmission Electron Microscopy (HRTEM) and 

Energy Dispersive X-ray Spectra (EDS) 

High-resolution TEM (HRTEM) analysis was performed to evaluate the morphology 

and crystal size, and for composition analysis. The HRTEM images and energy 

dispersive X-ray spectra (EDS) were collected on a JEOL JEM-2010F microscope 

operated at 300 kV. HAIO magnetic nanocomposite samples at low concentration 

were dropped onto a formvar coated copper grid, dried and analyzed.  
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3.1.3.2 Environmental Scanning Electron Microscopy (ESEM) and Energy 

Dispersive X-ray Spectra (EDS)  

The micro-scale morphology and the composition analysis of the HAIO 

nanocomposite were investigated with the aid of ESEM (ESEM; Quanta 200, The 

Netherlands). Samples were prepared by dispersing in distilled water with 

ultrasonication for 2 minutes. A single drop of the above suspension was put on an 

aluminium stub and dried at room temperature, followed by coating with gold. The 

composition of the magnetic nanocomposites was evaluated using energy dispersive 

X-ray spectroscopy. 

3.1.3.3 X-ray Diffraction Analysis (XRD) 

The phase purity of crystals of HA, SPION and HAIOs nanocomposites was 

analyzed using an X-ray diffractometer (Bruker, D8 Advance, Karlsruhe, Germany) 

using CuKα1 radiation operating at 40 kV and 30 mA current strength. The crystal 

structure was determined by analyzing the position and intensities of the diffraction 

peaks typically observed in the range of diffraction angle 2θ = 20–70oand at a scan 

rate of 4º min-1 with a step of 0.1º. 

3.1.3.4 Dynamic Light Scattering (DLS) and Zeta Potential Measurements  

The hydrodynamic size and surface charge of the nanocomposite particles were 

analyzed using a Dynamic Light Scattering (DLS) Particle Size Analyzer (Malvern 

Instruments Ltd, Worcestershire, UK) by dispersing the sample in distilled water 

using ultrasonic probe sonication. 



37 

 

3.1.3.5 Fourier Transform Infrared Spectra (FTIR) 

The Fourier transform infrared (FTIR) spectra of the samples were collected using a 

Thermo-Nicolet 5700 spectrometer. As the ceramic powder was found to be opaque 

to IR, the diffuse reflectance (DRIFT) technique was used for measurement. Samples 

were dried and the powder thus obtained was thoroughly mixed with IR grade KBr 

powder and the reflectance spectrum recorded in the range of 400 to 4000 cm-1 at a 

resolution of 4 cm-1. KBr powder alone was used for background spectra. 

3.1.3.6 Vibrating Sample Magnetometry (VSM) 

Freeze-dried powder samples were used for the magnetic property analysis. 

Vibrating sample magnetometry (VSM) was used to measure the magnetic properties 

of the SPION and HAIOs using a PAR EG&G Model 4500 magnetometer with an 

external field varying from -15 to 15 kOe at room temperature. The magnetization of 

each sample was obtained as a function of the applied field.  

3.1.4 Biological Evaluation of HAIOs 

3.1.4.1 In vitro Biocompatibility - Cell Culture 

HeLa (human cervical carcinoma) cells were cultured in Dulbecco's Modified Eagle 

Medium-High Glucose (DMEM-HG) with 10% fetal bovine serum (FBS), 50 units 

per ml of penicillin and 50 mgml-1 of streptomycin. All reagents were sourced from 

Invitrogen, India and cell culture lab ware from NUNC, Denmark. Cells were seeded 

and maintained at 37oC and 5% CO2 atmosphere and experiments were performed at 

80% confluence. 
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3.1.4.2 Cell viability MTT Assay 

The viability of HeLa cells was ascertained using the standard methyl thiazol 

tetrazolium bromide (MTT) assay as per Mosmann et al. (Mosmann, 1983) using 

HeLa fibroblasts. The nanocomposites HAIO10, HAIO30, HAIO50, HAIO70, 

HAIO90, SPION and control were added to wells at final concentrations of 0.75 mg 

ml-1 and 1.5 mg ml-1. After 24 hours incubation with the above concentrations of 

nanoparticles, MTT was added to each well, the resulting formazan was dissolved 

and the optical density was evaluated at 570 nm using a Chameleon Microplate 

Reader. The control in the MTT experiment was HeLa cells without exposure to 

particles. Control MTT activity was taken as 100 % and test values were plotted 

against it. 

3.1.4.3 Cell viability Alamar blue Assay 

The cytotoxicity of HAIO50 particles various concentration were evaluated via 

alamar blue (AB) assay. The AB assay was used to assess cell viability and 

proliferation based on the reduction potential of metabolically active cells. The 

mitochondrial reductase enzymes in living cells are active and it changes the alamar 

blue to pink color on the basis of live cell activity. In this study, HeLa cells were 

seeded in a transparent 96 well plates and exposed to the different concentrations 

[0.5mg/ml, 1mg/ml, 2mg/ml and 3mg/ml] of HAIO50. After the exposure, 100 µl of 

alamar blue reagent (invitrogen assay protocol) was added in each well and 

incubated for 4h at 37oC. The fluorescence was measured at 560 nm excitation and 

590 nm emission wavelengths using a plate reader (HIDEX Chameleon) and 
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expressed in percentage activity of live cells versus control. The experiments were 

carried out in six duplicates for each concentration.  

3.1.4.4 In vitro Hemocompatibility 

Samples were diluted with PBS (pH 7.4) to 10 mg ml-1 hemoglobin concentration 

and the test was then performed. Samples as listed (HAIO10, HAIO30 and HAIO50) 

were used for the test and each sample at different test concentrations (0.1 mg, 0.3 

mg and 0.5 mg) was incubated individually with 100 µl of whole blood with a 

hemoglobin concentration of 10 mg/ml for 3 h at 37ºC in a shaking water bath. The 

samples were centrifuged at 700 – 800g for 15 min, and the supernatant was then 

observed for any released hemoglobin at 540 nm using the methemoglobin test. The 

test was validated against Triton X100 as the positive control and polyethylene 

glycol as the negative control. The percentage of hemolysis was calculated by a 

relative method based on optical density (OD). The experiments were run in 

triplicate and repeated twice.  

Percentage hemolysis = Supernatant Hb released *100* 8(dilution factor) 

    Total Hb conc. of dil. Blood 

The calculated percentages of hemolysis for all the samples were compared with 

ASTM standard, which defines samples as highly hemocompatible (<5% hemolysis), 

hemocompatible (within 10% hemolysis) and nonhemocompatible (>20% 

hemolysis). 

 



40 

 

3.1.4.5 Cellular Uptake: Prussian blue Staining and Flow Cytometry 

Evaluations  

Cells post-incubation with nanoparticles were visualized using the Prussian blue 

staining method to detect the presence of iron. HeLa cells were grown on round glass 

coverslips (Blue Star, India) and incubated with HAIO50 nanoparticles (120 µg) for 

4 hours. After incubation, the coverslips were washed with sterile phosphate buffered 

saline and fixed with 95% ethanol. Prussian blue staining was carried out with equal 

volumes of 2% hydrochloric acid and potassium ferricyanide trihydrate for 15 min 

followed by washing with distilled water, and images were captured using a Leica 

DMIL microscope. Cell interactions with the nanomaterial were analyzed using flow 

cytometry. HAIO50 was used for analysis at varying concentrations (30 µg, 60 µg, 

120 µg, 240 µg, 480 µg and 960 µg). 1x106 HeLa cells in suspension were treated 

with the nanoparticles for 15 min, and the forward scatter (FSC) and side scatter 

(SSC) were measured using a Becton Dickinson FACS Aria instrument using FACS 

ARIA software. 

3.2 HAIO50 Assisted Cell Separation, Manipulation and Culturing using 

External Magnetic field for Introducing Targeted Cell Delivery and Therapy 

3.2.1 Cell Separation 

HeLa cells (1.4x103 cells per ml) were added to seven tubes (A– G) and incubated 

for 15 minutes with varying concentrations of HAIO50 (C1 to C6) in PBS. Cells 

were pre-stained with Acridine orange and magnetic separation was carried out with 

an external magnet (0.3 T) for 1 minute on all tubes. The supernatant and the pellet 

were collected into separate tubes. Cell numbers were evaluated using Coulter 
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counting (Sysmex K- 4500). The supernatant and pellet were resuspended in 500 µl 

of PBS and placed on a UV transilluminator (Bangalore, Genei). 

3.2.2 Morphological Study: Cell Separation 

To understand the effect of the cell separation dynamics on the cell morphology, 

imaging studies were carried out. A pellet isolated via magnetic separation was fixed 

in 1% glutaraldehyde (Electron Microscopy Sciences) overnight. The pellet was 

prepared as a thin film on a clean glass slide (Blue Star, India) and dried at room 

temperature. The film was fixed in 100% methanol, airdried and then stained with 

Giemsa Stain (1 : 20 volume dilution). Excess stain was removed by washing with 

diluted buffer solution, and the sample was then dried and imaged under an inverted 

phase contrast microscope (Leitz DMIL, Leica, Germany). Environmental scanning 

electron microscopy (FEI QUANTA 200) was carried out on fixed pellets dehydrated 

in an ascending alcohol series and placed on a glass coverslip. 

3.2.2 Cell Culture of Magnetically Separated Cells 

Cell pellets collected by magnetic separation were transferred into culture wells 

under aseptic conditions and provided with growth medium (DMEM-HG) and then 

cultured for 24 hours and characterized. 

3.2.2.1 Cytoskeleton, Morphology Evaluations by Confocal Laser Scanning 

Microscopy (cLSM)   

The F-actin structure and morphology of the magnetically separated cells, after 24 h 

culture, were observed by confocal laser scanning microscopy and environmental 

scanning electron microscopy. For cLSM evaluation, the monolayered cells were 

fixed in 3.7% paraformaldehyde and permeabilized with 0.25% Triton X-100 for 
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Factin staining in the cells. F-actin was stained with Alexa-fluor- 488-phalloidin and 

the nucleus was counterstained with 4’,6- diamidino-2-phenylindole (DAPI). The 

control and HAIO50- labeled HeLa cells were investigated using a confocal laser 

scanning microscope (Carl Zeiss LSM 510 META equipped with differential 

interference contrast optics). Images of the samples were prepared in multi-track 

mode with separate excitation of DAPI and Alexa-fluor-488-phalloidin.  

3.2.3 HAIO50 Aided Three Dimensional Cell Culture  

The HeLa cells were grown in six well plate to 70-80% confluence, at which point, 

they were treated with HAIO50 magnetic nanocomposite particles at a concentration 

of 2 mg/ml and incubated overnight. The next day, treated cells were enzymatically 

detached with trypsin and resuspended 3 ml of fresh medium in a six well plate. A 

neodymium magnet was placed on top of the plate to levitate the cell to the medium. 

The HAIO50 particles attached or up taken cells were levitated and incubated 

another 72 h. To understand the nature of structure and morphology of cultured cells 

were analyzed by environmental scanning electron microscopy, fluorescent imaging 

and phases contrast imaging.  

3.2.3.1 Morphological Evaluation-ESEM Technique 

The magnetically levitated 3D cultured cell sheet was separated from the medium 

with the help of external magnetic field and transferred to clean glass coverslip. Then 

the cells were fixed with 1% glutaraldehyde overnight. The cells sheet was 

dehydrated with ascending alcohol series and placed on a cover slip and gold coated. 

The morphology was analyzed by ESEM analysis. 
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3.2.3.2  DAPI Nuclear Staining and Phase Contrast Imaging 

Cell sheet were fixed with 3.7% paraformaldehyde at overnight followed by washed 

with PBS solution. Diluted (1:100 dilution) DAPI solution was added to cell sheet 

and incubated for up to 5min. Rinse the cell sheet with PBS solution for removing 

the excess DAPI stain and mounted with the antifade reagent to reduce fluorescence 

quenching and imaged via fluorescence microscope. The same cell sheet phase 

contrast images captured by using a Leica DMIL inverted microscope. 

3.2.4 Magnetic Microsphere Synthesis 

The magnetic microspheres were developed by solvent evaporation technique. 

Briefly, the polycprolactone polymer (PCL) was dissolved in dichloromethane 

[DCM] to get 10% weight percentage and 2mg of magnetic powder HAIO80 [80% 

SPION and 20% HA] were dispersed into them. The precursor was magnetically 

stirred at room temperature for 24h in a closed vessel.  It was drop wise adding into 

continuously stirring aqueous solution containing 0.05% polyvinyl alcohol. After 

complete addition of magnetic slurry, the suspension was stirred continuously to 

another 24h and washed with distilled water and dried under room temperature. The 

same synthetic technique was followed with out addition of HAIO powder to 

development of 7.5 wt% and 5wt% in PCL microspheres, which were termed as 

PCL5 and PCL7.5 respectively. 
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3.2.5 Physicochemical Characterizations 

3.2.5.1 ESEM and EDS Analysis   

The size, surface texture and elemental compositions of HAIOPCL were evaluated 

by scanning electron microscope. For this analysis, the microspheres were dispersed 

over the aluminum stub and images were captured in various magnification. 

Followed by the corresponding areas elemental compositions analyzed through 

energy dispersive spectra. 

3.2.5.2 XRD and FTIR Analysis 

To understand the crystallinity and nature of bonds of HAIO and PCL in composite 

form has been evaluated via XRD and FT-IR technique. The separate phases of each 

crystal were analyzed and compared with HAIOPCL. The method of analysis and 

parameters used as same as that mentioned in the section 3.1.3.3 and 3.1.3.5. 

3.2.6 Biological Characterizations 

3.2.6.1Cell Culture  

HeLa (human cervical carcinoma) cells were cultured as per mentioned in the section 

3.1.4.1 

3.2.6.2 Cytotoxicity - Alamar Blue Assay and Light Microscopic Technique 

The cytotoxicity of HAIOPCL10 (short termed as HAIOPCL) containing various 

size ranges were evaluated via Alamar blue (AB) assay as per the procedure 

mentioned in section 3.1.4.3. In this study, HeLa cells were seeded in a transparent 

96 well plates and exposed to the different sizes of HAIOPCL microspheres [sizes 

ranges 100-250 µm, 250-350 µm, 350-500 µm, 500-1000 µm] dispersions at 
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concentration of 2mg/mL for 24h. After the exposure, 100 µl of alamar blue reagent 

(invitrogen assay protocol) was added in each well and incubated for 4h at 37ºC. The 

fluorescence was measured at 560 nm excitation and 590 nm emission wavelengths 

using a plate reader (HIDEX Chameleon) and expressed in percentage activity of live 

cells versus control. The experiments were carried out in six duplicates for each size 

of microsphere. Further the cell was exposed to microspheres for 24 h and structure 

was also evaluated via bright field Leica DMIL microscope (Leica, Germany). 

3.2.6.3 Hemolysis and RBC Morphology Analysis 

Blood from human volunteer was collected into the anticoagulant, ACD (acid citrate 

dextrose). ACD blood was prepared by adding 1mL of ACD solution to 9 mL of 

fresh human blood. The blood compatibility experiments were based on the standard 

protocol ISO10993- 4:2002(E). 1mgs of various sizes of microspheres [sizes ranges 

100-250µm, 250-350µm, 350-500µm, 500-1000µm] and saline control [2ml] were 

added into each of the 10 mm2 polystyrene wells, followed by addition of 1ml blood 

and incubated for a period of 2 h under agitation at 70 ± 5 rpm using an environ 

shaker thermostat (Kuhner shaker, Switzerland) at 35 ± 2oC. Three empty 

polystyrene culture dishes were exposed to blood as reference. The total hemoglobin 

in the whole blood samples were measured using automatic hematology analyzer 

(sysmex-K 4500). The free hemoglobin liberated into the plasma after exposure to 

materials was measured using Diode array spectrophotometer (Hewlett Packard 

8453) and the percentage hemolysis was calculated using the formula (Free Hb/ total 

Hb)˟  100. Hemolysis expressed as a percentage of hemoglobin release was 

performed to assess the effect of microspheres on blood cell membranes. 
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3.2.7 Three Dimensional Cell Culture using Magnetic Microsphere  

HeLa cells were seeded over magnetic microspheres in six well plates and incubated 

for 24h to attach the cell on microsphere surfaces. The cell culture medium was 

changed after 24h and microspheres were levitated with the help of neodymium 

magnet placed over the plate. The microspheres were incubated another 72 h in a 

levitated condition and evaluated the cells morphologies, live-dead analysis via 

various microscopic methods. 

3.2.7.1 ESEM Analysis 

3D cell cultured microsphere were fixed with 1% gluteraldehyde for 24h and 

dehydrated using ascending order of alcohol. Followed by the cell over microsphere 

was fixed in aluminum stubs. The morphologies of cells as well as microsphere were 

imaged by Environmental scanning electron microscopy (FEI QUANTA 200). 

3.2.7.2 Live- Dead Staining and DAPI Nuclear Staining Evaluation 

In order to evaluate the efficacy of magnetic microsphere in maintaining cell 

viability over time, the 3D cultured cells were evaluated through a live- dead assay 

using acridine orange and ethidium bromide (sigma). The 3D cultured magnetic 

microsphere was washed in PBS and incubated with 100 µl dye mixer for 30min. 

Excess stain was removed with PBS and the sphere was viewed under a fluorescent 

microscope. Live cells were determined by the uptake of acridine orange green 

fluorescence (502/526) and the exclusion of ethidium bromide red fluorescence 

(518/605) satin. The cells over microsphere were evaluated by DAPI nuclear 

staining. For this analysis the 3D cultured magnetic microsphere were fixed with 

3.7% paraformaldehyde for 24h followed by washed with PBS solution. 100 times 
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diluted DAPI solution were added to magnetic spheres and imaged by fluorescent 

microscope. 

3.3 Theranostic Efficiency Evaluation of HAIO50 (Hyperthermia Therapy and 

MRI Contrast Agent) 

3.3.1 Magnetic Hyperthermia Evaluation of HAIO50 and SLP Calculation 

In order to investigate the therapeutic hyperthermia potential of HAIO50, the 

samples were subjected to induction heating studies. For this analysis, the Ambell 

EASY HEAT laboratory induction system was used. It’s containing induction coil 

with 4 cm diameter, 2.6 cm length and a total of 6 turns was set at magnetic field 

frequency 275 kHz for this experiment. The induction coil was thermalized to room 

temperature with a closed circuit water chiller. HAIO50 was subjected to an 

alternating magnetic field through induction heating system and temperature of 

nanoparticles was measured as a function of time. The temperature change in sample 

was monitored with a non contact mode IR thermometer (Fluke 572).  

To examine the specific loss power [SLP] of material, different concentrations of 

HAIO50 dispersed in aqueous solution in a 1.5mL plastic centrifuge tube and 

insulated with ceramic wool. The entire assembly was placed within the centre of a 

water cooled copper coil and measured the time-temperature profile via alternating 

magnetic field (AMF) applications. The SLP was calculated by the equation, 
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Where ‘C’ is the volume specific heat capacity of the sample (Cwater = 4185 J L−1 K−1 

C), Vs = is the sample volume, and m is the mass of the magnetic nanocomposite 

present in the sample volume. dT/dt initial slope of the change in temperature versus 

time curve (Ks-1).  

3.3.2 HAIO50 in vitro Hyperthermia Evaluation 

 Hela cells (1x106) and HAIO50 material at a concentration of 2mg/ml were 

suspended in a 1.5 ml eppendorff tube with a final volume of 200µl. An alternating 

magnetic field [AMF] of 33.8mT and 275 kHz was applied to the test tube containing 

HeLa cell suspensions for 30min. The material-cell suspension placed to maximum 

field strength of the induction coil and carried out the AMF hyperthermia. The   

temperature of the suspension was monitored by an infrared thermometer. After 

AMF application material-cell suspension was incubated for 1h at 37oC. Cell 

suspension containing 2mg/ml HAIO50 without AMF application was taken as 

control.  

