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Abstract: Magnetic nanoparticles have been developed for use in a number of interesting 

biological applications, including contrast agents in magnetic resonance imaging (MRI), drug 

delivery vectors, and mediators for converting electromagnetic energy to heat. Massive attempts 

have been made to create magnetic nanoparticles for MRI contrast agents. Herein, we show the 

synthesis methods for perpetration of iron oxide nanoparticles with surface modifications and also 

include characterization techniques used for size, surface and magnetic properties detection. A 

brief discussion on magnetic nanoparticles, toxicity and angiogenesis activity is included. In this 

review, we discuss to develop iron oxide based nanoparticles (NPs) formulations, preferably 

aqueous dispersions which are superparamagnetic, stable and biocompatible with suitable cell 

lines, for application as T2 MRI contrast agents with better r2 relaxivity. 

 

Introduction 

Nanoparticles (NPs) are more reactive than bulk materials due to their high surface to volume 

ratio. Magnetic NPs form a class of NPs which can be manipulated by small magnetic fields. The 

synthesis of uniformly sized magnetic NPs has been intensively pursued because of their broad 

applications including magnetic storage media, ferrofluids, magnetic resonance imaging (MRI), 

magnetically guided drug delivery and catalysts for the growth of carbon nanotubes [1-3]. Studies 

on magnetic NPs are being intensively pursued not only for fundamental scientific interest but also 

for their novel application capability arising due to their unique physical and chemical properties 

[4]. The superparamagnetic iron oxide nanoparticles (SPIONs) has a high potential in biomedical 

applications such as cellular therapy, tissue repair, drug delivery, magnetic resonance imaging 

(MRI), hyperthermia, etc. [5-7], since they are considered less toxic than their metallic 

counterparts. For these applications, the NPs must have combined properties of high magnetic 

saturation, size less than 50 nm, biocompatibility, pH neutral, chemical stability and agglomeration 

free. The main problem with NPs is their fast agglomeration and to avoid this, these NPs are coated 

with various polymer such as dextran, chitosan, polyethylene glycol (PEG), polyvinyl alcohol [8-

11]. Recently, iron oxide NPs with different coatings have been widely investigated, due to their 

desirable magnetic properties in biomedicine and bioengineering fields. Also, these materials 

should have low toxicity and high biocompatibility. Toxicity of NPs on the human health is one 

main feature for successful application of NPs in medicine. Recently, the cytotoxicity effects of 

iron oxide coated with thiol containing hydrophilic ligands has found to be non-toxic in human 

lymphocytes while nitric oxide releasing iron oxide NPs are found to be toxic in human 



lymphocytes; hence the latter is used in the treatment of tumours cells [12], Fe3O4 NPs coated with 

chitosan are biocompatible with human osteoblast cells [13], sodium oleate coated Fe3O4 do not 

possess any toxic effect on 3T3 cells [14]. The presence of surface coating is found to render good 

aqueous dispersion stability, less agglomeration and excellent biocompatibility, hence makes them 

suitable candidate for biomedical applications. 

 

 
 

Figure 1. Applications of Magnetic Nanoparticles. 

 

Magnetism in ultrafine particles: 

 Magnetism in materials at nanoscale is very fascinating. Generally, the properties of 

nanomaterials differ substantially from the bulk counterparts. 

 Single domain particle: 

In a large body there could be minimum domain size below which energy cost of domain 

formation exceeds the benefits from decreasing magnetostatic energy. This implies that a single 

particle of size comparable to the minimum domain size would not break up into domains. 



Qualitatively it is observed that if a particle is smaller than that about 100 nm, a domain wall 

simply can’t fit inside it, resulting in single domain particles. A single domain particle has high 

magnetostatic energy, but no domain wall energy, whereas a multidomain particle has lower 

magnetostatic energy but higher domain wall energy. Before application of an external field, the 

magnetization of a single domain particle lies along an easy direction which is determined by the 

shape and magnetocrystalline anisotropies. When an external field is applied in the opposite 

direction, the particle is unable to respond through the hard direction, to the new easy direction 

[16-19]. 

 

 

 

Figure 2. The effect of increasing particle size, by going from a small single domain particle 

to the large particle results in multi domain materials with domain boundaries. 

 

Superparamagnetism: 

 A very small ferromagnetic or antiferromagnetic particles can behave, below a so called 

blocking temperature, like a giant magnetic moment (or macro-spin). Applying a magnetic field 

will then induce magnetization which follows a H/T law given by Langevin function, since the 

situation is that of the classical limit of infinite spins. 