3.3.2.1 Quantitative Estimation of Dead Cell Population – FACS Analysis   

In this analysis, the control and test material-cell suspensions were washed twice in 

1X PBS and re-suspended in PBS. Cells were stained with 200 µl of (50 µg/ml stock 

solution) Ethidium bromide solution for half an hour. Further the cells suspension 

washed in 1X PBS solution to remove the excess stain and was evaluated through  
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flow cytometric analysis [FACS ARIA, BD Biosciences, San Jose, CA,USA] and 

percentage of stain expressed cells was calculated by using BD FACS Diva software 

(BD Biosciences, San Jose, CA, USA).  

3.3.2.2 Quantitative Estimation of Cell Death Mechanism - FACS Analysis    

After hyperthermia experiment, the control and test material-cells suspensions were 

washed twice in 1X PBS and re-suspended in PBS. Cells were further stained with 

live-dead staining kit [Invitrogen FITC Annexin V/Dead Cell Apoptosis cat 

no:V13242]. Post - staining, cell population was evaluated via flow cytometric 

analysis [FACS ARIA, BD Biosciences, San Jose, CA,USA] and percentage of stain 

expressed cells was calculated by using BD FACS Diva software (BD Biosciences, 

San Jose, CA, USA). 

3.3.2.3 Hyperthermia Treated Cells Morphology Evaluation – ESEM Technique 

To understand the hyperthermia treated HeLa cells morphological analysis, cells 

were grown adherent on round glass coverslips (Blue Star, India) and exposed to 2 

mg/ml of HAIO50 particles, followed by AMF exposure for 30min and incubated for 

1h at 37oC. Cells alone grown over glass coverslip were used for control of the 

experiment.   The cells were fixed in 1% glutaraldehyde for 2 h and dehydrated in an 

ascending alcohol series and evaluated by Environmental scanning electron 

microscopy (FEI QUANTA 200). 

3.3.3 Magnetic Resonance Imaging Contrast Efficiency of HAIO50  

Relaxivity measurements: To assess the magnetic characteristics of the HAIO50 

nanoparticles with respect to their potential use as MRI contrast agents, the HAIO50 
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r2 relaxivity (relaxation of transverse magnetization, i.e. spin–spin interaction) was 

measured.   

The magnetic relaxivity measurements phantom study were performed on a 1.5 T 

entire body MRI scanner (MAGNETOM Avento Tim, Siemens, Munich, Germany) 

using a 12 channel head coil. Different concentrations of the HAIO50 particles 

dispersed uniformly in DI water and enclosed in non-magnetic containers served as 

the phantoms. The relaxation times (T2) using different concentrations of 

nanoparticles (0 to 0.25 mM of Fe) were measured. The concentrations of the 

nanoparticles in containers were fixed via serial dilution. From a stock concentration 

of HAIO50, different dilutions were made using DI water. The scanning parameters 

used were: temperature = 22 oC, field of view = 20 cm x 40 cm and slice thickness = 

6 mm. For T2 relaxometric measurements, a spin echo sequence from three different 

planes of the phantoms was used. The MR signal was measured for various echo 

times of 15–120 ms with a fixed repetition time of 2000 ms. T2 relaxation time was 

calculated from the resulting MRI pixel intensity maps with respect to each 

concentration. The relaxivity (r2) value calculated via pixel intensity plotted against 

the HAIO50 concentrations and r2 value was determined by the linear fit. 

3.3.3.1 In vitro MRI Analysis  

HeLa cells (1 x 106) were incubated with HAIO50 in a DMEM medium for 24h at Fe 

concentrations of 0.05, 0.1, 0.15, 0.2 and 0.25mM. After exposure time, the cells 

were washed twice with 1X PBS and re-suspended 1mL PBS in an Eppendorf tube. 

MR imaging was performed with a 1.5T MRI. T2 weighted images were acquired 
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using the following parameters: temperature = 22oC, FOV = 8 cm x 8cm, slice 

thickness 3mm. The T2 signal intensities were measured within the region of interest.  

 3.4 Improve the Theranostic Efficiency of Superpramagnetic Nanoparticles 

Through Crystal Modification 

3.4.1 Development of Manganese Substituted SPION (MnIO) Nanocrystal via an 

Aqueous Co-precipitation 

3.4.1.1Materials:  

FeCl2.4H2O (≥99%), FeCl3 anhydrous (≥98%), MnCl2.4H2O (≥99%), NaOH, 35% 

HCl and Trisodium citrate (TC) were purchased from Merck (Germany/India). The 

chemicals used for the cell culture studies are 3-[4,5-dimethylthiazol-2yl]-2,5-

diphenyltetrazolium bromide (MTT), F12K medium, sodium bicarbonate, 

Gentamicin (Himedia, India), amphotericin B solution and fetal bovine serum 

(Sigma-Aldrich, Germany). The chemicals used for the nanoparticle cell uptake and 

blood compatibility evaluations are from Sigma-Aldrich, Germany. Deionized water 

was used for the synthesis and subsequent washing of the MnIO. All the reagents 

were used without further purification. 

3.4.1.2 Synthesis of MnIO 

MnIO with varying Mn2+ molar concentrations were synthesized using an aqueous 

co-precipitation method. Briefly, the precipitation was carried out in the precursor 

composed of a 0.1 M solution of ferric salt in deionized water and 0.05 M solution of 

ferrous and manganese salts in 1 M HCl. A solution of 0.03 M trisodium citrate was 

added to this solution to restrict particle aggregation and to control the crystal 
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growth. This precursor was magnetically stirred at a temperature of 80ºC under an 

inert atmosphere followed by the dropwise addition of 1 M NaOH, continuously 

monitoring the pH. At a pH ~12, a black precipitate was observed indicating the 

formation of MnIO. After completing the addition of the NaOH solution, the reaction 

was allowed to continue for another 2 h to complete the precipitation of stable MnIO. 

The black precipitate obtained was magnetically separated, washed initially with 

deionized water followed by washing with 0.001 M HCl to achieve complete 

dispersion of the nanocrystals in the aqueous solution. This was further washed with 

deionized water to attain a neutral pH. 

3.4.1.3 Development of Various Concentration of Mn2+ Substituted SPION 

The experimental procedure in section 3.4.1.2 was repeated for various molar 

compositions of Mn2+ to Fe2+ ratios of 1 : 3, 1 : 1 and 3 : 1 keeping the concentration 

of ferric salt solution constant, (represented as MnIO25, MnIO50 and MnIO75, 

respectively). Bare SPIONs were prepared according to a previous section 3.1.2 

using ferrous and ferric chlorides in a 1:2 ratio under the same reaction conditions. 

3.4.1.4 Physicochemical Characterizations of MnIOs 

3.4.1.4.1 TEM and HRTEM analysis   

The size and morphology of the prepared nanoparticles were studied by transmission 

electron microscopy (TEM, JEM-2010, JEOL, Tokyo, Japan) at 100 kV and the 

histogram of TEM particles evaluated using ImageJ software by counting 50 number. 

The corresponding average particle sizes were calculated with the help of a Gaussian 

fit. HRTEM images were obtained using a Hitachi HF 2200 TU field emission 

microscope operating at an accelerating voltage of 200 kV.  
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3.4.1.4.2 Powder X-ray Diffraction 

Nanocrystal phase analysis was carried out using powder X-ray diffraction. The 

powder X-ray diffraction measurements were taken using an X-ray diffractometer 

(Bruker, D8 advance, Karlsruhe, Germany) with CuKα1 radiation operating at 40 kV 

and 30 mA current strength performed at room temperature.  

3.4.1.4.3 Fourier Transform Infrared Spectra (FTIR) 

FTIR spectra for all the samples were recorded on a Thermo- Nicolet 5700 

spectrometer (Thermo Nicolet 5700, USA) using the diffuse reflectance (DRIFT) 

mode and to obtain high signal to noise ratio, 64 scans were collected at a resolution 

of 4 cm-1.  

3.4.1.4.4 Thermogravimetric Analysis  

Thermogravimetric analysis (TGA) was performed for freeze dried MnIOs samples 

with a SDT 2960 V2.2B instrument (Simultaneous TGA-DTA, TA Instruments, 

Delaware, USA) under the nitrogen atmosphere at a heating rate of 10ºC min-1.  

3.4.1.4.4 Inductively Coupled plasma-Optical Emission Spectroscopy 

The total atomic percentage of iron and manganese were determined by inductively 

coupled plasma-optical emission spectroscopy (ICP-OES, Perkin Elmer 5300DV, 

USA). An aliquot (typically 2 mL) of the MnIO nanoparticles dispersion with 1 mL 

of 3 N analytical grade HCl were used for ICP measurements. The sample solutions 

were pre-heated to boiling, and then cooled to room temperature, followed by 

adjusting the volume to 50 or 100 mL as per the required analysis conditions and 

measurements were conducted. 



54 

 

 3.4.1.4.5 ESEM and EDS spectrum 

An environmental scanning electron microscope (Quanta 200, The Netherlands) 

equipped with energy dispersive X-ray (EDS) spectrum was used to determine the   

composition of the as-prepared MnIOs samples. 

3.4.1.4.5 Magnetic Property Measurement of MnIOs 

Magnetic measurements were carried out on a PAR EG&G Model 4500 Vibrating 

sample magnetometer (VSM) varying the field between -15 kOe and +15 kOe. 

Powder samples of MnIOs were placed in a uniform magnetic field and its magnetic 

properties, saturation magnetization and magnetic hysteresis nature studied at room 

temperature. 

3.4.1.4 Biological Evaluations of MnIOs 

3.4.1.4.1 Cell Culture 

HeLa (human cervical carcinoma) cells were cultured as per mentioned in the section 

3.1.4.1 

3.4.1.4.2 Cytotoxicity - Alamar Blue Assay and Light Microscopy 

Alamar blue (AB) assay was carried out as per the procedure mentioned in section 

3.1.4. In this study, HeLa cells were seeded in a transparent 96 well plates and 

exposed to the nanoparticle [SPION and MnIO25, MnIO50 and MnIO75] dispersions 

at concentrations ranging from 0.5mg to 3mg for 24h. After the exposure, 100µl of 

alamar blue reagent (invitrogen assay protocol) was added in each well and 

incubated for 4h at 37ºC. The fluorescence was measured at 560 nm excitation and 

590 nm emission wavelengths using a plate reader (HIDEX Chameleon) and 
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expressed in percentage activity of live cells versus control. The experiments were 

carried out in triplicate for each nanoparticle concentrations. The 24h material 

exposed cell structure was also evaluated via bright field microscopy. Microscopic 

observations and cell imagery acquired with a Leica DMIL microscope (Leica, 

Germany) support the non – cytotoxic nature of the particles. 

3.4.1.4.3 Hemolysis Assay 

The experiment was conduted as per the section 3.2.6.3. In this study, the MnIOs and 

controls (1mg) were added into each of the 10 mm2 polystyrene wells, followed by 

addition of 1ml blood and incubated for a period of 2h under agitation at 70 ± 5 rpm 

using an environ shaker thermostat (Kuhner shaker, Switzerland) at 35 ± 2ºC. Three 

empty polystyrene culture dishes were exposed to blood as reference. The total 

hemoglobin in the whole blood samples were measured using automatic hematology 

analyzer (sysmex-K 4500). The free hemoglobin liberated into the plasma after 

exposure to materials was measured using Diode array spectrophotometer (Hewlett 

Packard 8453) and the percentage hemolysis was calculated using the formula (Free 

Hb/ total Hb)˟  100. Hemolysis expressed as a percentage of hemoglobin release was 

performed to assess the effect of nanocrystals on the blood cell membranes. 

3.4.1.4.4 Clotting Time 

Whole human blood was collected from an un-medicated healthy donor without 

anticoagulant and was transferred immediately to glass tubes for clotting time 

analysis. Briefly, 1mg of each sample (SPION & MnIOs) was mixed with 1ml of 

whole blood and time required for clot formation was observed manually by tilting 

the tube at fixed time intervals measured using a stopwatch. The time period between 
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the addition of the samples to whole blood and first visible clot formation was taken 

as the clotting time. Negative (saline) and positive (polyethylenimine) controls were 

also treated identically. 

3.4.1.4.5 RBC Aggregation 

Red blood cell concentration was collected from whole blood in ACD by 

centrifugation at 3000 rpm for 15min. 1 mg of each of the samples (SPION  & 

MnIOs), positive (polyethylenimine) and negative (saline) control were added to 1ml 

of 1:10 normal saline diluted red cell concentrates and were incubated in Environ 

shaker thermostat for 30 min at 35 ± 2ºC. Aggregation was observed using 40x 

objective of Leica phase contrast DMIL microscope (Leica, Germany) after 1: 100 

dilution of the mixture with normal saline. 

3.4.1.4.6 WBC Aggregation 

WBCs were isolated from citrate human whole blood by gradient centrifugation 

using Histopaque (sigma-1077). Cells were carefully collected and diluted with 

normal saline to obtain a concentration of 5000-10000 cells per microlitre. 1mg of 

each samples, positive and negative controls were then added to 1ml of count 

adjusted WBC and were incubated in Environ shaker thermostat for 30min at 35 ± 

2ºC. Aggregation was observed using 40x objective of Leica phase contrast 

microscope after 1: 100 dilution of the mixture with normal saline. 

3.4.1.4.7 Platelet Aggregation 

Platelets were isolated from citrate human whole blood via gradient centrifugation 

using Histopaque. Cells were carefully collected and diluted with platelet poor 

plasma to obtain a concentration of 2.0 - 2.5x 108/cells. 1mg each of the samples, 
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positive and negative controls were then added to 1ml of count adjusted platelet 

solution and were incubated in Environ shaker thermostat for 30min at 35 ± 2oC. 

Aggregation was observed using 40x objective of Leica phase contrast microscope 

after 1: 100 dilution of the mixer with normal saline. 

3.4.1.4.8 Cell Uptake 

To evaluate the cell uptake of SPION and MnIOs, the cells were incubated with 50 

µg of SPION and MnIOs at 37ºC for 24h. After incubation, the cells were washed 

with sterile PBS buffer and fixed with 3.7% paraformaldehyde for 4h. The prussian 

blue staining was carried out with 7:3 volume ratios of 10% potassium ferrocyanide 

and 10% hydrochloric acid. After 20 min the cells were washed thrice with distilled 

water. Further, cells were counterstained by nuclear fast red (NFR) to visualize cell 

nuclei. Coverlsip was mounted in DPX and images were captured on a Leica DMIL 

microscope. 

3.4.1.5 MnIOs Contrast Effect in Magnetic Resonance Imaging  

Relaxivity measurements was executed as per mentioned in the section 3.3.3   

In this study, different concentrations of the MnIOs dispersed uniformly in DI water 

and enclosed in non-magnetic containers served as the phantoms. The relaxation 

times (T2) using different concentrations of nanoparticles (0 to 0.25 mM) were 

measured. The concentrations of the nanoparticles were calculated with the help of 

ICP-OES analysis. T2 relaxation time was calculated from the resulting MRI pixel 

intensity maps with respect to each concentration. The relaxivity (r2) value calculated 

via pixel intensity plotted against the MnIO concentrations and r2 value was 

determined by the linear fit. 
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3.4.2 Development of Surface Modified Manganese Substituted SPION     

3.4.2.1 Materials 

FeCl2.4H2O (≥99%), FeCl3 anhydrous (≥98%), MnCl2.4H2O (≥99%), NaOH, 35% 

HCl and trisodium citrate were purchased from Merck (India). Chemicals used for 

cell culture were exclusively sourced from Invitrogen, India. Alamar Blue, Annexin 

V/dead cell apoptosis kit was commercially sourced and company prescribed 

protocol followed (Invitrogen, CAT # DAL1100 and CAT #V13242). The chemicals 

used for the nanoparticle cell uptake and blood compatibility evaluations were from 

Sigma-Aldrich, Germany. Nuclear fast red and potassium ferrocyanide were from 

Carl Roth (Karlsruhe, Germany). Actin cytoskeleton and focal adhesion staining kit 

(FAK100) and goat anti-mouse IgG FITC conjugate were from Chemicon (Millipore, 

USA). All the reagents were used without further purification. 

3.4.2.2 Synthesis of Surface Modified MnIO Nanoparticles (MnIOTCs) 

The manganese ferrite nanoparticles were synthesized by co-precipitation according 

to the previous section 3.4.1.2.   

In order to stabilize the nanoparticle, the colloidal suspensions MnIO25, MnIO50, 

MnIO75 and SPIONs were dispersed in 10 M trisodium citrate [TC] and stirred at 

room temperature around 12h. The colloids were centrifuged and washed several 

times with deionized water to remove un-reacted citrate molecules and re-dispersed 

in neutral pH. Finally the synthesized aqueous suspensions were freeze-dried and 

used for physicochemical characterizations and termed as MnIO25TC, MnIO50TC, 

MnIO75TC and IOTC. 
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3.4.2.3 Physicochemical Characterizations 

3.4.2.3.1 Dynamic Light Scattering 

Dynamic light scattering (DLS) was executed an aqueous dispersion of ~0.01% w/v 

in MnIOTCs. Hydrodynamic size and zeta potential values of the particles were 

estimated with Malvern Instruments Ltd, Malvern, UK.  

3.4.2.3.2 X-ray Diffraction Technique 

X-ray diffraction (XRD) was performed on a Bruker, D8 advance, Karlsruhe, 

Germany, diffractometer with Ni- filtered Cu Kα radiation. Samples were dried on a 

glass petridish, collected, ground and spread on the Bruker sample holder. The 

instrument was operated at 40kV and 30mA current strength. The crystal structure 

was determined by analyzing the position and intensities of diffraction peak typically 

observed in the range of diffraction angle 2θ = 20°–75° and at a scan rate of 4°min-1 

with a step wise of 0.1°.  

3.4.2.3.3 Thermogravimetric Analysis 

The citrate content in the manganese ferrite samples was determined with 

thermogravimetric analysis [TGA] using SDT 2960 V2.2B Delaware, USA. 

 3.4.2.3.4 Transmission Electron Microscopic Analysis 

Samples for TEM were prepared by casting a droplet of a dilute aqueous suspension 

of MnIOTCs on formvar-coated copper TEM grids and observed in TEM (H-7650, 

120kV, Hitachi, Japan).  
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3.4.2.3.5 Fourier Transform Infrared Spectra 

Fourier transform infrared (FTIR) spectra of samples were recorded using Thermo 

Nicolet 5700 FTIR spectrometer (USA) in the diffuse reflectance mode. To alter high 

signal to noise ratio, 64 scans were acquired at a resolution of cm-1.  

3.4.2.3.6 Vibrating Sample Magnetometry analysis 

The magnetic property of MnIOTCs was analyzed at room temperature using 

Vibrating sample magnetometry (VSM). The measurements were taken by PAR 

EG&G Model 4500 magnetometer with an external field varying from -15 to 15 kOe. 

The magnetization of each samples were obtained as a function of the applied field. 

3.4.2.4 Biological Evaluations  

3.4.2.4.1 Cell Culture 

HeLa (human cervical carcinoma) cells were cultured as per mentioned in the section 

3.1.4.1. 

3.4.2.4.2 Cytoskeleton Evaluation 

Samples for cytoskeletal staining were assessed as follows; cell monolayer on glass 

cover slip was incubated with MnIOTCs for 24h. Cells were then washed three times 

with PBS before fixation in 3.7% paraformaldehyde for 24h and stored at 4ºC. 

Further processing was as per kit protocol of Invitrogen. Secondary antibody from 

Millipore (Millipore Goat Anti-Mouse IgG Antibody, (H+L) FITC Conjugated, CAT 

# AP124F) conjugated with FITC was sued to illuminate cell junctions. Actin was 

visualized with TRITC conjugated phalloiding and nuclei stained using DAPI. Cover 
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slips were mounted using light diagnostics mounting fluid [Millipore] and imaged 

using confocal laser scanning microscope (Carl Zeiss LSM 510 META). 

3.4.2.4.3 Cytotoxicity- Alamar blue Assay and Light Microscopic Technique 

Alamar blue (AB) assay was performed as per the procedure mentioned in section 

3.1.4. In this study, HeLa cells were seeded in a transparent 96 well plates and 

exposed to the nanoparticle [IOTC and MnIO25TC, MnIO50TC and MnIO75TC] for 

24h and alamar blue was added in each well as per protocol. The fluorescence was 

measured at 560nm excitation and 590 nm emission wavelengths using a plate reader 

(HIDEX Chameleon). Experiments were carried out in six times for each 

nanoparticle concentrations. 