 However it should be noticed that the blocking temperature varies with the time scaleof the 

measurement, and with the volume of the particle, because the transition of the particle from a 

blocked state (with a magnetic moment rigidly directed along a given direction) toward the 

superparamagnetic state is a relaxation phenomenon. Thus, at room temperature, fine particles 

can seem to be superparamagnetic when their magnetization is measured with the classical 

extraction technique (duration of the experiment of the order of a second) while a neutron 



diffraction experiment will see them “blocked” as the neutron-spin interaction time is very short 

[15]. 

It was L. Neel who developed in 1949 the superparamagnetism theory (without using the 

term of superparamagnetism) for ferromagnetic fine particle [20], and extended it 1961 to 

antiferromagnetic fine particles [21]. These two basic articles are reproduced in his collected 

scientific works [22].   

 

 

 

Figure 3. Size dependent variation of Hysteresis magnetization of fine particles. 

  

        

Figure 4. Comparing magnetization curves of (a) superparamagnetic and (b) ferromagnetic 

materials. 



Synthesis techniques: 

Nanomagnetic materials are very sensitive to processing conditions and impurity levels because 

small contents of non-magnetic impurities can alter the properties substantially. Hence the choice 

of technique for the preparation of metallic NPs and their composites are very vital. For example 

iron oxide NPs prone to oxidation even at room temperature in open atmosphere. A special care is 

needed for the synthesis of metallic NPs. Moreover, it is too difficult to prepare a nanocomposite 

comprising a metal and an oxide. The development of a high purity material is very crucial for 

investigation of involved physical properties. There are many methods to synthesize iron oxide 

NPs: sol gel, thermal decomposition, water–in-oil emulsion, polyol, gas deposition, co-

precipitation, hydothermal and others. Every method possess specific performance procedure and 

conditions, and of course NPs of different properties (shape, average size, size distribution, 

crystallinity, magnetic NPs,dispersibility, etc). There are two approaches for synthesis of 

nanomaterials. They are Top-down approach and Bottom-up approach. The magnetic NPs are 

mostly synthesized by bottom-up approach method. In this work two methods with high product 

quality/synthesis difficulty ratio will be compared. These routes are co-precipitation and thermal 

decomposition. The coating of iron oxide NPs is done by stirring, heating and sonication. 

 

Co-precipitation method: 

In chemistry, co-precipitation is the process in which precipitate of substances normally soluble 

under the conditions employed is achieved [23]. There are three main mechanisms of co-

precipitation: inclusion, occlusion, and adsorption [24]. An inclusion occurs when the impurity 

occupies a lattice site in the crystal structure of the carrier, resulting in a crystallographic defect; 

this can happen when the ionic radius and charge of the impurity are similar to those of the carrier. 

An adsorbate is an impurity that is weakly bound (adsorbed) to the surface of the precipitate. An 

occlusion occurs when an adsorbed impurity gets physically trapped inside the crystal as it grows. 

Co-precipitation is used as a method of magnetic NPs synthesis. [25]. Co-precipitation is a facile 

and convenient way to synthesize iron oxides (either Fe3O4 or γ-Fe2O3) from aqueous Fe2+/Fe3+ 

salt solutions by the addition of a base under inert atmosphere at room temperature or at elevated 

temperature. The size, shape, and composition of the magnetic NPs depends on the type of salts 

used (e.g. chlorides, sulphates, nitrates), the Fe2+/Fe3+ratio, the reaction temperature, the pH value 

and ionic strength of the media [25]. In recent years, co-precipitation approach has been used 



extensively to produce ferrite NPs of controlled sizes and magnetic properties [26-29]. Co-

precipitation reaction involves simultaneous occurrence of nucleation, growth, coarsening, and/or 

agglomeration process. Co-precipitation reaction exhibits the following characteristics: (i) the 

products are generally insoluble species formed under the condition of high supersaturation; (ii) 

nucleation is a key step and a large number of small particles will be formed; (iii) secondary 

processes such as Oswald ripening and aggregation, dramatically affect the size, morphology and 

properties of the end products; (iv) the supersaturation conditions necessary to induce precipitation 

are usually the result of a chemical reaction 

X Ay+ (aq.) + Y Bx- (aq.) ↔ AxBy (S); 

where X = molar concentration of A, Y = molar concentration of B, y+ = ionic state of A,  

x- = ionic state of B 

Particle size of the co precipitated material is strongly dependent on the pH of the precipitation 

medium and molarity of the starting precursors. Consequently, control over the size can be easily 

achieved. The reaction and transport rates are affected by the concentration of the reactants, 

temperature, pH, the order in which the reagents are added to the solution and mixing. The 

structure and crystallinity of the particles can be influenced by reaction rates and impurities. 

Particle morphology is influenced by factors such as supersaturation, nucleation and growth rates. 

At low supersaturation, the particles are small, compact and well-formed and the shape depends 

on crystal structure and surface energies. At high super saturation levels, large and dendritic 

particles are formed. Co-precipitation method offers distinct advantages like simple and rapid 

preparation, easy control of particle size, composition and various possibilities to modify the 

particle surface state and overall homogeneity over other preparative methods. Co-precipitation is 

a facile and convenient way to prepare colloidal magnetic NPs [25], and the reactions scale well 

to produce high amount of particles: ~10 g with yields around 85% [30-33]. In the present 

investigation, NPs of iron oxide were synthesized by a wet chemical route using iron chloride as a 

precursor. Ammonia solution and sodium hydroxide was used as the reducing agent. The reaction 

was done at room temperature. Similarly, for synthesis of coated NPs, the required coating agents 

like curcumin, dextran, PEG- 6000 were added after the precipitate formation using ammonia 

solution as reducing agent. 

 

Thermal decomposition method: 



The thermal decomposition of organometallic precursors method has been widely used in iron 

oxide based NPs synthesis. Some organic iron compounds Ferric acetylacetonate [Fe(acac)3], iron 

oleate [Fe(oleate)3], iron pentacarbonyl [Fe(CO)5] are decomposed at high temperature inside the 

non-polar boiling solvent with the presence of capping agent [34]. Most of the precursors used in 

this method are toxic and not friendly to environment. This synthesis method can lead to high-

quality monodispersed iron oxide NPs, which usually requires relatively higher temperature and a 

complicated operation. Narrow size distribution high crystallinity and shape control are the 

attributes of this route [35]. The precursor is heated upto the boilng point of boiling solvent with a 

constant heating rate and kept at this temperature for the desired time. Narrow size distribution is 

obtained due to feature of the nucleation and growth mechanism during decomposition- these 

processes occur at different temperatures and can be well-separated. The nucleation starts at 

approximately 200o
 C 230o C and the growth at 260o C – 290o C. The NPs are coated with capping 

ligand (fatty acids, hexadecylamine), it is not only the size adjustment instrument, but also 

colloidal stabilizer [36]. Prepared by this techniques NPs are hydrophobic (not soluble in water) 

and can stored in hexane, cyclohexane, toluene or other non-polar solvents. There are several ways 

to control size and shape of NPs. The size can be tuned by three factors: (i) temperature of the 

decomposition reaction (depends on boiling solvent), (ii) precursor/caping agent ratio, (iii) 

duration of the reaction after reaching the boiling point. Morphology of the NPs mostly influenced 

by the heating rate and precursor/boiling solvent volumetric ratio. Many different conditions of 

the experiment were investigated: changing the boiling solvent (di-n- hexyl ether) boiling point 

228oC, hexadecene (bp 274o
 C), dioctyl ether (bp 294oC) and octadecene (bp 317oC); different 

amount of capping agent – oleic acid [37]. This method gives high quality NPs however the amount 

is quite low per one batch. One of the most significant difficulties of this route is to establish 

constant heating rate, especially in the range where the nucleation and growth occurs. “Green” 

synthesis with non toxic and environment friendly precursors (ferric chloride and sodium citrate, 

for example) is preferable [38]. This method gives high quality NPs, highly dispersible in water 

and non-toxic and also the yield is quite high per batch. 