3.4.2.4.4 Cell Uptake  

To verify the cell uptake of IOTC and MnIOTC, cell monolayers were incubated 

with 50 µg of each particle at 37oC for 24h. After incubation, cells were thoroughly 

washed with sterile PBS buffer and fixed with 3.7% paraformaldehyde for 4h. 

Prussian blue staining was carried out with 7:3 volume percentages of 10% 

potassium ferrocyanide and 10% hydrochloric acid for 20min. Stained samples were 

washed thrice with distilled water, counterstained with nuclear fast red; mounted and 

imaged on a Leica DM 6000 microscope. 

3.4.2.4.5 Blood Compatibility Studies 

Hemolysis and clotting time assay of MnIOTCs were evaluated as per the procedure 

in previous sections 3.4.1.4.3 and 3.4.1.4.4. In our studies saline and 

polyethylenimine were used as negative and positive controls respectively. Using 
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Diode array spectrophotometer (Hewlett Packard 8453) absorbance at 541 nm was 

considered for percentage hemolysis evaluation.  

3.4.2.5 Contrast Efficiency in MRI 

Magnetic relaxivity measurement of samples was performed as per the previous 

sections 3.3.3 and3.3.3.1. Various concentrations [0.05 to 0.25 mM] of MnIOTCs 

were prepared in aqueous solution. The images from three different planes were 

acquired and T2 relaxation times were calculated from the resulting MRI pixel 

intensity maps with respect to concentrations. Similarly for in vitro assessment, the 

cells were incubated for 24h with different concentrations of MnIO75TC 

nanoparticle at 37ºC and washed with centrifugation for removing excess material. 

The cells were then re-dispersed in PBS solution and MRI was carried under above 

conditions. 

3.4.2.6 Hyperthermia Studies  

The hyperthermia investigation of MnIO75TC has been carried out as per the 

previous section 3.3.1.  In this study, various concentrations of aqueous dispersed 

MnIO75TC were used for hyperthermia and calculated the SLP values.  

3.4.2.7 Hyperthermia – Cell Death Evaluation 

Hela cells (1x106) and material at a concentration of 2mg/ml were suspended in a 1.5 

ml eppendorff tube with a final volume of 200µl. An alternating magnetic field of 

33.8mT and 275 kHz was applied to the test tube containing cell suspensions for 

30min. Cell suspension placed to maximum field strength of the induction coil and 

temperature of the suspension monitored by an infrared thermometer. After AMF 
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application cell suspension was incubated for 1h at 37oC. Cell suspension containing 

2mg/ml MnIOTC without AMF application was taken as control.  

3.4.2.7.1 Hyperthermia Cell Death – FACS Analysis 

Cells were then washed twice in 1X PBS and re-suspended in PBS. Cells were 

further stained with live dead staining kit [Invitrogen FITC Annexin V/Dead Cell 

Apoptosis cat no:V13242]. Post - staining, cell population was evaluated via flow 

cytometric analysis [FACS ARIA, BD Biosciences, San Jose, CA,USA] and 

percentage of stain expressed cells was calculated by using BD FACS Diva software 

(BD Biosciences,San Jose, CA, USA). 

3.4.2.7.2 Hyperthermia Cell Death – ESEM Analysis 

 For morphological analysis HeLa cells were grown adherent on round glass 

coverslips (Blue Star, India) and exposed to 2mg/ml of MnIO75TC followed by 

AMF exposure for 30min and incubated for 1h at 37oC. The cells were fixed in 1% 

glutaraldehyde for 2h and dehydrated in an ascending alcohol series and evaluated by 

Environmental scanning electron microscopy (FEI QUANTA 200). 
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Chapter 4 

RESULTS 

4.1 Development of SPION Embedded HA Nanocomposites (HAIO) 

4.1.1 Synthesis of HAIO and Physicochemical Characterizations 

By an in situ co-precipitation we prepared the SPION embedded HA nanocomposite 

(HAIO) particles. The iron oxide precursors such ferrous and ferric salts in a molar 

ratio 1:2 and hydroxyapatite precursor calcium salts and phosphate salts to get a Ca/P 

ratio of 1.67 were employed for the preparation of HAIO.  The detailed synthesized 

conditions described in the materials and methods (section 3.1.2). Reaction 

parameters such as pH, temperature and atmospheric condition were optimized. 

HAIO synthesis was followed by developing various concentrations of SPION 

embedded HA composites. To determine crystal structure XRD evaluation of 

SPION, HA & HAIO was carried out. Results as in figure 1A for crystal structure 

and cell parameter analysis were obtained. The major peaks of HA (002), (211), 

(112), (300), (310), (222), and (213) and SPIONs of (220), (311), (400), (422), (511), 

and (440) can be clearly seen in the HAIO composites. XRD patterns of HAIO 

containing HA was in good agreement with the reference HA pattern (PDF=09-0432) 

and SPION pattern (PDF= 01-071-6336). Upon changing the molar concentration of 

SPION and HA, various compositions of HAIO were developed and the 

corresponding XRD patterns are depicted in figure 1B. 
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Figure 1A: X-ray diffraction (XRD) pattern of (a) HA, (b) SPION and (c) HAIO;         

[-HA PDF = 00-009-0432, - SPION PDF = 01-071-6336] 

 

 

Figure 1B: XRD pattern of a) HAIO10   b) HAIO30 c) HAIO70 d) HAIO90;              

[- HA PDF= 00-009- 0432, - SPION PDF= 01-071-6336] 
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However the molar compositions of HAIOs have great importance in the crystal 

structure, shape and morphologies. Transmission electron and scanning electron 

microscopic evaluation provides interesting information on the morphological 

features of the various compositions of magnetic nanocomposite. Figure 2 and figure 

3 are the respective TEM and SEM micrographs, depicting the acicular or needle 

shaped crystals of hydroxyapatite containing SPION nanoparticles within it. 

 

 

Figure 2: Transmission Electron Micrographs of various weight percentage of 

SPION embedded HA samples (a) HAIO10, (b) HAIO20, (c) HAIO30, (d) HAIO40, 

(e) HAIO50 and (f) Higher magnification of HAIO50 
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It was observed that with increased concentration of SPION particles, the shapes and 

crystal growth patterns were altered, transforming from needle to spherical. The 

lower concentrations of SPION of 10, 20 and 30 wt% show acicular nature crystals 

(as seen from Figure. 2a–c and 3a–c), while higher concentrations of 40 and 50 wt% 

changed from acicular to spherical shaped HAIO composites (Figure. 2d and e and 

3d and e). 

 

Figure 3: Scanning Electron Micrographs of HAIOs a) HAIO10 b) HAIO20 c) 

HAIO30 d) HAIO40 and e) HAIO50 

Figure 4a–e and Figure 5a–e present the EDS spectra of various compositions of 

HAIOs taken from the respective TEM and SEM micrographs. The corresponding 

peak intensities of iron, calcium and phosphorous elements in the EDS spectra were 

in good agreement with the formation of all weight percentage compositions. 
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Figure 4: Energy Dispersive Spectra (EDS) of (a) HAIO10, (b) HAIO20, (c) 

HAIO30 (d) HAIO40 and (e) HAIO50 from TEM grid 

 

Figure 5: Energy Dispersive Spectra (EDS) of a) HAIO10  b) HAIO20  c) HAIO30  

d) HAIO40  and e) HAIO50 from SEM stub 

The vibrational spectroscopic evaluation of the samples was carried out with FTIR 

technique and the results are presented in Figure 6A and 6B. The FTIR spectrum of 
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the HAIO50 composites has a characteristic peak at 572 cm-1 corresponding to 

stretching frequency of the Fe–O bond of the Fe3O4 crystals (Chen et al., 2013). 

Moreover, the vibration of hydroxyapatite, such as the υ1 (P–O) vibration of 

phosphate, is observed as a peak at ~962 cm-1. A peak at ~471 cm-1 is identified as 

the υ2 (O–P–O) vibration of the phosphate group. The peaks observed at ~1090 and 

~1040 cm-1 have been identified as υ3 (P–O anti-symmetric) vibrations. The υ4 

vibrations have been observed at ~604 and 567 cm-1. These characteristic peaks show 

the formation of the pure magnetite phase embedded hydroxyapatite nanocomposite. 

In addition, from analysis of the FTIR spectra various weight percentage 

compositions of HAIOs, there were no significant differences between the HA peaks 

and the SPION peaks observed. 

 

Figure 6A: Fourier Transform Infra red Spectra of a) SPION b) HA c) HAIO50 

 

 



70 

 

 

Figure 6B: Fourier Transform Infra red Spectra (FTIR) of various weight 

percentages of HAIOs a) HAIO10 b) HAIO30 c) HAIO70 and d) HAIO90 

Magnetic measurements of HAIOs and SPION measured at room temperature are 

given in Figure 7. The bare iron oxide expresses highest magnetization value 

(73emu/g), and its corresponding composites decreases with lesser content of 

magnetic crystals in the composites nanoparticles. 



71 

 

 

Figure 7: Field-dependent magnetization curves (M-H) at 300K for magnetic 

composite with compositions of a)HAIO10  b)HAIO30  c) HAIO50  d)HAIO70  

e)HAIO90  f)SPION and g) HA 

From an application point, interest was on minimum concentration of SPION 

embedded HA having good magnetic property. In our study the HAIOs with lesser 

content of SPION with good magnetic response were observed in HAIO50. The 

HAIO50 shows magnetization value 23emu/g, which is suitable for potential 

biomedical application and it shows optimal response and accumulates in the 

presence of external magnet. Moreover surface potential and hydrodynamic size of 

HAIO50 was measured using DLS technique and values were observed as -20.2 mV 

and 150–170 nm respectively and are depicted in the figure 8. 
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Figure 8: (a) hydrodynamic size and (b) zeta potential value of HAIO50 particles. 

4.1.2 Biological Evaluation of HAIOs 

Preliminary cytocompatibility of HAIOs was evaluated by MTT assay and 

hemocompatibility test. The MTT assay was used to measure cell viability after 

incubation with HAIO’s. Cells were incubated with test samples for 24 hours and 

viability index was measured in percentage scale based on formazan production.  

 

Figure 9: MTT test of HeLa cells treated with 0.75mg/ml & 1.5mg/ml of SPION and 

HAIOs (p <0.05) 
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Figure 9: demonstrate that HAIO30, HAIO50, HAIO70 and HAIO90 nanoparticles 

are associated with very low toxicity when concentrations 0.75mg/ml and 1.5mg/ml 

were used over a period of 24 hours of exposure. 

A detailed biological evaluation was performed on lower weight percentage SPION 

compositions of HAIOs. Hence the various concentrations of HAIO50 

cytocompatibility assessed via Alamar Blue assay and depicted in Figure 10. 

Followed by hemolysis study was performed to assess the blood compatibility of the 

candidate materials, since the intravenous route is the most commonly explored way 

of administration in practical scenarios. The resulting damage, if any, is expressed as 

percentage of hemoglobin release in Table 1. 

 

Figure 10: Cell Activity at 24hrs contact with HAIO50 various concentration 

evaluation via Alamar Blue assay (p <0.05) 
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Concentration of 
HAIO50 (mg/ml) 

0.1 0.3 0.5 Positive 
control 

Negative 
control 

% Hemolysis 0.79 ± 0.13 0.96 ± 0.20 1.05 ± 0.13 75.08 ± 0.86 0.70 ± 0.07 

Table 1: Hemolysis analysis of HAIO50 nanocomposites various concentrations 

To evaluate the cell uptake of HAIO50 particles, Prussian blue staining was done. 

For this analysis, iron staining was carried out to evaluate the presence of magnetic 

nanoparticles. 120 µg/mL of the HAIO50 nanocomposite was incubated with HeLa 

cells followed by Prussian blue staining. As per Figure 11, positive Prussian blue 

staining does not affect the morphology of the cells and they retain their native 

cellular structure in vitro, thus proving to be non-cytotoxic. 

 

Figure 11: Phase contrast light micrographs of HeLa cells incubated with 120µg of 

HAIO50 - a) Control and b) stained with Prussian Blue 

Flow cytometric analysis was used to estimate cell–material interactions as a 

function of time with exposure to different doses of the nanoparticles. Side scatter 

(SSC) is generally thought to be related to both the granularity of the cell and the cell 

mass. The SSC signal is affected by the refractive index of the cytoplasm and the 
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number of organelles present in the cell (Tzur et al., 2011), (Zucker et al., 2010). 

Generally, FSC provides information on the overall size of the cells.   

 

Figure 12A: FSC vs SSC plots of Flow Cytometric measurement of granularity 

change in HeLa cells;  A, B & C are represents 120µg, 240 µg & 480 µg of HAIO50 

in contact with 106 cells and (i), (ii), (iii) & (iv) indicated analysis at time points -  

0,5, 10 & 15 min. P1= cells gated as Control indicated by no change in values 

P2= Cells in interaction with HAIO50 indicated by linearly correlated intensity of 

SSC channel. Plots indicate increase in uptake of HAIO50 from zero to fifteen min & 

a dose dependent response at longer time period with higher dosage. 

 

 



76 

 

Time 

(min) 

Control HAIO50 120µg HAIO50 240µg HAIO50 480µg 

P1 P2 P1 P2 P1 P2 P1 P2 

0 99.2 0.8 81.4 3.8 61.9 8.9 73.5 15.3 

5 99.2 0.8 94.2 5.7 70 15.5 64.8 24.7 

10 99.5 0.5 78.4 6 63.4 34 61.3 38.6 

15 99.6 0.4 90.6 9.4 59.2 40.7 43.2 52.8 

Table 2: Percentage Gated Population of P1 & P2: time & dose based variance 

clearly expressed. P1= cells gated as Control indicated by no change in values, P2= 

Cells in interaction with HAIO50 indicated by linearly correlated intensity of SSC 

channel. 

 

Figure 12B: FSC vs SSC plots of Flow Cytometric measurement of granularity 

change in HeLa cells;  A control, B & C are represents 30µg & 60µg of HAIO50 in 

contact with 106 cells and (i), (ii), (iii) & (iv) indicated analysis at time points -  0,5, 

10 & 15 min. P1= cells gated as Control indicated by no change in values P2= 

Cells in interaction with HAIO50  
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Time 

(min) 

 
Control 

HAIO50 30µg HAIO50 60µg 

P1 P2 P1 P2 P1 P2 

0 99.2 0.8 99.6 0.4 99.2 0.8 

5 99.2 0.8 99.6 0.4 99.5 0.5 

10 99.5 0.5 99.8 0.2 98.1 0.1 

15 99.6 0.4 99.4 0.6 98.2 1.2 

Table 3: Percentage Gated Population of P1 & P2: time & dose based variance 

clearly expressed. P1= cells gated as Control indicated by no change in values, P2= 

Cells in interaction with HAIO50 indicated by linearly correlated intensity of SSC 

channel 

Approximately 1x106 HeLa cells were treated with 30, 60, 120, 240 and 480 µg 

doses of HAIO50 and held for time periods varying from T0 to T15 (minutes). The 

corresponding cellular interactions were assessed via changes in forward scatter 

(FSC) and side scatter. As indicated in Figure 12A and Figure 12B. However, in cells 

treated with higher concentrations of HAIO50 of 240 and 480 µgs, FSC was constant 

but SSC intensity was higher depending on the incubation time, as presented in Table 

2 and Table 3.  
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4.2 HAIO50 Assisted Cell Separation, Manipulation and Culturing Using 

External Magnetic Field for Introducing Targeted Cell Delivery   

4.2.1 HAIO50 Aided Cell Separation Experiment 

The cell separation experiment has been carried out with HAIO50 nanoparticles with 

the aid of external magnetic field. 1x106 HeLa cells were incubated with Acridine 

Orange and exposed to HAIO50 particles. Cells were separated using an external 

magnet, which has been demonstrated in the Figure 13. Cells with HAIO50 uptake 

were responsive to magnetic field within 2 min and concentrated to form a pellet 

within 10 min. 

To better explore HAIO50 as an efficient probe for floating cell separation from 

suspension and evaluate its potential as a carrier for cell therapy, low doses of 

HAIO50 nanoparticles (30, 60, 120, 240, 480, and 960 µg) were incubated with 

Acridine orange stained 1x106 HeLa cells. The supernatant after magnetic separation 

as well as the pellet were subjected to population analysis using a Coulter Cell 

Counter. A concentration of 480 µg of HAIO50 efficiently separated from all cells 

from suspension with 15 min incubation. To elucidate the mechanism of interaction 

with the nanoparticles, separation experiments were carried out at a temperature of 4 

oC. The separation efficiency of the 480µg dose was preserved at 4oC on comparison 

to that at room temperature (Table 4). 
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Figure 13: Visible Light (A- i, iii, v) & UV (B - ii, iii, vi ) Illumination of Acridine 

Orange (AO) stained HeLa cells incubated with HAIO50 for 15min and separated 

with an external magnet (MT) placed in the vicinity between 4th and 5th tubes [0.3T]: 

M=HAIO50 alone, C+S= cells stained with AO, PBS= buffer, M+C+S= stained cells 

and HAIO50.  (i) & (ii) zero min (iii) & (iv) 2min, (v) & (vi) 10min,  post magnetic 

exposure 

 

 

 

 

 

Table 4: The coulter counter cell count of supernatant from HAIO50 magnetically 

separated cells done at room temperature (25oC) and low temperature (4oC). Cells 

separated from suspension linearly decreased with concentration of material. 

Concentrations 

of HAIO50 (µg) 

Supernatant cell count (HeLa *103cells) 

Temperature (25oC) Temperature (4oC) 

30 1.4 2 

60 0.8 1.6 

120 0.6 1.4 

240 0.3 0.6 

480 0.2 0 

960 0 0 
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As cells are tagged with Acridine orange, to ascertain the fluorescent intensity of 

supernatant and pellet, the magnetically separated stained HeLa cells were placed 

under a UV transilluminator. Images in Figure14 show that there was strong green 

fluorescence in the control tube while fluorescence was absent in the supernatant 

from tubes B and C, corresponding to 480 µg and 960 µg, respectively. The 

supernatant from tubes D through G, 240, 120, 60 and 30 µg, respectively, showed 

increasing levels of fluorescence, which further corroborate the Coulter counter 

observations of a residual cell population at lower particle concentrations. To 

confirm cell separation into the pellet compartment, pellets were re-suspended and 

observed under UV illumination. A dose-dependent decrease in fluorescence with 

lowering the dose could be visualized in Figure 14. 
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Figure 14: The Acridine Orange (AO) pre-stained HeLa cells were incubated with 

various concentrations of HAIO50 for 15min and magnetically separated. 

Supernatant collected and the corresponding pellets were re-dispersed in PBS buffer. 

Images of dispersion were taken on UV transilluminator 

4.2.2 Structure and Morphology Evaluation of Magnetically Separated Cells 

Separated cell morphology was evaluated via Giemsa staining and ESEM techniques. 

Giemsa-stained cells were viewed as a dark purple colour under light microscopy, as 

represented in Figure15, while the unattached cells on the glass slide were observed 

as spherical units with a dark violet colour in both the control and the pellet. HAIO50 

clumps appeared as a dark yellow colour in both the pellet and the bare sample.   
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Figure 15: Giemsa Stained HeLa cells: (a) cells alone indicated by clear blue spheres 

(b) Magnetically separated HAIO50 pellet containing cells identical to (a); and (c) 

HAIO50 alone 

Environmental scanning electron microscopy (ESEM) and energy dispersive 

spectrum (EDS) were further used to evaluate the smears of the control and the pellet 

recovered cells, as depicted in Figure 16.   
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Figure 16: Scanning Electron Micrographs: (a) Cells alone and (b) Magnetically 

Separated HAIO50 Cell pellet. The corresponding energy dispersive spectra are in 

inset 

4.2.3 Magnetically Separated Cells were Cultured under In vitro Condition 

Cells were separated using a 60 µg HAIO50 dose and maintained under standard cell 

culture conditions for 24 hours post separation. Actin staining and visualization using 

confocal laser scanning microscopy studies confirmed the normal cytoplasmic 

skeletal organization (Figure 17). 
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Figure 17: Confocal Laser Scanning Micrographs of magnetically separated 

HAIO50 Cell pellet in culture for 24 hrs (i) in DIC mode (ii) DAPI (nuclei) stained 

cells (iii)  Rhodamine Phalloidin stained Actin  and (iv)  merged image of (ii) & (iii). 

A – Control of cells alone and (B) Magnetically separated HAIO50 Cell pellet 

4.3 HAIO50 Conjugated HeLa Cells were Magnetically Levitated and used for 

Three Dimensional [3D] Culturing 

In order to investigate the HAIO50 and levitation, HAIO50 conjugated HeLa cells 

were levitated in a cell culture medium using an external magnetic field. 

We observed that the magnetic field concentrated clusters of levitated cells in 

solution, triggering cell–cell interactions in a mode consistent with tissue engineering 

scaffolds designed to enhance cell growth advantage. After 72h the 3D cell cultured 

viability, proliferation and cytoskeletal structures were evaluated using ESEM, 

fluorescent microscope and phase contrast microscopy.  
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Morphological analysis using ESEM is depicted in the Figure 18. Cells proliferated 

to form a sheet like structure and the higher magnification clearly showed the cellular 

integrity and cells attached magnetic HAIO50 particles. Nuclear staining has been 

carried out with DAPI staining and phase contrast light microscopic images were 

taken and depicted in the Figure 19. The morphology and cell-cell interaction 

revealed efficiency and the nontoxic nature of the HAIO50 aided 3D model cell 

culture.  

 

Figure 18: (a) 200X (b) 800X, (c) 3000X images of three dimensionally cultured 

HeLa cells sheet on 72h 
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Figure 19: cell sheet construct ruction after 72h 3D culturing (a) DAPI nuclear 

staining (b) phases contrast light microscopic image 

4.3.1 Synthesis of HAIO Embedded Polycaprolactone Magnetic Microspheres 

[HAIO PCL] and Physicochemical Characterization 

The HAIO embedded polycaprolactone magnetic microspheres were developed via 

solvent evaporation techniques. HAIO particles were an inorganic magnetic material 

with the property of hydrophilic surface while PCL was an organic hydrophobic 

material. Here we used dichloromethane as a solvent, the magnetic microsphere 

could be formed as HAIO embedded PCL magnetic microspheres.  

The size of the microspheres were optimized by varying the concentration of PCL 

polymer (5, 7.5 and 10 wt %). The morphology and microsphere size was evaluated 

through SEM technique and depicted in the Figure.20. The results showed that at a 

lower polymeric concentration, microsphere size was smaller and on increasing the 

polymeric concentration, microsphere size gradually increases. Magnetic 

microsphere synthesis using 10wt% of polymer was carried out and spheres 

evaluated by SEM Figure 21.  

 



87 

 

 

Figure 20: SEM images of polycaprolactone microsphere (a) PCL 5  (b) PCL 7.5 (c) 

PCL10  

 

Figure 21:  (a) & (b) are Low and high magnification SEM images of HAIO PCL 

magnetic microsphere 

The crystallinity and bonding in HAIOPCL was evaluated via XRD & FTIR. 

Coerresponding spectra are as in Figure 22 & 23. However, HA and iron oxide 

spectral intensity were suppressed by the presence of PCL polymer in compoite.    
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Figure 22: XRD measurement of magnetic microspheres  (a) PCL (b) HAPCL (c) 

HAIOPCL 

 

Figure 23: FTIR measurement of magnetic microspheres (a) PCL (b) HAIOPCL 

In XRD spectra, the green arrow reprented (311), (400) and (440) patterns showed 

the presence of iron oxide and red arrow maked (211) pattern suggested the presence 

of HA crystals.  Further, the presence of broad peak at 580cm-1 from FTIR spetra 

confirmed the iron oxide crystals in HAIOPCL composite.  
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4.3.1.1 Biological Evaluation and 3D culture of HAIO PCL 

The preliminary cytocompatiblity and hemocompatibility evaluation of HAIO PCL 

was carried out using Alamar Blue assay and hemolysis test. Almar blue assay 

results in the Figure 24 revealed that more than 95% viability of cells with on 

exposure to HAIO-PCL structures with varying size at 2mg/mL concentration. Also 

the percentage hemolysis value and ESEM image of RBCs after microspheres post 

exposure have been represented in table 5 and Figure 25 respectively.   

 

Figure 24: Cell Activity at 24hrs contact with HAIO PCL various size range having 

2mg/ml concentration evaluation via Alamar Blue assay (p <0.05) 

 

Microsphere 

size (1mg/ml) 
100-250 µm 250- 350 µm 350- 500 µm 500-1000 µm 

Negative 

control 

Positive 

control 

Hemolysis (%) 0.08±0.002 0.05±0.001 0.07±0008 0.09±0.007 0.00±0.000 0.65±0.06 
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Table 5: Hemolysis analysis of HAIO PCL microspheres various sizes on 1mg/ml 

 

 

Figure 25: Scanning Electron Micrographs: (a) RBC cells alone and (b) 1mg/ml of 

250- 350 µm size HAIO PCL exposed RBC cells 

The HAIO PCL 250-350 µm sizes were selected for cell adhesion and 3D culture 

evaluations. HeLa cells were incubated with HAIO PCL for 24h and was levitated 

with the aid of external magnetic field and cultured under in vitro condition for 72h. 

The cells over microsphere were examined using ESEM and fluorescent microscopic 

technique. ESEM images from the Figure 26 showed that cells were well attached 

and proliferated over microsphere. The live-dead experiment has been carried out 

using Acridine orange- Ethidium bromide staining and represented in the Figure 27 

(a). An intense green fluorescence observed from the sphere surface demonstrated 

the viability and proliferation of cells. Moreover the DAPI nuclear staining support 

the cell over microsphere and clearly visible from the Figure 27 (b). 
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Figure 26: Scanning Electron Micrographs: (a) HAIO PCL microsphere (b) HeLa 

cell seeded over HAIO PCL microsphere and cultured under 3D model condition 

 

Figure 27: Fluorescence microscopic images of cells over microspheres (a) Live- 

dead analysis using Acridine orange ethidium bromide (b) DAPI nuclear staining 
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4.4 Theranostic Efficiency Evaluation of HAIO50 (Hyperthermia Therapy and 

MRI Contrast Agent)  

4.4.1 Hyperthermia Therapeutic Evaluation of HAIO50  

In order to investigate the hyperthermia performance of HAIO50 particles, the 

powder forms as well as aqueous dispersed material of various concentrations were 

tested. The AMF heating study was carried out with field ranging from 14.4 to 

38.6mT for a period of 15min. SPIONs particles powder and aqueous dispersed 

forms were also investigated in the AMF studies and compared with the HAIO50 

time-temperature profiles.  The temperature variation with respect to exposure time, 

strength of the magnetic field and concentration of HAIO50 and SPIONs powder 

form is illustrated in Figure 28. 

 

Figure 28: Heat profile of 5mg of samples (a) HAIO50 and (b) SPION for different 

currents. 

However the hyperthermia therapeutic capabilities of samples are decided on the basis 

of specific loss power [SLP]. Hence to examine the therapeutic heating efficiency of 

particles, we have conducted the AMF analysis of HAIO50 and SPIONs at various 
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concentration in aqueous medium. The corresponding samples time-temperature graphs 

has been illustrated in the Figure 29.   

 

Figure 29: Time versus temperature graphs for various suspensions having different 

concentrations of samples (a) 5mg/ml, (b) 10mg/ml of HAIO50 and (c) 5mg/ml, (d) 

10mg/ml of SPION 

The SLP value has been calculated using below equation number (1) and the values 

are presented in the table 6.  

Calculation of Specific loss of power [SLP]   ………. (1)   

C = specific heat capacity of water per unit volume (C = 4.184 J K-1 mL-1) 
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m = concentration of the magnetic particles 

(dT/dt) = slope of the temperature Vs time graph   

No  

Current 
passing 
through the 
coil (A)  

Magnetic 
field 
strength 
(mT)  

SLP  

HAIO50 
5mg/ml  

HAIO50 
10mg/ml  

SPION 
5mg/ml  

SPION 
10mg/ml  

1  200A  14.4  10.48299 9.885275 18.46549 19.0167 

2  250A  19.33  13.79341 11.12668 25.63121 33.5778 

3  300A  24.166  15.44862 23.03499 48.78198 51.72176 

4  350A  28.99  16.00035 24.50629 50.89495 62.19473 

5  400A  33.83  41.93196 39.21925 66.88 88.0556 

6  450A  38.66  53.70233 46.34585 73.86198 101.744 

 

Table 6: Representation of hyperthermia studies based on the applied alternating 

current, magnetic field strength and corresponding specific loss power of HAIO50 

and SPIONs calculated from time-temperature graphs.  

4.4.1.1 Hyperthermia Therapeutic Evaluation of HAIO50 under In vitro 

Condition 

The literature suggested that cancer cells are more sensitive to elevated temperature 

or hyperthermia than normal cells (Storm et al., 1979). Magnetic nanoparticles have 

gained extensive attention for hyperthermia applications owing to their capacity to 

produce heat effectively when exposed to an alternating magnetic field (AMF) 

without an incursion depth limit. Hyperthermia, the artificially inducted heat 

medication of disease, usually uses temperature ranging between 42ºC and 47ºC. 

Normally, the cancer cells are induced to apoptosis at a temperature range of 43-

45ºC. Based on reported protocols HAIO50 was utilized to carry out hyperthermic 
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intervention on a controlled population in vitro. Post – exposure cells were evaluated 

through flow cytometric analysis and ESEM technique. 

In flow cytometric analysis, hyperthermia applied cells were stained with ethidium 

bromide (EB), a fluorescent dye used as an indicator of cell membrane permeability. 

The hyperthermia applied cells were stained with 2 µl of 0.5mg/ml of EB for 15min, 

then washed and tested by FACS analysis. Material treated HeLa cells were used for 

control of the experiment. Dead cell population was estimated via usual dot-plot 

gating technique and expressed in Figure 30.  

 

Figure 30: Dot-plots obtained from FACS data showing HeLa cells distribution post 

ethidium bromide after hyperthermia exposure (A) Control sample [Hela cell + 
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HAIO particles without AMF application] (B) Test sample [Hela cells + HAIO 

particle + 30min hyperthermia treatment]  

In order to investigate the cell death mechanism through hyperthermia treatment, the 

cells were stained with Annexin V and propidium iodide (PI). The HAIO50 exposed 

hyperthermia treated HeLa cells were stained with Annexin V and PI and evaluated 

using flow cytometric analysis. The results have been depicted in the figure 31. 

Further morphological analysis of treated cells has carried out via ESEM techniques 

and compared to control cell structure. The observations were depicted in the figure 

32, which demonstrated that most of the cells lost their cellular intergrity after 

hyperthermia treatment.    

 

Figure 31: Typical dot plot obtained from FACS data showing HeLa cells 

distribution Annexin V/ Propedium Iodide (PI) staining (A) HAIO+ HeLa cells 

without exposure to AMF as a control and (B) 30min exposure to MnIO75TC+ HeLa 

cells. The image quadrants designated as Q1=PI alone, Q2=Annexin V+PI, 

Q3=unstained cells and Q4= Annexin V alone positivities respectively 
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Figure 32: ESEM images of HeLa cells loaded with HAIO (A) before and (B) after 

the application of the alternating magnetic field [AMF]. The corresponding images 

higher magnification represents in the right side. Most of the cell membrane structure 

collapse after exposure to the AMF 

4.4.2 MRI Contrast Efficiency Evaluation of HAIO50 Particles 

In order to demonstrate MRI contrast efficiency of HAIO50, the material was imaged 

via aqueous phantom study performed on a 1.5T entire body MRI scanner. Different 

concentrations of the samples were dispersed uniformly in deionized water and 

corresponding relaxation times were measured. We obtained the spin-spin 

relaxations time of T2 weighted MR images for each sample. Figure 33 shows the 

contrast efficiency and relaxivity of the HAIO50 having different concentrations.  
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Figure 33: (A) T2 weighted MR images of (A) HAIO50 with varying the 

concentration at 1.5 T clinical MRI system (B) Relaxivity rate graphs of 1/T2 against 

the Fe concentration of the HAIO50 

As a part of demonstrating the use of HAIO50 as a plausible contrast agent, contrast 

efficiency of HeLa cells labelled HAIO50 (various concentrations) was evaluated via 

in vitro MRI evaluation. Change in contrast with respect to the concentrations has 

been observed and pixel intensity versus echo time was plotted and recorded in  

Figure 34.   
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Figure 34: (A) T2 weighted MR images of different concentrations of HAIO50 

incubated with HeLa cells during 24h (B) corresponding pixel intensity variation 

plotted against TE values 
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4.5 Improve the Theranostic Efficiency of Superpramagnetic Nanoparticles 

Through Crystal Modification 

4.5.1 Development of Manganese Substituted SPION (MnIO) Nanocrystal via an 

Aqueous Co-precipitation  

The co-precipitation synthesis route has enabled the in situ formation of bivalent Mn 

substituted superparamagnetic nanoparticles as a colloidal suspension and is 

schematically represented in figure 35. 

 

Figure 35: A schematic representation of Mn2+ substituted SPION crystals. (a) 

SPION (b) MnIO25 (c) MnIO50 and (d) MnIO75 
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In an earlier study, cation-substituted superparamagnetic nanocrystals were 

synthesized using co-precipitation in a high temperature organic media (Lee et al., 

2007). However, the present study has focused on the easiest aqueous co-

precipitation route for making nanoparticles with a maximum concentration of Mn2+ 

substitution in the SPION crystals. 

The precipitation of nanocrystals was carried out in the presence of trisodium citrate 

solution. This favoured homogeneous nanoparticle formation of the manganese 

ferrite crystals. The detailed physicochemical and biological evaluations of 

developed manganese ferrite nanocrystals were examined. 

4.5.1.1 Physicochemical Characterization of MnIOs 

 

Figure 36: HRTEM images of various molar concentrations of Mn2+ substituted iron 

oxide crystals. (a) SPION, (b) MnIO25, (c) MnIO50 and (d) MnIO75 
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The HRTEM images show the size and shape of the MnIOs and are depicted in 

Figure. 36. The HRTEM and its FFT investigations indicate that nearly all of the 

nanoparticles form single crystals of ferrite containing a highly crystalline structure.  

 

 

Figure 37: TEM images and their corresponding size distribution curve shown in the 

inset for (a) SPION, (b) MnIO25, (c) MnIO50 and (d) MnIO75 

The TEM images as described in Figure 37 demonstrate that the samples consist of 

polygonal faceted spherical nanoparticles and have narrow size distribution with 

average values of ~11.9±1.09 nm for SPION, ~7.8±1.4 nm for MnIO25, ~7.4±1.9 

nm for MnIO50, and ~9.62±2.6nm for MnIO75.   
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Figure 38: X-ray diffraction pattern of a) SPION   b) MnIO25 c) MnIO50 d) 

MnIO75 nanoparticle assemblies 

XRD analysis was performed to identify the crystallographic structure and to 

estimate the crystallite size (Figure 38 and figure 39). The various molar 

concentrations of Mn2+ of 25%, 50%, 75%, 80% and 90% of ferrous ions in the 

SPION crystal substituted and termed as MnIO25, MnIO50, MnIO75, MnIO80 and 

MnIO90 respectively.   
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Figure 39:  XRD patterns for the samples recorded with Cu Kα1 radiation. a) SPION  

b)MnIO80  c)MnIO90 

The XRD patterns of MnIOs presented in the Figure 38 support that no phases other 

than nanocrystalline manganese ferrite are present up to a critical concentration. On 

the other hand, beyond the critical molar concentration (75% of ferrous ion) of Mn2+, 

the final system did not support crystal formation in which the major peaks of spinel 

disappears (figure 39). The average crystal size of the nanoparticles range from 

~11.5±0.8nm for SPION, ~8.6± 0.9 nm for MnIO25, ~8.1± 0.6nm for MnIO50 and 

~9.7±0.9 nm for MnIO75, and the crystal size of the nanoparticles calculated by the 

Scherrer formula using the (311) peak matches with size calculated using TEM.  
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Figure 40: FTIR spectra of (a) SPION, (b) MnIO25, (c) MnIO50 and (d) MnIO75 

nanoparticles in the 1900–400 cm-1 range 

The FTIR spectra of (a) SPION, (b) MnIO25, (c) MnIO50 and (d) MnIO75 in the 

range of 1900–400 cm-1 are depicted in Figure 40. Generally, iron oxide and 

manganese ferrite shows a MT-O-MO stretching band at ~600-500 cm-1, in which MT 

and MO correspond to the tetrahedral and octahedral positions, respectively. 

In Figure 41, the peaks at ~3395 and ~1595 cm-1 are characteristic bands for metal 

ferrites with O–H stretching and bending vibrations, respectively. In addition to the 

vibrational peaks of metal oxides, the MnIOs shows additional peaks at 1618 and 

1397 cm-1 corresponding to the asymmetric and symmetric stretching of the carboxyl 

group in citrate. Tri-sodiumcitrate also shows corresponding infrared bands at 1668 

and 1390 cm-1.   
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Figure 41: FTIR spectra of the freeze dried powder samples of a) SPION b) MnIO25 

c) MnIO50  d) MnIO75  e) TC 

The amount of trisodium citrate adsorbed on the nanomaterial surface was quantified 

using TGA-DTA and the results presented in Figure 42. The TGA plot represents 

four distinct stages of thermal decomposition at temperatures of 143oC, 350oC, 

605oC and 900oC. The total and partial weight losses are summarized in Table 7. 
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Figure 42: TGA and DTA for (a) MnIO25, (b) MnIO50 and (c) MnIO75 under an 

N2 atmosphere 

Temp 
(oC) 

Weight % remaining 

MnIO25 MnIO50 MnIO75 

143 96.37 95.47 94.6 

350 94.62 93.72 91.56 

605 93.63 92.73 90.29 

900 93.12 92.22 87.83 
 

Table 7: Partial weight loss determined by TGA analysis 

 

The different molar compositions of manganese ferrite nanocrystal Fe/Mn ratios 

were evaluated by EDX and ICP analysis. It is well known that EDX analysis gives 
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the effective atomic concentration of different constituents on the surface layer of the 

solid investigated. Energy dispersive X-ray analysis of the prepared specimens was 

carried out at same voltage and at various areas on the surface of the solid, and is 

represented as the Fe/Mn ratio in Figure 43. Similarly, the relative atomic percentage 

of Mn, Fe and oxygen species present in the solid from the theoretical calculation 

and ICP analysis are presented in Table 8. 

 

Figure 43: Surface composition of the Fe/Mn ratio of nanoparticle calculated via 

energy dispersive spectroscopy 

 Theoretical Fe/Mn (ICP) 

MnIO25 11.18 11.60 

MnIO50 5.08 5.43 

MnIO75 3.05 3.28 

 

Table 8: The initial Fe/ Mn metal composition ratio compared with ratios as 

determined by ICP-OES analysis   
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4.5.1.2 Biological Evaluations of MnIOs 

Hemocompatibility is of prime importance for nanoparticles used in imaging, as the 

vasculature provides primary access and distribution in a living system. To ensure 

their compatibility, hemolysis and clotting time evaluations were carried out (Table 

9). It is apparent that the nanoparticles at concentrations up to 1 mg/mL of blood did 

not induce hemolysis. MnIOs nanoparticles in a final concentration of 1 mg/mL were 

used in the aggregation test. Particle induced aggregation was not observed in the 

case of RBC, WBC and platelets (Figure 44, 45 and 46). 