 

Sonication: 

The study of sonication is concerned with understanding the effect of sonic waves and wave 

properties on chemical systems. Since acoustic waves have unique physical properties, the 



corresponding atomic and molecular chemistry is unique as well. Sonication is concerned with 

study of chemical reactions powered by high frequency sound waves. Ultrasonic waves in liquid 

cause the formation of tiny bubbles that collapse within short time. It is believed that small cavities 

(~100 microns) which implode create tremendous heat and pressure, shock waves and particle 

accelerations. This process is called “cavitation” [39-41]. The ultrasonic power supply transforms 

line voltage to high frequency 20 kHz of electric energy. This electrical energy is transmitted to 

the probe where it is changed to mechanical energy. The vibrations from the probe are couples to 

and intensified by a titanium tip attached with it. The probe vibrates in a longitudinal direction and 

transmits this motion to the titanium tip immersed in the solution. Microscopic vapor bubbles that 

are formed momentarily can results in cavitation. After being created, these bubbles are filled with 

vapour and gas. Typically the bubbles in sonication are driven below their natural frequency at 

high pressure amplitudes, the bubbles undergo slow expansions and rapid, catastrophic collapse. 

The bubble compression is so violent that the gas in the bubble has been estimated (through 

computations and experiments) to reach temperature ~5000-8000 kelvin and pressure > 10,000 

atmospheres on a nanosecond time scale. Heterogeneous sonochemistry occurs between liquid-

liquid systems or solid-liquid systems [42-44]. Sonication, exposure to sound waves (In this work, 

sonication will exclusively mean irradiation of materials to high-intensity ultrasound), is used to 

mix homogeneously and modify the surface of powders of different constituents. An ultrasound 

sonicator was used for the preparation of coated iron oxide NPs. 

 

Characterization:  

The characterization techniques used for after synthesis of MNPs are as follows: 

Surface morphology and coating layer thickness will be analyzed by Transmission and Scanning 

Electron Microscopy, equipped with an energy-dispersive x-ray spectrometer (EDS). Bright-field 

TEM (BFTEM) images, high-resolution TEM (HR-TEM) images, Fast Fourier Transform (FFT) 

image and selected area electron diffraction (SAED) patterns will also be recorded. These will 

provide morphological, structural, and compositional information of the SPIONs of different 

shapes, sizes and coatings. The structure characterization of SPIONs will be carried out in Bragg-

Brentano (Ɵ-2Ɵ) configuration using X-ray diffraction (XRD) technique. Fourier Transform 

Infrared Spectroscopy (FT-IR) and Raman spectroscopy will be used to identify the eventual 

presence of chemical species in the SPIONs. DLS and Zeta potential measurements were carried 



out for hydrodynamic size and stability of SPIONs. Magnetic measurements were done on a 

Quantum Design PPMS of 9T VSM for finding magnetic properties such as saturation 

magnetization, coercivity, blocking temperature and susceptibility. 

  

Magnetic Nanoparticles in various biomedical studies: 

Nanotechnology is a potential growing field as with immense application in the field of 

biomedicine. It is projected that production of NPs will increase from the estimated 300 tons 

produced today to 58,000 tons by 2020 [45]. Nanotechnology, in combination with biomedical 

developments, offers the promise of a revolutionary tool for the biomedical analysis [46]. More 

specifically nanotechnology may be translated into biomedicine thereby referring to treatment and 

curing of diseases at a molecular scale. The use of NPs (100nm and smaller) for delivery and 

diagnostics agents is at the forefront of projects in cancer treatment [47]. In vitro studies are 

becoming essential to substantiate effect of NPs on biological systems. The important property of 

the magnetic NPs that need to be address is that of biocompatibility with cell lines i.e. to investigate 

cytotoxicity. 

 

Cytotoxicity:                                                                                                                                  

Ferrite or iron oxide NPs are the most widely used electromagnetic materials, finding applications 

over a wide range due to their low cost and high performances [48]. Alternating magnetic field 

heats up the ferrite NPs, allowing its applications in imaging and therapy [45]. In the recent years 

the research has focused on evaluating cytotoxicity of ferrite/iron oxide NPs. It is found a cell-

specific response to bare iron oxide nanoparticle exposure on cell lines [49]. 3T3 cells remained 

proliferative with the addition of up to 30 ppm iron oxide; however, human mesothelioma cells 

exhibited significant reduction in cell viability at only 3.75 ppm iron oxide. The tested higher 

concentrations of NPs (0-09-23.05mM) on COS -7 cell lines [50] and found no significant 

differences between the exposed cells and the control. It was found the effect of 0 - 250μg/ml bare 

iron oxide particles on Rat Liver cells BRL3A and found that there was 30% decrease in the cell 

viability [51]. The PEG-coated NPs were biocompatible with human fibroblast cells and showed 

more than 99% viability compared with the controls [52]. On the other hand, bare iron oxide NPs 

induced a 25–50% loss in fibroblast viability at 250 mg per ml. The effects of three surface coatings 

on iron oxide cytotoxicity and found MPEG– Asp3- NH2-coated iron oxide NPs had almost no 



cytotoxicity at the concentrations tested [53]. In comparison, MPEG–PAA- and PAA coated iron 

oxide NPs significantly reduced cell viability with only 16% of the cell remaining at an iron 

concentration of 400 mg per ml. As bare iron oxide NPs adsorbed to the cell surface, cell counts 

after incubation indicated that uncoated iron oxide NPs also significantly reduced cell viability. 