Sample Hemolysis (%) Clotting time (s) 

MnIO25 0.01±0.002 220±28 

MnIO50 0.01±0.001 245±34 

MnIO75 0.04±0.005 245±27 

SPION 0.03±0.003 235±26 

Negative control 0.00±0.000 255±30 

Positive control 0.52±0.008 165±28 

 

Table 9: Percentage hemolysis values of blood cells after 2hrs incubation with 

MnIOs at 37oC and clotting time measurement assessing the MnIOs contacted blood 

samples  
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Figure 44: Phase contrast microscopic view 400X (Scale bar 50µm ) of erythrocytes 

after incubation with a) Negative control (Normal saline) b) positive control 

(polyethylenimine) c) MnIO25 d) MnIO50  e) MnIO75   f)SPION 

 

Figure 45: Phase contrast micrographs of leukocytes after incubation with MnIOs a) 

Negative control normal saline b) positive control (polyethylenimine) c) MnIO25 d) 

MnIO50 e) MnIO75   f) SPION. Scale bar 50µm 
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Figure 46: Phase contrast micrographs of platelets after incubation with MnIOs  a) 

Negative control (normal saline) b) positive control (polyethylenimine) c) MnIO25 

d)MnIO50  e) MnIO75   f)SPION. Scale bar 50µm 

Alamar Blue assay was carried out to evaluate cellular activity in the presence of the 

nanoparticles at varying concentration levels. HeLa cells were evaluated at 24 hours 

post exposure to the nanoparticles, the data collected indicates more than 95% 

cellular activity across the concentration levels used (Figure 47). Phase contrast 

images (figure 48) of cells in contact with the nanomaterials also provide evidence 

on the preservation of the morphological characteristics of cells under the influence 

of the nanoparticles. Furthermore, microscopic study on cellular uptake of SPION 

and MnIOs in HeLa cells visualized by Prussian blue staining shows the internalised 

particles of SPION and MnIOs (Figure 49).  
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Figure 47: Cell Activity at 24hrs contact with SPION and MnIOs evaluation via 

Alamar Blue assay (p<0.05) 

 

Figure 48: Phase Contrast Micrographs of HeLa cells after 24h incubation with 

nanoparticles. (A) Control, (B) SPION, (C) MnIO25, (D) MnIO50, (E) MnIO75  and 

(i), (ii), (iii), (iv) are 0.5mg/mL, 1mg/mL, 2mg/mL, 3mg/mL concentrations of 

corresponding material 
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Figure 49: HeLa cells incubated for 24 h with SPION and MnIOs nanoparticles and 

stained with Prussian Blue. Blue indicates iron based nanoparticle uptake. Samples 

are (a) Control (b) SPION (c) MnIO25 (d) MnIO50 (e) MnIO75 respectively. Uptake 

of the SPION and MnIOs are clearly seen and it marked by arrows 

 

Figure 50: Measurement of the magnetic properties of MnIOs particles at room 

temperature (a) SPION, (b) MnIO25, (c) MnIO50 and (d) MnIO75 with their 

corresponding remanence and coercivity, shown in the inset 
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4.5.1.3 Magnetic measurement and relaxivity calculation of MnIOs 

The magnetic property of MnIOs was evaluated using VSM analysis at room 

temperature. The (M–H) loop of various compositions of ferrite nanoparticles are 

shown in Figure 50. It could be observed from the hysteresis loop that all the 

composition of nanoparticles shows negligible remanence and coercivity, which 

confirms the superparamagnetic behavior of the nanoparticles. However, the 

hysteresis curve of SPION shows minor remanence and coercivity when compared 

with the MnIOs, where they are nil.  

Sample 
Magnetic saturation 

M(emu/g) 
Relaxation (r2)        

mM-1s-1 

MnIO25 62.4 236.6 

MnIO50 60.55 203.9 

MnIO75 71.13 202.1 

SPION  67.63 57 

 

Table 10: Measurement of magnetic saturation and relaxivity values of MnIOs 

nanoparticles compared with SPION particles 

The values of saturation magnetization of pure SPION and MnIOs are represented in 

Table 10. Herein, the saturation magnetization of nanocrystals slightly varies for the 

Mn2+ substituted SPION crystals.   

Various molar composition of Mn2+ modified magnetic MnIO nanoparticles were 

tested as a MRI contrast agent. Due to the large magnetic moment, nanoparticles can 

modulate the MR signal enhancement effects. The spin–spin relaxation time was 
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measured using T2 weighted MR images for each sample at 1.5 T clinical MRI 

system (Figure 51).  

 

Figure 51: (I) T2 weighted MR images of A) MnIO75   B) MnIO50   C) MnIO25 

varying concentrations at 1.5T MRI system (II) Relaxivity rate Graphs of 1/T2 

against the Fe+Mn concentrations of MnIOs 

The magnetic relaxivities were calculated from the pixel intensity maps with 

different concentrations of SPION, MnIO25, MnIO50 and MnIO75 corresponding to 

57mM-1s-1, 236.6 mM-1s-, 203.9 mM-1s-1 and 202.1mM-1s-1, respectively (Saraswathy 

et al., 2014). 

4.5.2 Surface Modified Manganese Ferrite (MnIOTCs) Nanoparticle for MRI 

Contrast Efficiency and Hyperthermia Theranostic Evolutions 

In order to investigate the theranostic application of MnIOs, the particles were 

developed via previously reported aqueous co-precipitation method.  In a previous 

section 4.5.1, we reported the development of manganese ion (Mn2+)-substituted 

ferrite crystals with various molar concentrations (substituted concentration 25%, 

50% and 75% of Fe2+ ions) via an aqueous co-precipitation method. The 
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nanoparticles were obtained by precipitation of ferrite nanocrystals in the presence of 

a Mn2+ ion precursor at a higher pH of ~12. Further, the colloidal suspensions were 

surface modified to obtain magnetic nanoparticles that had a stable crystal structure 

with enhanced magnetic property, improved MRI contrast enhancement and 

hyperthermia effect. Based on the previous reports, the MnIO crystals were surface 

modified using trisodium citrate molecules. MnIO crystals were dispersed and 

magnetically stirred in 10 M trisodium citrate stirred at room temperature for 12 h to 

ensure coating and stabilization. The excess citrate molecules were washed from the 

colloidal suspension by repeated centrifugation.  

4.5.2.1 Physicochemical Characterizations of MnIOTCs 

The surface-modified magnetic nanoparticles were characterized by X-ray diffraction 

[Figure 52] and compared with the spinel structure PDF [01-071-6336] data.  

 

Figure 52: (I) The wide angle XRD patterns of the (a)IOTC (b)MnIO25TC 

(c)MnIO50TC and (d)MnIO75TC (II) Corresponding particles crystallite size 

calculation via scherrer equation.[ IO PDF= 01-071-6336] 
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Furthermore, the nanoparticles were characterized by DLS, FTIR, TGA, TEM, and 

VSM. The DLS data and zeta potential values displayed in Table 11 showed large 

hydrodynamic size and higher zeta potential values due to the presence of citrate 

molecules on the surface-modified samples compared with those of bare particles. 

 

Sample Zeta potential (mV) Hydrodynamic size (nm) 

IO -15.3±0.8  

IOTC -25.5±1.2 107.8±8.4 

MnIO25 -12±0.7  

MnIO25TC -16.3±1.8 72.44±4.9 

MnIO50 1.45±0.3  

MnIO50TC -21.5±2.2 85.56±9.2 

MnIO75 5.06±0.8  

MnIO75TC -27.1±1.8 105.2±7.3 

 
Table 11: Zeta potential and hydrodynalic measurement of bare and trisodium citrate 

surface modified manganese ferrite particles 

The vibrations observed at 1394 cm-1 and 1589 cm-1 in the FT-IR spectra of Figure 

53. The amount of citrate coated on the particles was estimated via the TGA 

measurements represented in Figure 54(a) and the corresponding percentage of 

weight remaining in Figure 54 (b).  
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Figure 53: FT-IR spectra of trisodium citrate modified manganese ferrite 

nanoparticles (a) Trisodium citrate (b) IOTC (c) MnIO25TC (d) MnIO50TC and (e) 

MnIO75TC 

 

Figure 54: Thermogravimetric analysis of MnIOTCs (a) characteristic weight loss 

pattern and (b) the percentage amount of weight remained in temperature range 
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Figure 55 shows a typical TEM image of MnIOTCs deposited on a grid from a water 

suspension and subsequently dried in air. The average particle (n=50) diameters are 

~13±1.7 nm for IOTC, ~6±0.23 nm for MnIO25TC, ~7±0.65 nm for MnIO50TC and 

~11±0.18 nm for MnIO75TC. 

The VSM data (Figure 56) indicate saturation magnetization values of 55.4, 58, 58.8 

emu/g for MnIO25TC, MnIO50TC and MnIO75TC, respectively, showing 

substantial superparamagnetic behavior for all MnIOTCs. 

 

Figure 55: TEM micrographs and corresponding particles distributions in the insets 

(a)IOTC (b)MnIO25TC (c)MnIO50TC and (d)MnIO75T C 
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Figure 56: Field dependent magnetization curves of MnIOTCs at 300K and 

corresponding coercivity and remanence shown at inset 

4.5.2.2 Biological Ealuations of MnIOTCs 

Preliminary biocompatibility evaluation studies of MnIOTCs were performed via 

alamar blue assay (Figure 57) and hemocompatibility testing. The cytotoxicity of 

MnIOTCs with varying compositions was further confirmed by observation of the 

variation in cell morphology after treatment of the cells with these particles. Figure 

58 shows confocal microscopic images of HeLa cells treated with a higher 

concentration (2 mg/mL) of MnIOTCs. 
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Figure 57: Cytotoxicity effect of MnIOTCs on Hela cells treated with various 

concentrations of nanoparticles during 24 h incubation and analyzed via Alamar blue 

assay kit, (p<0.05) 

 

Figure 58: Confocal microscopic images of HeLa cells incubated with ferrite 

nanoparticles concentration 2mg/mL during 24h and without particle as control. In 

the images, cell nucleus stained with DAPI (blue), F-actin filament detected using 
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TRITC-conjugated Phalloidin (red), focal adhesion analyzed using anti-Vinculin 

monoclonal antibody and a FITC-conjugated secondary antibody (green) and merged 

all images 

MnIOTCs are uptaken by cells, as affirmed by their localization in cells visualized 

using Prussian Blue (PB) staining, as indicated in Figure 59. Positive PB staining 

was due to the presence of ferric ions, which signals cell uptake of nanoparticles. 

 

Figure 59: Prussian blue staining of HeLa cells after 24h incubation of 50µgs of 

MnIOTCs and counter stained with nuclear fast red (A) Control (Hela cell alone) 

(b)IOTC (c)MnIO25TC (d)MnIO50TC and (e)MnIO75TC, scale bar 50 µm 

In a detailed analysis of MnIOTC interaction with blood, studies were performed 

with respect to hemolysis and clotting time. Table 12 indicates preliminary 

hemocompatibility characteristics.  
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Sample Hemolysis Clotting time 

MnIOTC 0.01±0.003 235±28 

MnIO50TC 0.01±0.002 250±22 

MnIO75TC 0.04±0.006 255±20 

IOTC 0.09±0.005 245±26 

Negative control 0.00±0.000 255±30 

Positive control 0.52±0.008 165±28 

 

Table 12: Percentage hemolysis values of blood cells after 2hrs incubation with 

MnIOTCs at 37ºC and clotting time measurement assessing the MnIOTCs contacted 

blood samples 

4.5.2.3 Theranostic Evaluation of MnIOTCs 

The potential applications of MnIOTC lie in the area of MRI contrast enhancement 

and hyperthermia. Recently, few superparamagnetic iron oxide contrast agents have 

been reported as clinically approved (Wang, 2011), (Matuszewski et al., 2005). The 

quality of the current products is constrained due to their poor contrast efficacy and 

the toxicity associated with excess iron (Jang et al., 2009). In the current work, the 

MRI behavior of MnIOTCs was evaluated in an aqueous medium and is represented 

in Figure 60. The prime importance was on maximum concentration of Mn2+ 

substituted iron oxide particles. 
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Figure 60: (A) T2 weighted MRI images of various concentrations of MnIOTCs 

dispersed in water and (B) corresponding relaxation rate graph plotted 1/T2 against 

Fe+Mn concentrations 

To demonstrate the use of maximum Mn2+-substituted iron oxide as a plausible 

contrast agent, the contrast efficiencies of MnIO75TC and HeLa cells labeled with 

MnIO75TC (various concentrations) were evaluated via in vitro MRI evaluation. A 

change in contrast with respect to concentration was observed and is illustrated in 

Figure 61.  

 

Figure 61: (A) T2 weighted MR images of different concentrations of MnIO75TC 

incubated with HeLa cells during 24h (B) Corresponding pixel intensity variation 

plotted against TE values 
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To assess the hyperthermia efficiency, different concentrations of MnIO75TC were 

exposed to an alternating magnetic field with a field strength ranging from 14.4 mT 

to 38.6 mT for a period of 15 minutes. Temperature variation with respect to 

exposure time, strength of the magnetic field, and concentration is depicted in Figure 

62.  

 

Figure 62: Time-temperature graphs of MnIO75TC concentrations (A) 5mg/ml and 

(B) 10mg/ml on exposure of 200A to 450A alternating current at 275kHz frequency 

The time–temperature profile indicates a lack of hyperthermia activity at low field 

intensity. As a continuous magnetic field is applied, the temperature increases from 

28 to 57 °C and from 28 to 65 °C for an MnIO75TC sample with concentrations of 5 

mg/mL and 10 mg/mL, respectively. The heating efficiency of the magnetic material 

was measured using the specific loss power [SLP] (Yoo et al., 2012), which is 

defined as the amount of energy converted into heat per time and mass. The SLP is 

calculated using equation [1], and the values are presented in the Table 13. 
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No. 

Current passing 
through the 
coil 

Magnetic field 
strength 
(mT) 

Specific loss power (SLP) of 
material concentrations 

5 mg/ml  10 mg/ml 

1 200 A 14.4 6.97±1.32 10.46±1.71 

2 250 A 19.33 19.52±2.1 16.03±1.68 

3 300 A 24.166 29.28±1.86 28.59±2.3 

4 350 A 28.99 51.60±1.54 42.53±2.45 

5 400 A 33.83 69.73±2.4 55.08±2.81 

6 450 A 38.66 103.20±3.83 80.89±3.21 

 

Table 13: Representation of hyperthermia studies based on the applied alternating 

current, magnetic field strength and corresponding specific loss power of MnIO75TC 

calculated from time-temperature graphs [SLP values with standard deviation; n=3] 

In order to investigate the hyperthermia potential of MnIO75TC, the particles were 

applied to cancer cells and further exposed to AMF for 30 minutes. Cells treated with 

particles and not exposed to AMF were used as control. Post-AMF exposure cells 

were analyzed by flow cytometry, confocal laser scanning microscopy and scanning 

electron microscopy. 
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Figure 63: Typical dot plot obtained from FACS data showing HeLa cells 

distribution Annexin V/ Propedium Iodide (PI) staining (A) MnIO75TC+ HeLa cells 

without exposure to AMF as a control and (B) 30min exposure to MnIO75TC+ HeLa 

cells. The image quadrants designated as Q1=PI alone, Q2=Annexin V+PI, 

Q3=unstained cells and Q4= Annexin V alone positivities respectively 

Figure 63 displays FACS evaluation of hyperthermia-treated HeLa cells. A steep 

decline in cell viability was observed with 90% of cell death, and 55% of the dead 

cell population stained positive for Annexin V-PI.   
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Figure 64: Representative images of Annexin V and PI fluorescent staining showed 

HeLa cells apoptosis after 30 min MnIO75TC hyperthermia treatment. In the images 

Annexin V visualized by a green signal, Differential interference contrast mode 

visualization (DIC), PI visualized by red signal and merged all images. 
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Figure 65: ESEM images of HeLa cells loaded with MnIO75TC (A) before and (B) 

after the application of the alternating magnetic field [AMF]. The corresponding 

images higher magnification represents in the right side. Most of the cell membrane 

structure collapse after exposure to the AMF 

Further analysis of the treated cell population via cLSM confirmed (Figure 64) that 

nearly all cells stained positively for both Annexin V and PI. Again, morphology 

changes in the cells after AMF exposure were evaluated using the ESEM technique. 

Figure 65 indicates visible cellular damage after MnIO75TC hyperthermia. 
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Chapter 5 

DISCUSSION 

Stable nanoparticles provide versatile approaches to remedy short falls in advanced 

biomedical applications. Combining knowledge and techniques from biotech & 

nanotech provides innovative designs for cell delivery systems, enhanced MRI 

contrast agents and adds teeth to therapeutic hyperthermia. Based on the observations 

made and experimental results recorded in this thesis the following possibilities are 

outlined:  

1. Development of stable superparamagnetic nanocomposite (HAIO) particles via an 

aqueous co-precipitation method. 

2. Evaluating targeted cell delivery and therapy applications mediated by magnetic 

nanocomposites (HAIO50) under in vitro condition.  

3. Assessment of contrast enhancement in MRI imaging and hyperthermia 

therapeutic efficiency of HAIO50 particles in an in vitro condition. 

4. Development of manganese ion substituted magnetic property modified 

superparamagnetic nanocrystal (MnIO) via an aqueous coprecipitation method. 

5. Evaluation of contrast enhancement in MRI imaging and hyperthermia therapeutic 

efficacy of MnIO particles in an in vitro condition. 
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5.1. Development of Stable Superparamgnetic Nanocomposite (HAIO) Particles 

via an Aqueous Co-precipitation Method 

Among a broad diversity of nanoparticles based on a plethora of materials, SPION   

have been intensively developed for several biomedical and technological 

applications. However, it is essential to minimize the aggregation via surface 

modification using suitable molecules for effective application. There are several 

types of polymers, ceramics materials utilized for surface modification of SPION 

particles. Among the diverse coating agent, the inorganic hydroxyapatite ceramic 

moiety consider as a desirable molecule because these molecules not only provide 

stability to the nanoparticles in solution but also help to improve the biocompatibility 

of particles. This is due to the innate biocompatibility of hydroxyapatite crystals. But 

there is a lack in appropriate synthetic strategy and microstructure evaluation in all 

the reported methods. Based on the literature survey, we have developed a novel 

technique: an in situ simultaneous synthesis strategy for the development of SPION 

hydroxyapatite nanocomposite (HAIO) via an aqueous method. 

 

Scheme 1: Representation of the mechanism of formation of HAIO crystallization 
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In an in situ simultaneous co-precipitation technique, the SPION as well as HA 

nanocrystals were simultaneously formed. In principle, iron oxide (SPION) 

nanoparticles are primarily formed and their charged surfaces subsequently initiate 

the nucleation of amorphous calcium phosphate. Scheme1 shows the representation 

for the nucleation and growth mechanism of calcium phosphate on the surface of 

nano-sized SPION (magnetite phase) particles. This initial Ca2+ growth has attributed 

to the size restriction of the SPION nanoparticles to ~5 nm as depicted in the scheme 

1. Also the initial calcium phosphate precursor layer is the key step that facilitates the 

embedding of SPION particles, which later on transform to the apatite matrix. In 

addition, the initial adsorption of calcium phosphate prevents self-agglomeration of 

SPION particles and hence uniformly distributed SPION nanoparticles embedded in 

the calcium phosphate matrix could be achieved. Followed by the same experimental 

conditions were applied to the development of various molar compositions of SPION 

and HA composite (HAIOs) particles.  

5.1.1 Physicochemical Characterizations of Developed HAIOs 

The phase purity analysis revealed that the nanocomposites particles exhibit no 

secondary phases than magnetite and hydroxyapatite. Because the comparison with 

ICDD card number 01-071-6336 for on SPION and 00-009-0432 for HA further 

confirms the presence of the cubic spinal phase of SPION (Fe3O4) and hexagonal HA 

crystal structures. Further the percentage of SPION increased, the peaks in the 

spectra broadened and decreased in intensity. This phenomenon was probably due to 

the poor crystallinity and small crystallite size of synthesized HAIOs. The size and 

morphology evaluation revealed that the lower percentage of SPION nanocomposites 
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exhibit acicular structure, while at higher concentrations the acicular structure 

gradually changes to polygonal faceted spherical structures, which is confirmed from 

HRTEM and SEM images. The presence of iron, calcium and phosphorous peaks 

clearly observed from EDS patterns derived from HRTEM and SEM techniques. The 

EDS spectrum having Fe/Ca ratios closely matches with ICP-OES values of Fe/Ca 

ratios and the peak intensities from EDS spectrum also suggested phase pure 

formation of nanocomposites. Moreover the vibrational spectroscopic analysis 

revealed the nature of bonding in the HAIO nanocomposites. The peak at 572 cm-

1observed from the spectrum was corresponding to the stretching frequency of Fe-O 

bond of the SPION crystals.  Also the characteristic phosphate group vibrations are 

clearly visible in the FTIR pattern which demonstrated the presence of HA and 

SPION crystal existence in the nanocomposites.   

The magnetic property of HAIOs was analyzed via vibrating sample magnetometer 

(VSM) and the values were compared with SPION crystals. The results affirmed that 

the material shows superparamgantic property because the VSM spectrum exhibits 

zero value of remanence and coercivity and large value of saturation magnetizations 

for all compositions of HAIOs. The superparamagnetic nature signifies that the 

magnetic particles embedded in the system are consisting of single domain 

characteristic features.   

Based on the literature survey (Singh et al., 2010) and considering the application 

efficacy of magnetic materials, our prime importance was to select a lesser content of 

SPION embedded HA having good magnetic property and was observed in HAIO50. 

Further the stability, hydrodynamic size and external field                                



134 

 

response to magnetic has been examined. The results proved that the HAIO50 

particles exhibit excellent stability in neutral pH due to the surface potential and 

showed hydrodynamic size of 150-170nm and these particles were immediately 

responsive to the presence of an external magnetic field.  

5.1.2 Biocompatibility Evaluations of HAIOs  

The preliminary toxicity evaluations of HAIOs were assessed using cytotoxicity and 

hemolysis analysis. The cytotoxicity effect of HAIOs compared with control values 

indicated not much variation with percentage of compositions and concentrations. It 

is noteworthy to mention that all the HAIOs concentration and compositions showed 

greater than 70% viability. In order to investigate applications potential efficiency 

nanocomposites, the HAIO50 has been selected and examined the detailed biological 

characterizations. The higher concentrations of HAIO50 particle’s cytotoxicity was 

assessed using Alamar Blue assay. It is noteworthy to mention that, at higher 

concentration (3mg/mL) of HAIO50 used in the study has illustrated excellent 

viability and this concentration was very high dose than which further highlight the 

superior cell tolerance with these nanocomposite formulations.  The blood 

compatibility of the HAIO50 estimated using hemolysis analysis via various 

concentrations, since the intravenous route is the most commonly explored way of 

administration in practical scenarios. Literature revealed that (Fornaguera et al., 

2015) inherent negative charged nanoparticles may cause damage to blood cells. In 

our study, the HAIO50 hemocompatibility analysis results demonstrated the nontoxic 

nature of particle.     
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The cell uptake of HAIO50 particle was analyzed via Prussian blue iron staining. 

The presence of iron is evidenced by a blue colour within cells. Also the cellular 

uptake of HAIO50 particles did not affect the morphology of cells and they retain 

their native cellular structure in vitro, thus proving to be non-cytotoxic. The material 

cell-material interaction was examined through flow cytometric analysis. Cell 

interactions, indicated by an increase in flow cytometric side scattering, are related to 

HAIO50 concentration and incubation time. A control experiment was performed on 

a non-exposed population of cells, and cells marked as P1 (control) and P2. This 

helps differentiation of the cells with no internalization of nanoparticles (P1) from 

those where there was a strong cell– material interaction. At lower concentrations of 

30, 60 and 120 µg the granularity changes [P2 = 0.3, 0.6 and 1.2] were comparable to 

the control population, even after 15 minutes of incubation. However the higher 

concentrations of 240 and 480µg, the forward scattering was constant but the SSC 

changes with respect to time. That is cells took up higher doses of nanoparticles 

showed higher intensities of SSC. FSC is routinely used as a measure of cellular size 

comparison, irregular cell shape or damage to the cell membrane. It could be 

presumed from the results that the surface charge enhanced uptake of HAIO50 

without adversely affecting the cell cytoskeleton, as confirmed from the FSC 

intensities. 

5.2 HAIO50 Assisted Cell Separation, Manipulation and Culturing using 

External Magnetic Field for Introducing Targeted Cell Delivery   

Cell therapy based solutions for various disease and injuries are high performing 

compared to most conventional medicines and therapies.  Especially because cells 
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can perform better physiologic as well as metabolic function than any of the 

mechanical devices, recombination proteins or chemical compounds. However, there 

are a lot of difficulties to systemic administration of bare cells, causing significant 

obstacles for sufficient retention of the therapeutic cells at the target site. In order to 

achieve greater efficiency and optimum performance, a higher cell dose or higher 

engraftment of cells is inevitable. Magnetic nanoparticle based cell therapy is one 

encouraging area where cells are effectively labelled, separated and concentrated 

from a biological suspension and delivered to the specific site with the aid of an 

external magnetic field.  

5.2.1 HAIO50 Nanocomposites Cells Separation using External Magnetic Field 

and Characterizations 

Based on the literature reports, targeted cell delivery for therapy was studied using 

magnetic nanoparticles. In our previous method, the newly developed magnetic 

nanocomposite having good magnetic property and lesser content of SPION termed 

as HAIO50 was selected for the cells controlling and separation application. The 

experiment was executed through floating HeLa cells treated with HAIO50 particles 

and separated over external magnetic field. In order to investigate the cell separation 

ability, the Acridine orange fluorescent dye was used and it provide evidence for cell 

separation via supernatants and pellets fluorescent intensity difference in a UV Trans 

illuminator. The minimum concentration of HAIO50 particles required for efficient 

cell separation optimized, which demonstrates that a concentration of 1x106 cells can 

effectively separated from suspension using 480 µg of HAIO50 particle and was 

confirmed from coulter counter analysis. To understand the mechanism of HAIO50-
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cell interaction, the experiments were carried out at a temperature of 4ºC, which 

would suppress the energy consuming process such as direct endocytosis of HAIO50 

to the cells (Sokolova et al., 2013). The results demonstrated that the cell surface-

HAIO50 interactions are independent of temperature.  

5.2.2 Magnetically Separated Cells Morphological Analysis and in vitro 

Culturing 

The structure and morphology of magnetically separated cells were evaluated 

through Giemsa staining and ESEM technique. Giemsa-stained cells imaged via light 

microscopy revealed that the characteristic spherical morphology of the cells was 

preserved in the control cells and cells from pellet, indicating a cell-friendly 

separation method. The ESEM and EDS examinations showed that the separated 

cells were similar to the corresponding control cell structure.  Cells with adhered 

HAIO50 nanoparticles were visible confirmed by the corresponding calcium, 

phosphorous peaks intensities from the EDS spectrum. 

Through magnetic accumulation-induced cell therapy, an increase in the number of 

cells accumulating at the injury site is reported (Polyak et al., 2008), (Riegler et al., 

2010) but it is important to note that a continuous reduction in cell survival and 

localization at the target site occurs over time in previous studies (Li et al., 2009), 

(Terrovitis et al., 2010). In order to establish the efficacy of magnetic separated cells 

for cell therapy, and to demonstrate a non-deleterious effect to cellular structure and 

functions, cells post-separation were maintained in culture. Hence the magnetically 

separated cells were cultured in an in vitro condition for 24h and assessed the 

cytoskeleton structure using confocal laser scanning microscopy studies. From the 
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images, the individual actin fibres appeared as organized well-defined and clearly 

visible and HAIO50 particles are viewed as black intracellular spots. The depth and 

diameter of the cells were calculated from the 3-D reconstructed image of the cells 

obtained from z-axis scans. From the actin cytoskeleton distribution evaluation, no 

structural changes were observed in the magnetically separated cells compared to the 

control cells, and the fibrous structure with cell–cell contact is observed only in 

biocompatible conditions. Therefore, magnetic composite-based cell separation and 

subsequent culture could be employed as an efficient technique for cell 

transplantation therapy. 

5.2.3 Three Dimensional Cell Culture using Magnetic Levitation Technique 

In a biomedical research field the native tissue model are developed through tissue 

engineering techniques. However there is a large gap in complexity and originality 

between native tissue properties and simple two dimensional cell culture experiments 

compared to human tissues of interest. Recent studies revealed that the three 

dimensional cell culture techniques extend the ability to control shape, structure and 

biochemical environment than existing 2D. To the extent of magnetic nanoparticle 

application potential, the newly developed HAIO50 particle was studied for the three 

dimensional cell cultures via magnetic levitation technique. 

An in vitro experiment has been performed for the investigation of magnetic 

levitation 3D cell culture. The HeLa cells were conjugated with HAIO50 particles 

and levitated in the cell culture medium-air interface via external magnetic field and 

cultured for 72h. The HeLa cells rose to the air-medium interface, but were unable to 

leave the medium, presumably due to surface tension. The detected cell levitation in 
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the liquid medium affirmed that the field from a permanent magnet is sufficient to 

overcome the gravitational force to reach a steady state. The detailed morphology 

and cytoskeletal structure of 3D cultured cells were analysed through ESEM and 

phase contrast light microscopic techniques. The cells were well proliferated and 

form a sheet like structure. Moreover the cellular structure, integrity and cell –cell 

interaction has not changed with the presence of HAIO50 particles in three 

dimensional levitation methods. This is confirmed from the ESEM images, DAPI 

nuclear stained fluorescent images and phase contrast light microscopic images. We 

expect that this simple design of magnetic levitation could be further expanded to for 

the development of in vitro level tissues and organs. 

5.2.4 Magnetic Microsphere Development and 3D Cell Culturing 

Further exploring the possibility of magnetic levitation 3D culturing techniques, the 

magnetic microspheres were developed. The microsphere was synthesized using 

polycaprolactone and magnetic HAIO nanocomposites via a solvent evaporation 

technique. In this technique, the size of the microsphere depends on the reaction 

conditions such as concentration of reactants, stirring speed, addition rate etc. Hence 

the polymeric microspheres sizes were optimized via preliminary reaction parameters 

variations and loaded with HAIO nanocomposite particles. The developed magnetic 

microspheres were characterized through ESEM, XRD and FTIR techniques. The 

incorporation of HAIO particles in the microspheres retained the shape and sizes. 

The XRD and FTIR techniques confirmed the phase purity and chemical bonding in 

the microsphere structure. The main peaks of HA and SPION crystals are clearly 
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visible in the corresponding spectra and it confirmed the phase pure existence of 

crystals in the magnetic microspheres.  

The biocompatibility of developed magnetic microspheres was examined using 

Alamar blue assay and hemolysis test. Alamar blue assay shows more than 95% cell 

viability and the percentage hemolysis was comparable to the negative control 

values. The results indicate that the magnetic microspheres are nontoxic irrespective 

of the sizes. Further magnetic microspheres were examined the 3D cell culture via 

the magnetically levitation technique.   The size range of 250-350 µm microspheres 

was selected and performed the cell adhesion and magnetically levitated cell culture. 

The cell proliferation and morphology after 72h analyzed using ESEM, which 

revealed that the cells were grown over the microsphere and form a spheroid shape 

with good cellular integrity. Viability was examined through DAPI nuclear staining 

and live-dead analysis. The DAPI stained cell showed intense blue colour dots from 

the sphere surface and an intense green colour observed from the Acridine orange-

ethidium bromide staining. The results demonstrated the confirmation of live cells 

strongly attached over the sphere surfaces.  

5.3 Assessment of Contrast Enhancement in MR imaging and Hyperthermia 

Therapeutic Efficiency of HAIO50 Particles in an In vitro Condition 

5.3.1Hyperthermia Therapeutic Efficiency 

Over the last decade magnetic nanoparticles have been intensively studied for the 

hyperthermia cancer therapy and MRI contrast agent applications. The magnetic 

nanoparticles can produce elevated temperature in the presence of the alternating 

magnetic field. Also the presence of magnetic field creates more contrast effect in 



141 

 

MRI images, which is useful for the ease of diagnosis. The cancer cells are more 

sensitive to hyperthermia compared to normal cells due to the poor production of 

heat shock proteins. Hence recently several researchers have reported magnetic 

nanoparticles based theranostic approach to cancer tissues such as targeted 

hyperthermia and simultaneous diagnosis. In order to investigate the newly 

developed HAIO50 particles theranostic efficiency (hyperthermia effect and MRI 

contrast), the detailed in vitro analysis has been executed. 

The temperature profile graph has been observed to the assessment of hyperthermia 

effect of HAIO50 particles and the values were compared to the SPION crystal. 

Time-temperature profile indicated the absence of hyperthermia activity at low 

magnetic field intensity. But on increasing the field strength the particles showed 

high temperature generation with respect to time. The SPION particles exhibit high 

temperature formation than HAIO50 under AMF application. However the 

therapeutic performance based on the specific loss of power (SLP), which is defined 

as the amount of energy converted into heat per time and mass.  

Further to determine the SLP values of magnetic particles HAIO50 and SPION, 

various concentrations of particles were dispersed in aqueous medium and performed 

the hyperthermia experiment. The particle dispersions time-temperature profiles 

illustrate the temperature generation depends on the alternating magnetic field 

strength. At low field strength the hyperthermia effect was poor and on increasing 

the field strength, the particles produce elevated temperature and saturations. Two 

major mechanisms explain the temperature generation of magnetic nanoparticles on 

the basis of relaxations. The mechanisms which decide the relaxation of the 
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magnetization are (1) Neel relaxation, corresponding to the magnetic moment 

reversal over the energy barrier, characterized by TN= T0 exp(KV/kBT), whereT0 is 

the constant, K is the anisotropic constant,  kB is the Boltzmann constant and (2) 

Brownian relaxation, corresponding to the mechanical rotation of the whole particle, 

described by TB = 3ηVH/kBT where η is the viscosity of media and VH is the 

hydrodynamic volume.  

From the time-temperature profile observations the SLP values has been calculated. 

The SLP values of HAIO50 particles depreciate with respect to increasing 

concentration while that of SPIONs particles rise with respect to concentration. This 

may depend on the stability and surface modification of SPIONs. In HAIO50 

nanocomposite, the SPIONs surfaces were covered with nonmagnetic HA crystals.  

Moreover the particle surface potential and magnetic dipolar interactions are 

compensated and reduced the aggregation. Therefore at higher particle concentration 

HAIO50 exhibit good dispersion and reduces the uncontrolled temperature 

generation under AMF application. But in SPIONs particles at higher concentrations, 

the dipolar interaction and surface charge attractions dominated and form clusters, 

which was showing uncontrolled temperature production at AFM. Hence the SPIONs 

were exhibit higher SLP values at higher concentrations.  

The therapeutic application to cancer, controlled temperature generation has 

considerable attention. The controlled temperature production could induces cancer 

cells elimination via activation of the apoptosis path way. Uncontrolled temperature 

treatment induces cancer tissues to eliminate through necrotic pathway, which may 

induce for cancer in another part of the body. Moreover the uncontrolled temperature 
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production may chance to damage normal tissues. In our preliminary evaluations, the 

HAIO50 particles exhibit controlled temperature production under AMF application 

than SPIONs. Based on previous magnetic hyperthermia studies (Jordan et al., 1999), 

the HAIO50 particles treated with HeLa cancer cells and examined the hyperthermia 

therapeutic efficiency via AMF application for 30min. The temperature generation 

on the sample was measured using noncontact mode IR thermometer. Hyperthermia 

efficiency of HAIO50 sample to cancer cells was evaluated via flow cytometric 

analysis and ESEM technique.  

Preliminary examination of cell death analysis using ethidium bromide (EB), the 

hyperthermia treated cells exhibit more than 75% positivity to EB staining compared 

with control cell, which is due to the membrane disruption through hyperthermia and 

permeability to EB stains. Further the cell death mechanism has been assessed using 

Annexin V and propidium iodide (PI) staining. The combination of both dies 

normally used approach for studying apoptotic cells. In the apoptotic cells, the cell 

membrane phospholipid phosphatidylserine (PS) is translocated from the inner to the 

outer leaflet of the plasma membrane there by opening PS to the peripheral cellular 

environment. Annexin V is a Ca2+- dependent phospholipid- binding protein with 

high affinity for PS, and reacts to exposed apoptotic cell surface PS. The Annexin V 

can be conjugated to fluorochromes while preserving its high affinity for PS and thus 

serves as a sensitive probe for flow cytometric studies of cells go through apoptosis. 

PI is utilized more frequently than other nuclear stains because it is stable and a good 

indicator of cell viability, based on its capability to not penetrate viable cells and also 

economical. The ability of PI to enter a cell is contingent to the permeability of the 
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membrane. Moreover the PI does not stain live or early apoptotic cells due to the 

existence of an intact plasma membrane. However in the late apoptotic cells, the 

integrity of plasma membrane and nuclear membrane decreases and permit PI to 

move through the membrane bind into nucleic acids and display fluorescence.  

In our study, the HAIO50 exposed hyperthermia treated cells were showed more than 

75% both positivity to Annexin V and PI as compared with control populations in 

flow cytometric analysis. This could be due to the late apoptosis of HeLa cells by the 

HAIO50 exposed hyperthermia treatment. Followed by the morphological 

observation has been examined with ESEM technique after hyperthermia, the images 

affirmed that the detected cell death after HAIO50 loaded HeLa cells is lead by 

concurrent loss of the intact structure of the cell membrane as compared with control 

cells. It can also be detect that the appearance of membrane channels as an effect of 

AMF application, which is probably the mechanism to render the membrane 

permeable. The results obtained from flow cytometry and ESEM techniques 

demonstrated that the HAIO50 exposed hyperthermia treatment eliminated the 

cancer cells via late apoptosis path way. 

5.3.2 Contrast Enhancement in Magnetic Resonance Imaging 

The contrast enhancement of HAIO50 in MRI imaging has been evaluated in 

aqueous phantom studies. The results revealed that a negative contrast enhancement 

in MR images is distinctly observed in the presence of HAIO50 particles. The 

contrast enhancement in MRI is based on proton relaxation with respect to the local 

magnetic field (Chavhan et al., 2009). The proton relaxation usually occurs on spin-

lattice relaxation (T1) and spin-spin relaxations (T2). In a spin-spin relaxation occurs 
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on the basis of loss of transverse coherence, which produces the true and 

characteristic relaxation, which is highly sensitive to environmental magnetic 

property. Hence the superparamgnetic contrast agent can make large fluctuation in 

relaxation time. In our study, the HAIO50 crystal containing Fe2+ ions are 

magnetically ordered within the crystal to create large susceptibility character in MRI 

field and create local inhomogeneous magnetic field, which reduces the T2 relaxation 

time and produces contrast enhancement in MR images. Furthermore the image 

contrast increases with an increase in the material concentration. The T2 relaxivity 

(r2) can be incurred as the slope of the plot of spin-spin relaxation rate (1/T2) versus 

the molar concentration of iron in the corresponding samples, was determined to be 

50.92mM-1s-1 from the T2 measurement. In order to investigate the existence of 

contrast effect in biological condition, the contrast enhancement of HAIO50 were 

examined under in vitro condition using HeLa cell line. Results demonstrated that 

significant reduction in the signal intensity of T2 weighted MRI images as compared 

to untreated cells. Further, pixel intensity of their T2 weighted images decreased with 

increase of HAIO50 concentration. These results indicated that HAIO50 

nanoparticles could be exploited as novel negative contrast enhancement agent for 

MRI. 

Ultimately, the therapeutic hyperthermia efficiency and MRI contrast enhancement 

evaluation of HAIO50 particles exhibit excellent efficiency under in vitro 

investigation. The results demonstrated that the HAIO50 could be useful for the 

theranostic application of cancer treatment.   
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5.4 Development of Manganese ion Substituted Magnetic Property Modified 

Superparamagnetic Nanocrystal (MnIO) via an Aqueous Co-precipitation 

Method 

5.4.1 Synthesis and Characterization of MnIO 

The superparamagnetic nanoparticle for functional application required good 

magnetic property and high efficiency. If not, the magnetic nanoparticles required 

higher concentration for application potential. When cells are treated to nanoparticles 

at high concentration, it causes the production of ROS with high chemical activity 

(Fu et al., 2014). High ROS production can damage cells by peroxidizing lipids, 

modulating gene trascription, disrupting DNA, altering proteins and resulting in 

failure of physiological function and preceded to cell death. Hence the application of 

suitable magnetic particles containing minimum dosage having maximum efficiency 

is challenging part. However, the common spinel ferrites such as SPION have 

intrinsic magnetic properties with standards far below that of optimal requirement for 

diverse biomedical applications. In order to improve their efficiency, the spinel 

ferrite nanoparticles with particular physical and magnetic properties were modified 

during synthetic process. One among the best procedure for magnetic property 

modification is crystal ion substitution with appropriate candidate, which can provide 

a versatile strategy to tune the SPION crystal structure. 