This study was conducted on the OCTY mouse cell lines. In most of the studies the cytotoxicity 

was evaluated by viability and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide 

(MTT) assay. The studied interaction of magnetic microspheres with cells (adherent human 

prostate cells (DU- 145) and Murine suspension lymphoma cells (EL-4), using an in vitro 3-[4,5- 

dimethylthiazol-2yl]-2,5- diphenyltetrazolium bromide (MTT) assay [54]. Viability and metabolic 

activity were reduced in all examples. However, the MTT assay is not recommended for all cell 

lines due to high variability and non-specificity. So our preliminary test was on human lymphocyte 

cells to evaluate biocompatibility for getting optimum effect for drug delivery system. The 

cytotoxicity effects of iron oxide coated with thiol containing hydrophilic ligands has found to be 

non-toxic in human lymphocytes and nitric oxide releasing iron oxide NPs are found to be toxic 

in human lymphocytes [12], CoFe2O4 NPs found to be biocompatible with human lymphocyte 

cells [55]. In the present investigation, the synthesized uncoated and coated iron oxide based NPs 

biocompatible studies are evaluated on human lymphocyte cells by Trypan blue dye exclusion test. 

The in-vitro cytotoxicity studies of the NPs using different cell lines are increasingly published. 

However, these studies include a wide range of NPs concentration and exposure time, making it 

difficult to determine whether the cytotoxicity observed is physiologically relevant. The disparity 

in the results obtained by the various assays could be because of the culture condition, incubation 

time, concentration of the NPs and the assays used for testing viability. The cytotoxicity pattern 

varies from one cell types to the other. The uptake of NPs into the organism often induces or 

suppresses some biological processes or activities. In our work we have investigated the effect of 

various magnetic NPs on the angiogenesis activity that is discussed below. 

Cytotoxicity was analysed in terms of percentage of dead cells.The cell viability was 

determined by the following formula: 

 
% 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  

𝑁𝑜. 𝑜𝑓 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑜. 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠
 𝑋 100  

 

 



Angiogenesis activity 

Angiogenesis is the physiological process through which formation of new blood vessels takes 

place from pre-existing vessels. This is distinct from vasculogenesis which is a biological process 

by which new blood vessels are formed from endothelial cells from mesoderm cell precursors [56]. 

The process of angiogenesis is controlled by chemical signals in the body. These signals can 

stimulate both the repair of damaged blood vessels and the formation of new blood vessels. Other 

chemical signals, called angiogenesis inhibitors, interfere with blood vessel formation. Normally, 

the stimulating and inhibiting effects of these chemical signals are balanced so that blood vessels 

are formed only when and where they are needed [57]. Angiogenesis plays a key role in various 

physiological and pathological conditions, including embryonic development, wound repair, 

inflammation and tumor growth [58]. Angiogenesis is important for normal growth and wound 

healing processes. An imbalance of the growth factors involved in this process causes impairment 

of angiogenesis and is associated with several diseases such as diabetes mellitus, malignant, ocular 

and inflammatory diseases. In diabetes mellitus, delayed wound healing is due to defective 

angiogenesis. There are many models to study the angiogenesis activity such as mouse model and 

Chick Chorioallantoic membrane model. Chick Chorioallantoic membranes (CAM) from 

developing chick eggs are routinely used in biological and biomedical research. To investigate 

development of angiogenesis, tumors and propagate to investigate viruses or helminthes [59-65]. 