Based on the literature reports revealing advantages and economical strategy, we 

have developed a novel method for the Mn2+ substituted SPION crystal using the 

ideal aqueous co-precipitation route (Gupta and Gupta, 2005). SPION nanocrystal 

formation is highly sensitive to the percentage substitution of foreign ions because an 
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excess amount of bivalent oxidation does not support spinel crystal formation. 

Therefore, with this in regard, we have further extended the study to optimize the 

maximum feasible quantity of Mn2+ incorporation into the SPION crystals using an 

aqueous synthetic route. The maximum substitution of Mn2+ in the SPION (MnIO) 

was optimized to a 75% molar concentration of ferrous ions (3 : 1 Mn2+ : Fe2+); 

beyond which the manganese ions could not form superparamagnetic nanocrystals. 

The SPION have an inverse spinel crystal and its cation distributions are 

Fe+3
A[Fe+3Fe+2]BO4, in which A and B are tetrahedral and octahedral sites, 

respectively. This was attributed to the smaller size and favorable orbital splitting 

energy of Fe3+ ions occupied in the tetrahedral and the octahedral interstitial sites 

proportional to the Fe3+ and Fe2+ ions. The incorporation of bivalent manganese ions 

changed the occupancy of the inverse spinel arrangement of cations in the Fe3O4 

crystals and favoured the formation of a mixed spinel structure in the ferrite crystals. 

In the MnIOs, the spinel with a cubic oxygen lattice of cation distribution was 

formed with an expected chemical formula of (Mn2+ 1-cFe3+)A[Mn2+ cFe3+
2-c]BO4.  

The Mn2+ substitution in SPION crystals was carried out in the presence of trisodium 

citrate (TC) molecules. The absence of citrate ions caused the formation of large 

clumps of manganese ferrites, which caused significant difficulty in dispersing these 

particles in water, hindering their use as contrast agents (Sperling and Parak, 2010), 

(Dubois et al., 1999). Moreover, in magnetic nanocrystal formation, after the 

nucleation step, van der Waals and electrostatic forces govern the formation of the 

clusters. In the presence of TC, nanoparticles gain a negative surface potential, which 

could overcome these attractive forces. Herein, the Mn2+ ions have a maximum 
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number of unpaired electrons and similar size to that of the iron ions, and favour the 

isomorphous substitution of ferrous cations by manganese ions in the co-

precipitation process. By this argument, we can make ferrite with very high 

substitution efficiency (75% molar concentration of the ferrous ion) for achieving 

high quality superparamagnetic nanostructure formation. Indeed the typical syntheses 

of MnIOs were carried out to produce a large quantity of nanoparticles using a one-

pot reaction without sacrificing the characteristics of the superparamagnetic 

nanoparticles. 

In  physicochemical characterization, phase analysis via XRD revealed that the molar 

concentrations of Mn2+ 25%, 50% and 75% of ferrous ions in the compositions of 

MnIOs matches with (PDF = 01-071-6336) SPION diffraction pattern, the positions 

and relative intensities of the strong peaks confirm the Bragg reflections indexed 

inverse cubic spinel structure (Fd3m). Each sample contains identical peaks 

regardless of the bivalent Mn content, and there are no peaks corresponding to MnO2 

or Mn3O4, confirming that the bivalent Mn is incorporated into the ferrite structure 

rather than precipitating as a manganese oxide or hydroxide along with the SPION. 

This could be attributed to the similarity in ionic charge and radii for Fe2+ and Mn2+. 

However, the scenario changes when the Mn2+ concentration is more than 75% molar 

concentration of ferrous ions. Beyond the critical concentration (75% of ferrous ion) 

of Mn2+, the final system did not support crystal formation in which the major peaks 

of spinel disappears (figure 37). The shape, structure and size distribution was 

evaluated using HRTEM and TEM analysis. A careful inspection of the HRTEM 

image further revealed the presence of some crystal defects in a few particles. 
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However, the d-spacing measurements obtained from HRTEM and the 

corresponding FFT generations are in good agreement with the interplanar distances 

derived from the XRD studies. The selected area diffraction patterns are very similar 

for all the samples, comparable to spinel ferrite and reveals that these nanoparticles 

are highly crystalline. Further the uniform size distribution of particles observed 

from the TEM images and the values are in good agreement with the calculated 

values of crystallite sizes from the X-ray diffraction technique. Moreover, the peak 

broadening in XRD is in good agreement with the variation in particle size detected 

by TEM. These results revealed that the reactants trisodium salt & NaOH plays a 

dual role in controlling the particle size in addition to acting as a co-precipitation 

agent. However, these molecules did not induce any complex formation other than 

the magnetic phase of the nanocrystals. 

In chemical bonding analysis, the FT-IR spectra of the different ferrites exhibit an 

intense peak at 575-550 cm-1, corresponding to the characteristic peak of Fe–O 

stretching in iron oxide and Fe–O or Mn–O stretching of manganese ferrite. In 

addition to this intense peak, an additional weak shoulder peak at ~628 cm-1 that 

appears in nanoparticles also shows the presence of a magnetite phase in the 

nanocrystals (Ming Ma, 2003). The Fe–O vibration band widens and weakens with 

an increase in manganese concentration and is slightly shifted towards the lower 

wavenumber region. There is no oxyhydroxide peak of Fe or Mn observed in the 

characteristic regions, which further corroborates to the pure phase formation of 

manganese ferrite (Yathindranath et al., 2011), (Daou et al., 2008). Moreover the 

presence of tri-sodiumcitrate molecules was also confirmed by the presence main 
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peaks. The band at 1668 cm-1 for tri-sodium citrate, which corresponds to the 

asymmetric stretching of the carboxyl group, is shifted to 1618 cm-1 in the FTIR 

spectra of MnIOs. The shift in the peak position to a lower wavenumber region 

indicates the presence of strong hydrogen bonding, which gives an indication of the 

strong binding of citrate onto the MnIOs surface (Srivastava et al., 2011). 

The amount of citrate molecules in MnIOs were examined through TG-DTA 

analysis. In the TGA curves for all the bare samples display an initial weight loss of 

~4-5wt% in the temperature range 30-143oC, assigned to the removal of physically 

adsorbed water and hydroxyl groups from trisodium citrate, which show an 

endothermic peak. The following weight losses are due to the decomposition of the 

citrate group adsorbed on the nanoparticle surface. The second major broad 

exothermic peak was observed between 143-350oC showing a weight loss of ~1.5-

3%. Weight loss in the second step indicates the dissociation of the citrate–metal 

bond accompanied by the oxidative exothermic degradation of citrate from the 

nanoparticle surface at higher temperature. The last stage of TG-DTA resulted in the 

exothermic magnetic particle phase conversion region around 605oC and due to loss 

of residual carbon (Pati et al., 2012), (Srivastava et al., 1987). 

The molar compositions of MnIOs investigated using EDX and ICP-OES analysis. In 

EDS estimation, the values indicate that the surface concentration of Mn increases 

with an increase in the percentage of substitution in the SPION crystal. It gives 

strong evidence for the effective incorporation of manganese ions into the spinel 

structure. Moreover, the surface concentration of Mn, Fe and O atoms at 20 keV on 

different areas over the surface of the specimen studied are very close to one another. 
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This finding supports the homogeneous composition of the synthesized MnIOs. 

Table 8 shows the quantitative manganese content present in each of the 

compositions of these magnetic nanocrystals confirmed by ICP analysis. The results 

indicate that the samples possess a slightly varied manganese content compared to 

stoichiometric manganese ferrite. However, the Mn/Fe ratio is approximately equal 

to the EDX composition, which confirms the pure phase substitution of manganese 

ions into the ferrite crystals (Muruganandham et al., 2010). 

The preliminary biocompatibility evaluations of MnIOs were estimated via blood 

compatibility and cytocompatibility. Maintenance of blood rheology is of prime 

importance in most intravenous interventions. Surface charged ferrites may induce 

aggregation during interaction with leukocytes and platelet cells (Demiroglu, 1997). 

The MnIO nanoparticles in a final concentration of 1mg/mL were used in the 

hemolysis, clotting time, blood cell aggregation analysis and no toxicity was reported 

from these studies. The cytotoxicity was examined using Alamar blue assay and 

compared with control cells with the results demonstrating that more than 95 % of 

cellular activity across the concentration levels is used for various MnIOs. Cellular 

uptake was verified by Prussian Blue staining. Material exposed cells retained 

cellular integrity and demonstrated robust non – toxic nature of the material in vitro.  

5.4.2 Evaluation of Contrast Efficiency in Magnetic Resonance Imaging 

The magnetic property and MRI contrast efficiency of MnIOs were evaluated and 

compared with the SPION crystals. One of the most important factors for a 

nanoparticle based MRI contrast agent is its magnetic properties, which depend on 

the crystal constitution by metallic cationic distribution among A and B sites in the 
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crystal constitution. The magnetic behavior of the MnIOs is expected to vary with 

different Mn2+ and Fe2+ positions in the crystal structure because the Mn2+ ion is 

isotropic compared to other crystal atoms. In our study, the MnIOs exhibit negligible 

remanence and coercivity, but the SPION showed minor value of remanence and 

coercivity. Recent studies report (Kolhatkar et al., 2013) that manganese ferrite 

shows a lower blocking temperature and higher magnetic saturation. This is because 

the Mn2+ cation in the spinel structure has five unpaired electrons and they are all in 

the high spin state. Moreover, the weak interaction of spin–orbital coupling gives a 

smaller magnetic anisotropy energy barrier than SPION and results in the particles to 

thermally activate through superparamagnetism via random flipping of its 

magnetization. Furthermore, previous reports have revealed that small MnIOs exhibit 

non-interacting properties, which helps to speed up the relaxation of the particles. 

Hence, the particles do not show any remanence and coercivity even at a low field 

(Sun et al., 2004), (Rondinone et al., 2001). In our study, the MnIO25 and MnIO50, 

manganese substitution decreases the saturation magnetization when compared with 

bare SPION particles. However, the further increase in Mn2+ substitution in MnIO75 

(where the concentration of Fe2+ to Mn2+ is 1 : 3) lead to a slight improvement in the 

saturation magnetization. The shape of the hysteresis curve was also found to vary 

with changes in the Mn2+ substitution concentration. 

The bivalent manganese ion has five unpaired electrons in the outer shell and has a 

higher magnetic moment when compared to the bivalent iron ion. Moreover, 

MnIO25 andMnIO50 were found to be slightly small size compared to bare SPION 

crystals, and therefore have a greater spin canting effect than SPION (Kim et al., 
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2011). Furthermore, the observed results in the magnetization studies for MnIO25 

and MnIO50 were slightly distorted when compared to the slightly larger SPION 

particles resulting in a lower saturation magnetisation. This may be due to the 

smaller size and structural anisotropic nature of the particles. However, in the case of 

MnIO75, the crystallite size is almost similar to that of SPION and demonstrated 

zero remanence and coercivity when compared with SPION. This can be clearly 

viewed from the intersection of loop with vertical magnetization axis in the inset of 

Figure 46. In the case of magnetic materials, the coercivity field (Hc) for crystal 

refers to the intensity of magnetic field required to reduce the magnetization of the 

magnetic sample to zero. It has been observed from the magnetic measurements that 

both the Ms and Hc values decrease with an increase in the concentration of bivalent 

Mn ions in the crystal. This indicates that the incorporation of Mn2+ ions into the 

SPION matrix greatly enhance the magnetic isotropy of the crystals. Therefore, in a 

simple model, the spinel ferrite of oxygen packed, face centered cubic lattice, the 

tetrahedral (Td) and octahedral (Oh) sites were occupied by magnetic ions. In the case 

of manganese ferrite, with a mixed spinel structure, the majority of Td sites are 

expected to be occupied by Mn2+
1–xFe3+x (0 < x < 1) and Oh sites by Mn2+

x Fe3+
2–x. 

When an external magnetic field was applied to this structure, the magnetic spins 

(Mn2+/Fe3+) in Oh are aligned parallel to the direction of the external magnetic field 

but those in Td are aligned anti parallel (McCurrie, 1994). Moreover, the maximum 

magnetic susceptibility was shown by manganese ferrite due to the higher magnetic 

spin of manganese (contribution approximately 5 µB), such that the higher 

concentration of manganese substitution in iron oxide replaces more and more 
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magnetization deciding Fe2+ ions from the crystal position and the crystal acquires a 

higher magnetic saturation. 

The contrast efficiency of MnIOs in MR imaging has been examined and the 

corresponding crystals relaxivity (r2) values calculated. The values show that r2 is 

based on the composition of the nanocrystals. As MnIOs show a higher r2 value 

compared to iron oxide alone, even with a lower saturation magnetization. This 

suggests that the relaxivity coefficient is not only dependent on the magnetic 

saturation of the nanostructure but also its geometry (Rebolledo et al., 2010). 

Another possible explanation for the faster relaxation of protons may be due to the 

higher magnetic moment of the manganese ions in the crystals. Furthermore, the 

presence of citrate molecules on the MnIOs surface retards the r2 relaxivity. The 

increase in coating thickness decreases the outer-sphere contribution of the core 

towards r2 due to the distance of the closest approach for diffusing bulk water 

molecules to the superparamagnetic core of the particles (Pinho et al., 2010). 

Moreover, the relatively smaller size of MnIO25 and MnIO50 nanoparticles have a 

greater surface-to-volume ratio and a greater number of hydrogen nuclei of water in 

proximity when compared with MnIO75. Therefore, a decrease in the coating 

thickness results in an increase in the diffusing bulk water molecules to the 

superparamagnetic core of the particles. It plays a further role on r2 relaxivity and 

rapidly decreases the T2 relaxation time or the dephasing of the water protons. 
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5.5 Evaluation of Contrast Enhancement in MRI imaging and Hyperthermia 

Therapeutic Efficacy [theranostic] of MnIO Particles in an In vitro Condition 

5.5.1 Synthesis of Stable MnIOs using Trisodium Citrate Surface Modification 

The nanoparticles consider for therapeutic application must exhibit good stability and 

efficiency in colloidal condition. In our previous study we developed manganese 

substituted ferrite (MnIOs) nanoparticles and evaluated the MRI contrast efficiency 

under in vitro condition. However, the MnIOs synthesized using this method formed 

aggregates during long-term storage in colloidal suspension. This aggregation could 

be due to the poor surface potential of the synthesized particles. Hence, for 

theranostic applications, a comprehensive approach is essential for study of the 

structural, biophysical and dispersion properties of these manganese ferrites. Surface 

modification of manganese ferrite using trisodium citrate resulted in superior 

properties compared with those of previous synthesis methods. 

Liu et al. and Campelj et al reported aggregation due to poor surface potential in 

cases of bare iron oxide nanoparticles (Liu et al., 2009), (Campelj et al., 2008). 

Addition of citrate moieties at a specific desired concentration increases the surface 

potential of the particles and stabilizes the suspension via electrostatic repulsion 

between the particles. Hence, citrate addition is a highly suitable and efficient 

pathway to stabilizing novel ferrofluids and ensuring enhanced functionality. Citrate 

molecules have been accepted as coating agent for magnetic iron oxide 

nanoparticles, and Fleige and co-workers reported that macrophages readily uptake 

citrate-modified magnetic particles, thus demonstrating the cytocompatible nature of 

these particles (Fleige et al., 2002). Effective coating with citrate moieties on 
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nanocrystals renders them unique in their structural and physicochemical 

characteristics with excellent contrast efficiency in the colloidal condition. Hence the 

MnIO particles were surface modified with 10 M trisodium citrate molecules and 

characterized. 

In a phase analysis via XRD, the peak pattern matched well with the respective hkl 

indexes of spinel ferrite nanoscrystals structure PDF [01-071-6336]. Further, the 

surface modified MnIOs exhibit large hydrodynamic size and higher zeta potential 

values due to the presence of citrate molecules on the surface-modified samples 

compared with those of bare particles. In FTIR spectra, the vibrations observed at 

1394 cm-1 and 1589 cm-1 are due to the stretching vibrations of the carboxylic group 

in citrate. This evidence confirms the incorporation or attachment of citrate 

molecules on the magnetic particle surface. The amount of citrate in the MnIOs 

surface was evaluated through TG-DTA analysis. The free citrate molecules show 

distinct degradation stages at 143°C, 350°C, 605°C and 900°C. In the TGA 

measurement, a similar pattern of % weight remaining was observed with 

MnIO25TC, MnIO50TC and MnIO75TC, confirming the effective surface 

modification. The size analysis was executed with the TEM measurement. However, 

the average particle sizes obtained from DLS are higher than the values ascertained 

via TEM. The anomalous reading could be due to non-visibility of the surface-

modified citrate coating under bright field TEM. The TEM analysis obtained average 

particle sizes at the nano level for the MnIOTCs, which were compared with the 

crystallite size calculated from XRD (Figure 52) using the Scherrer equation, which 

showed nearly the same size. Further the superparamagnetic property of MnIOTCs 
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was confirmed through VSM measurement and all the compositions showing 

substantial superparamagnetic behavior.  

The preliminary biocompatibilities of MnIOTC’s were performed via Alamar blue 

assay and hemocompatibility testing.  The results showed no significant differences 

in the viability of cells treated by MnIOTCs at concentrations ranging from 0.5 

mg/ml to 3 mg/ml compared with the control for a period of 24 h. This result 

suggested that higher concentrations of nanoparticles are non-inhibitory if cellular 

activity is considered. The MnIOTCs exposed cellular morphologies were examined 

through confocal laser scanning microscopic imaging. The treated cells maintained 

cellular integrity with a regular morphology similar to that of the control cells. 

Moreover, actin staining showed individual actin fibers similar to normal cell 

cytoplasmic skeletal organization. Furthermore, positive staining for vinculin 

indicated the presence of key focal adhesion complexes that are integral to cell – 

extracellular matrix contact. Further, the cell friendly nature MnIOTCs were 

confirmed by positive Prussian blue staining from cellular uptake evaluation. This is 

because, the cells containing ferric ions combined with ferrocyanide resulted in the 

formation of blue-colored ferric ferrocyanide.  Ensuring hemocompatibility is of 

utmost importance for medical applications of novel nanomaterials. For hemolytic 

assessment, concentrations of up to 1 mg/ml were used, and the results demonstrated 

no discernible hemolytic effects due to the different MnIOTCs. The hemolytic effect 

was quantitatively estimated by measuring the absorbance of the supernatant at 541 

nm. A notably low percentage of hemolysis was indicated, certifying their excellent 

hemocompatibility at higher concentrations. 
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5.5.2 Theranostic Evaluation of MnIO75TC 

In order to investigate the theranostic potential of MnIOTCs, preliminary the MR 

contrast efficacy evaluated via aqueous phantom studies using various 

concentrations. The signal intensities of images vary significantly as the 

concentration of Fe+Mn varies from 0.05 mM to 0.25 mM. This effect is clearly due 

to the dipolar interaction of MnIOTCs with water protons. From the pixel intensity, 

the T2 relaxation rates (r2=1/T2) of MnIO25TC, MnIO50TC and MnIO75TC are 

calculated as 239, 203 and 185 mM-1 s-1, respectively. The relaxivity values 

demonstrate that all MnIOTC variants exhibit excellent contrast effects in phantom 

studies. However the prime importance was on maximum concentration of Mn2+-

substituted iron oxide as a plausible contrast agent. Hence the contrast efficacy of 

MnIO75TCs various concentrations were assessed at in vitro condition. The results 

revealed a significant reduction in signal intensity in T2-weighted MRI images 

compared with untreated cells. Furthermore, the pixel intensity of the T2-weighted 

images decreased with increasing Mn+Fe concentration. These results indicated that 

MnIO75TC nanoparticles could be exploited as a novel negative contrast 

enhancement agent for MRI. 

The hyperthermia temperature generation of MnIO75TC was investigated by 

alternating magnetic field experiment. The result demonstrated that the particles 

exhibit excellent temperature variation from 28 to 57 °C and from 28 to 65 °C with 

concentrations of 5 mg/ml and 10 mg/ml, respectively. Two different mechanisms 

that decide the relaxation of the magnetization are (1) the Neel relaxation, 

corresponding to the magnetic moment reversal over the energy barrier and 



159 

 

characterized by TN=T0 exp(KV/kBT), where T0 is the constant, K is the anisotropic 

constant, and kB is the Boltzmann constant, and (2) Brownian relaxation, 

corresponding to the mechanical rotation of the entire particle, described by TB = 

3ηVH/kBT, where η is the viscosity of the media, and VH is the hydrodynamic volume 

(Rosensweig, 2002), (Vamvakidis et al., 2014).  

From the results, the figure 62: represents the variation in heat generated with a field 

strength ranging from 14.4 mT to 38.6 mT at a magnetic field frequency of 275 kHz. 

After 13-15 min of exposure to the magnetic field, the temperature of the particle 

suspension achieved saturation. At the saturation temperature point, the energy for 

maintenance of the saturation temperature is nearly equal to the energy generated by 

the application of an alternating magnetic field to the particles (Pham Hoai Linh, 

2009). The saturation temperature and rate of increase of temperature necessary to 

reach saturation depend on the magnetic field strength and concentration of the 

suspension (Rosensweig, 2002). Hence, highly concentrated samples have elevated 

temperature generation capabilities and saturation rates, which is evident from Figure 

62.  

However, the SLP values appear to decrease with increasing concentration, even 

with application of constant field strength. A plausible explanation is the apparent 

reduction of the inter-particle distance with the increasing concentration of 

nanoparticles (Urtizberea et al., 2010), (Carlos Martinez-Boubeta, 2013). When the 

system is exposed to an alternating magnetic field, it becomes magnetized, and 

magnetic dipolar interaction becomes a significant factor that contributes to the 

magnetization value. Furthermore, the energy dissipation mechanism is strongly 

dependent on dipole-dipole interactions [Neel relaxation time]. At higher 
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concentrations, the dipolar interaction dependency on the Neel relaxation becomes 

greater. Therefore, the long-range collective magnetic behavior at increasing particle 

concentration causes a decrease in the SLP value at higher concentrations (Piñeiro-

Redondo et al., 2011). This result confirms that the particles are stable and non-

aggregating. Particle aggregates that are present due to unforeseen interactions might 

cause runaway temperature levels, and controlled elevation of temperature under an 

applied field indicates uniform particle dispersion (Wu et al., 2008). The results 

revealed that MnIO75TC produces effective and controlled heat generation under an 

alternating magnetic field and could be useful for hyperthermia applications. 

Previous investigations suggested that cancerous cells are more sensitive to 

hyperthermia (Laurent and Mahmoudi, 2011). Thus, it is possible to destroy these 

cells via initiation of the apoptotic pathway via controlled temperature application. 

Apoptosis or programmed cell death is a specific mechanism by which cells initiate a 

programmed sequence leading to cell death with minimal side effects (Wang, 2011), 

(Marcos-Campos et al., 2011). In our study, the FACS evaluation of hyperthermia 

treated HeLa cells exhibit more than 90% cell death and majority of them showed 

both positivity to AnnexinV-PI, indicating translocation of phosphatidylserine and 

initiation of the apoptotic cell death process. Controlled hyperthermia promotes 

apoptotic cell death in cancer cell populations (Harmon et al., 1990), (O’Neill et al., 

1998). Thus, a stable rise in temperature due to well dispersed and stabilized 

MnIO75TC particles is key to ensuring induction of apoptosis. The controlled 

temperature formation might occur via thermal conduction to the central surface area 

of cells, leading to apoptosis or irreversible cell injury, which further proceeds to 

apoptotic cell death. Further the structural integrity of hyperthermia exposed cells 
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was evaluated using the ESEM technique. The cells show loss of structural integrity 

with simultaneous shrinkage in size and decreased cellular organization compared 

with the control cells. Therefore, hyperthermia mediated by MnIO75TC particles is 

an efficient pathway for the induction of apoptotic cell death in malignant cells, 

which provides a ray of hope for cancer therapy. These results revealed that the 

MnIO75TC could be considering as a potential candidate for theranostic 

applications.  
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Chapter 6 

SUMMARY 

The present strategies for targeted cell delivery and therapy, cancer diagnosis and 

therapeutic approaches have several limitations as stated earlier. Parallel with the 

present approaches, focus was on the interdisciplinary area of nanobiotechnology to 

develop improved and uncomplicated nanoparticles for theranostic applications.  

Primarily a homogeneous dispersion of nano iron oxide (SPION) crystallites inside 

the hydroxyapatite (HA) particles was achieved by a co-precipitation method. This 

highly stable colloidal dispersion of magnetic nano composite (HAIO) was made 

without the use of any surfactants. The in-situ generated dispersion of the composite 

powders showed submicron HA particles with ~5 nm SPION inside. The same 

experimental condition was applied for the synthesis of different compositions of 

magnetic nanocomposites. The phase analysis results showed the presence of 

hydroxyapatite (HA) and SPION with no tertiary phase. The enhancement of relative 

peak intensities with increased percentage of SPION phase in X-ray diffraction 

analysis suggests the formation of SPION together with HA without affecting the 

phase purity of the latter, which is important when the biological behaviour of HA is 

considered. The FTIR data further confirm that the introduction of SPION does not 

produce any considerable change in the chemical structure of HA. However, the 

weight percentage plays a critical role in determining the fundamental magnetic 

behaviour and also significantly influences the crystal shape and growth pattern of 

the particles. Further, the preliminary cytocompatibility and hemocompatibility of 
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HAIOs revealed non-toxic nature at in vitro condition. From the physcicochemical 

and biological evaluations of HAIOs, the molar percentage ratios of 50:50 (HAIO50) 

with lower content of SPION showed better magnetic property, non-toxicity and 

blood compatibility and hence it was selected for further therapeutic applications.  

The next attempt was to utilize HAIO50 nanoparticles as a cell-binding agent for 

controlled targeted delivery in cell-therapy application. To this end, the cell uptake of 

nanoparticles was analyzed and the granularity variations quantitatively examined. 

The Prussian blue staining confirming the cell uptake of HAIO50 particles and 

FACS analysis revealed the minimum concentration of HAIO50 required for cellular 

uptake preceding to granularity changes of 106 cells in the suspension. Also, the 

surface charge enhanced cell uptake of HAIO50 without adversely affecting the 

cytoskeleton, as confirmed from the flow cytometry FSC intensities. Further, various 

concentrations of HAIO50 was used to execute magnetic separation of HeLa cells 

from the suspension. The magnetically separated pellets and supernatants were 

quantitatively as well as qualitatively based on evaluations by Coulter counter and 

UV transilluminator. The capability to reliably separate the cell assembly from 

suspension was quantified and illustrated. Moreover, the HAIO50 uptake in cells 

could be controlled by a non-invasive magnetic field. The cells were concentrated, 

separated and cultured under in vitro condition with no detectable impact on cell 

growth, proliferation or intracellular structures. The results highlight the potential for 

using HAIO50-labelled cells as a new type of nanoprobe for remotely controlled cell 

therapies with better specificity and enhanced efficacy. 



164 

 

To examine the possibility of magnetic nanoparticle-based cell control, magnetically 

levitated three dimensional cell culture was developed using HAIO50 conjugated 

HeLa cells. Magnetically levitated cells were cultured for 72h, and the cytoskeletal 

structure, morphology and viability were evaluated. The ESEM images and light 

microscopic analysis confirmed that the cells retained structural integrity and 

proliferated to form sheet like structure. Further the HAIO50 material did not induce 

any alteration in nuclear component which was confirmed from the DAPI nuclear 

staining and imaging. In order to explore the opportunity of magnetic levitated cell 

culture, magnetic microsphere (HAIO-PCL) was developed using polycaprolactone 

and HAIO nanocomposite through solvent evaporation technique. The 

physicochemical evaluations of magnetic microspheres revealed the size 

confirmation, phase pure existence and retention of nature of bonding in molecules 

of HAIO and polycaprolactone. Preliminary biocompatibility of experiments such as 

Alamar blue assay and hemocompatibility suggested that the HAIO-PCL 

microspheres are non-toxic. Further, the cell adhesion and magnetically levitated 3D 

cell culture were executed using 250-350 µm size microspheres. The ESEM images 

confirmed that the cells were attached and proliferated over microspheres. Moreover, 

the live-dead assay and DAPI nuclear staining demonstrated that the viability and 

structural integrity of cells over microspheres. The current study demonstrated that 

the HAIO based magnetically levitated 3D cell culture could be considered as a 

novel technique for tissue engineering.  

The next attempt was to demonstrate the use of HAIO50 particles as a hyperthermia 

therapeutic application and MRI contrast agent. To demonstrate the hyperthermia 
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temperature production of HAIO50 particles, various concentrations of powder and 

colloidal suspensions were used in the AMF experiment and time-temperature profile 

observed. The results confirmed that the HAIO50 particles exhibit excellent 

temperature generation under in vitro condition. Further the efficacy of HAIO50 

hyperthermia potential was observed through specific loss power calculation and the 

values compared with SPION demonstrated that the HAIO50 exhibit controlled 

temperature generation. Hence the HAIO50 particles are suitable for cancer 

theranostic applications. To establish the therapeutic property, the HAIO50 exposed 

cancer cells were exposed to hyperthermia and cell death levels examined 

qualitatively and quantitatively. Preliminary characterization via ethidium bromide 

exhibit more than 75% positivity FACS analysis revealing that the majority of the 

cells were dead. The Annexin V-PI assay showed more than 75% both positivity, 

which confirmed that most of the cells underwent the apoptotic pathway. Further the 

morphological observation examined via ESEM technique affirmed that 

hyperthermia treated cells had lost structural integrity and indicated increased 

morphological disruption as compared with control cells. The contrast enhancement 

property of HAIO50 in MR images was assessed in a clinical MRI system via 

aqueous phantom studies and in vitro cell culture medium. The results proved that 

the HAIO50 can be useful particles for T2 weighted contrast agent in MRI technique.  

Hence, both properties such as hyperthermia therapeutic capability and MRI contrast 

efficacy of HAIO50 under in vitro investigation revealed that the HAIO50 particles 

could be considered as an ideal candidate for theranostic application.     
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Next, the manganese substituted superparamagnetic iron oxide nanoparticles called 

the manganese ferrite termed as MnIO was prepared to improve the efficiency of 

theranostic applications. In this context, an in situ substitution of Mn2+ was 

performed in SPION and a series of ferrite particles, MnxFe1-xFe2O4 with a varying 

molar ratio of Mn2+ : Fe2+ where ‘x’ varies from 0–0.75. The ferrite particles 

obtained were further studied in MRI contrast applications and showed appreciable 

enhancement in their MRI contrast properties. Manganese substituted ferrite 

nanocrystals (MnIOs) were synthesized using a novel, one-step aqueous co-

precipitation method based on the use of a combination of sodium hydroxide and 

trisodium citrate (TC). This approach yielded highly crystalline, superparamagnetic 

MnIOs with good control over their size and bivalent Mn ion crystal substitution. 

The presence of a TC hydrophilic layer on the surface facilitated easy dispersion of 

the materials in an aqueous media. Primary characterizations such as structural, 

chemical and magnetic properties demonstrated the successful formation of 

manganese substituted ferrite. The newly developed manganese ferrite particles such 

as MnIO25, MnIO50 andMnIO75 exhibited r2 relaxivities of 236.6, 203.9 and 202.1 

mM-1 s-1 at 1.5 T, respectively. More significantly, the MRI relaxivity of the MnIOs 

improved fourfold when compared to SPION crystals indicating a high potential for 

use as an MRI contrast agent. Further, the cytocompatibility test using alamar blue 

assay and blood compatibility evaluations via hemolysis and blood cell aggregation 

demonstrated excellent cell morphological integrity even at high concentrations of 

nanoparticles supporting the non-toxic nature of nanoparticles. This validates a cost-

effective route for the high yield formation of water dispersible MnIOs, with 



167 

 

remarkable MRI contrast properties and biocompatibility, which can serve as a 

potential candidate in biomedical applications.  

The stability of nanoparticle in biological conditions has been considered as of prime 

importance. However, the manganese ferrite synthesized using co-precipitation 

method formed aggregates during long-term storage in colloidal suspension. Hence 

the ferrofluid-based manganese (Mn2+) substituted superparamagnetic iron oxide 

nanoparticles stabilized by surface coating with trisodium citrate (MnIOTCs) were 

synthesized for enhanced hyperthermic activity and use as negative magnetic 

resonance imaging (MRI) contrast media intended for applications in theranostics. 

The synthesized MnIOTC materials were characterized based on their 

physicochemical and biological features. The crystal size and the particle size at the 

nano level were confirmed using XRD and TEM. The presence of citrate molecules 

on the crystal surface of the MnIOTCs were established by FTIR, TGA, DLS and 

zeta potential measurements. The magnetic property of MnIOTCs measurement 

revealed that the nanocrystals exhibit superparamagnetism. However the important 

aim was of obtaining a composition with fewer iron atoms for maximum theranostic 

efficiency. Hence MnIO75TC was selected for further application. The MnIO75TC 

exhibited a high T2 relaxivity of 184.6 mM-1s-1 and showed excellent signal intensity 

variation in vitro. Hyperthermia via application of an alternating magnetic field to 

MnIO75TC in a HeLa cell population induced apoptosis, which was further 

confirmed by FACS and cLSM observations. The morphological features of the cells 

were highly disrupted after the hyperthermia experiment, as proved from ESEM 

images. Biocompatibility evaluation was performed using an Alamar blue assay and 
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hemolysis studies, and the results indicated good cytocompatibility and 

hemocompatibility for the synthesized particles. In the current study, the potential of 

MnIO75TC as a negative MRI contrast agent and a hyperthermia agent was 

demonstrated to confirm its utility in the burgeoning field of theranostics.  

Conclusion  

The work focuses on the development of Iron oxide based nanoparticles with a high 

degree of stability and biocompatibility. Compatibility of particles were positively 

enhanced with addition of HA moieties. NP’s thus developed were assessed 

successfully for cytocompatibility, hemocompatibility, cell – concentration and 

Theranostic capabilities. Significant enhancement in critical properties like magnetic 

susceptibility & Theranostic ability was achieved by Mn substitution and trisodium 

citrate coating. The study was based on developing novel nanoparticles for specific 

biomedical applications and assessing their ability to facilitate therapy, diagnostics 

and cell delivery within specified limits. 

An in situ technique has been developed for the synthesis of hydroxyapatite-iron 

oxide nanocomposite. The results revealed that ~5nm superparamagnetic iron oxide 

particles were uniformly embedded in the HA crystals. The developed HAIOs were 

exhibit excellent magnetic field response and biocompatibility. 

The targeted cell delivery method has been achieved via magnetic nanocomposite 

HAIO50 and its derivatives. Based on evaluations, the non-invasive magnetic field, 

concentrated separated and cultured under in vitro condition with no detectable 

impact on cell growth, proliferation or intracellular structures. The results highlight 
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the potential for using HAIO50 and its derivatives labelled cells as a new type of 

nanoprobe for remotely controlled cell therapies with better specificity and enhanced 

efficacy. 

Further the HAIO50 theranostic capability was assessed under in vitro condition. The 

results revealed that HAIO50 aided hyperthermia treatment could destruct the cancer 

cells via apoptosis. Also the HAIO50 uptake cells exhibit significant contrast 

enhancement in MRI images. Thus the HAIO50 could be useful for the theranostic 

application of cancer treatment.  

The bivalent manganese ion substituted SPION with molar concentrations of 25%, 

50% and 75% of Fe2+ ion were successfully synthesized using an aqueous 

coprecipitation method. The incorporation of manganese ions changed them 

magnetic properties and significantly modified T2 MRI contrast when compared with 

conventional SPION. 

Further the SPION substituted with Mn2+with a 3:1 molar concentration of Mn2+to 

Fe2+ crystals was surface modified and evaluated the theranostic property. The results 

revealed that the excellent contrast enhancement in MRI images. Also exhibited 

hyperthermia effect under alternating magnetic field and destruct cancer cells via 

apoptosis path way. Thus the potential of MnIO75TC as a negative MRI contrast 

agent and a hyperthermia agent was demonstrated to confirm its utility in the 

burgeoning field of cancer theranostics.  

Nanoparticles thus developed have the innate potential to be developed further into 

multi-faceted therapeutic interventions that would surpass the current standards of 
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care. The current study has undertaken a comprehensive analysis of the existing 

solutions from the synthesis level and developed novel routes of compliance with 

current and future demands on nanotech based biomedical applications. The thesis 

has been able to address several issues related to acceptance of the developed 

technology but to exploit it fully concerns mentioned in the Future Directions are 

also be reviewed.  

Future Directions  

Future application would require more data of nanoprobes stability and efficiency in 

human in vitro systems. Also would demand in-depth evaluation of concentration 

dependent nanotoxicity of developed magnetic particles under in vivo rat models. 

Develop a practical delivery method for use in in vivo models to assess the cell 

delivery for targeted therapy. Further the capability and efficiency of cancer 

theranostic potential of MnIOTC as well as HAIO50 under in vivo rat model.  

Moreover to investigate the molecular level understanding of hyperthermia induced 

cell death, differences and advantages compared to standard processes.  
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Conference on Biomaterials and Implants: Prospects and Possibilities in the New 

Millennium (BIO 2011) at CGCRI, Kolkata 21-23 July, 2011. 

2) Ansar E.B., Manoj Komath, Harikrishna Varma P R “Iron Oxide Embedded 

Hydroxyapatite – A New Generation Magnetic Bioceramic” - nanobio, 2nd 

International Conference on Nanotechnology at the Bio-Medical Interface at Amrita 

Centre for Nanosciences & Molecular Medicine- AIMS, Kochi 21- 23, 2012 

February, 2012. 

3) Ansar.E.B, Fernandez.F.B, Annie John, Harikrishna Varma P R“The ceramic 

moiety modified superparamagnetic nanoparticles for efficient cell separation” - 

TERMIS-AP 2013 October 23-26 in Shanghai and Wuzhen, PR China. 
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4) Ansar.E.B, Fernandez.F.B, Krishna Surendra.M, Annie John, M.S. Ramachandra 

Rao, Harikrishna Varma P R “The evaluation of hyperthermia effect to cancerous 

cells by biocompatible inorganic matrix modified magnetic nanocrystals in the 

presence of RF induction alternating magnetic field” - IUMRS-ICA 2013: 16th – 

20th December 2013, at Indian Institute of Science, Bangalore, India. 

5) Ansar.E.B, Fernandez.F.B, Shaiju. S.N, R.S. Jayasree, Annie John, Harikrishna 

Varma P R “Manganese ferrite superparamagnetic nanoparticles for theranostic 

application" - International Symposium on Photonics Applications and 

Nanomaterials, ISPAN-2015; 28-30 October 2015. 

6) Francis B Fernandez, Ansar E B, H K Varma, and Annie John "Microspheroid 

Assemblies  : Levitating PCL –IO  Spheroids in  Biomedical Applications"- 

International Symposium on Photonics Applications and Nanomaterials, ISPAN-

2015; 28-30 October 2015. 

7) R. Sreekumar, Ansar E.B and Harikrishna Varma P R “Iron Oxide embedded 

Hydroxyapatite crystallites-A new bioceramic composite” - The XXXIII Annual 

Meet of Electron Microscope Society of India, Indian institute of science and south 

zone chapter of EMSI at Bangalore 2-4 July 2012. 

8) Ansar.E.B, Harikrishna Varma P R “Theranostic Approaches Using 

Superparamagnetic Nanoparticles”  (MRSI) Thiruvananthapuram Chapter at IIST- 

trivandrum 2nd, April 2016 (Best Presentation award) 
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