CAM model is more used because of its extensive vascularization, low cost, easy accessibility, 

reliability and reproductively. The CAM has been broadly used to study the morph functional 

aspects of the angiogenesis process in vivo and to investigate the efficacy and mechanism of action 

of proangiogenic and antiangiogenic natural and synthetic molecules [66, 68]. Recently it has 

found that dextran hydrogel scaffolds enhance angiogenic responses and promote complete skin 

regeneration during burn wound healing [65], fluorescein isothiocyanate (FITC)-dextran is used 

to enhance angiogenesis activity in mice [69], chitosan encapsulated loaded zinc ferrite for 

biocompatible drug delivery on chicken embryonic stem cells [70], uncoated ferrite NPs used in 

modulation of angiogenesis activity in Chick chorioallantoic membrane (CAM) [71], biogenic 

silver nanoparticle synthesized using saliva shows anti-angiogenesis effect in (CAM) [72]. Gold 

and silver NPs conjugated with heparin derivative possess anti-angiogenesis properties in (CAM) 

assay [73]. Carbon materials such as graphites, multiwalled carbon nanotubes and fullerenes 

inhibit vascular endothelial growth factor and fibroblast growth factor promoted angiogenesis [74]. 



Amine functionalized MFe2O4 (M = Co, Ni and Mn) promotes angiogenesis in (CAM) [75]. Gold 

and Silver NPs are found to be anti-angiogenesis properties in CAM, while iron oxide NPs are 

found to be angiogenenic properties in CAM [71, 73, 75]. There are not much reported data on 

iron oxide NPs as stimulate angiogenesis activity. 

Angiogenesis activity in CAM 

The Effect of the NPs on angiogenesis was evaluated using Chick Chorioalantoic 

membrane model (CAM). Three-day-old white chick leg horn eggs were purchased from Central 

Poultry Organisation Goregaon, Mumbai. The eggs were cleaned with ethanol and were incubated 

at 37oC. On the fifth day, the eggs were inoculated with the test samples dispersed in saline through 

a tiny window in the eggshell and sealed with parafilm. The eggs were incubated at 37oC. On the 

14th day the eggs were broken gently from the site of air sac, and embryo was separated to expose 

the CAM. CAM was observed under stereo microscope and photographed using 8 megapixel 

camera at a fixed distance for all the cases.  Blood vessels were counted to assign a score for the 

extent of angiogenesis based on the branching of vessels from the main vessel and sprouting of the 

branched vessels. 

To estimate haemoglobin content, CAM was isolated, homogenized for 5 minutes and 

dispensed in 15ml of Drabkin’s reagent. The solution with CAM was further centrifuged at 1500 

rpm for 20 minutes. The supernatant was separated and readings were taken 

spectrophotometrically at 570 nm. When blood is treated with the Drabkin’s reagent which 

contains potassium ferricyanide, potassium cyanide and NaHCO3, haemoglobin reacts with 

ferricyanide to from met-haemoglobin and then reacts with cyanide to form cyan met- 

haemoglobin. The colour intensity of the product measured at 570 nm is proportional to the 

concentration of haemoglobin. 

The conversion of optical density into Hemoglobin level in terms of g/dL is carried out as 

follows: The hemoglobin level (g/dL) was determined by the following formula for 1ml of 

Drabkin’s reagent: 

 
𝐻𝑏 (

𝑔𝑚𝑠

𝑑𝐿
) =

𝑂. 𝐷. 𝑜𝑓 𝑡𝑒𝑠𝑡

𝑂. 𝐷. 𝑜𝑓 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
 𝑋 15.06  

 



O.D of test = Optical Density of test (iron oxide based NPs) 

O.D of Standard = Optical Density of Standard hemoglobin   

Eggs were treated in the study including 6 eggs (n=6) for each test concentration of the NPs.  

                                  

Figure 4. Inoculation of drug through                          Figure 5. Isolation of CAM  

open window on day 5.                                                  on day 14. 

 

Statistical analysis was carried out using standard methods for calculating mean, Standard 

Deviations (S.D.) and Student’s t-test and ANOVA test etc. 

In this study, we used Student’s t-test because the sample size is small (N<100). The cell 

viability and angiogenesis activity in CAM model for finding the effect of synthesized NPs before 

and after adding the NPs. The test whether hypothesis is accepted or rejected in terms of p-value/t-

value: these indicators are calculated from the standard statistical formulae. 

The formula for finding the t value is  

 
𝑡 =  

𝑋𝑚𝑒𝑎𝑛 −  ℎ𝑦𝑝𝑜𝑡ℎ𝑒𝑠𝑖𝑠 𝑣𝑎𝑙𝑢𝑒

𝑆𝑑

√𝑛

 
 

   

Where Xmean is mean of difference, hypothesis value = 0, Sd = Standard deviation and n = no. of 

population. 

The t-value and p-values were calculated using Microsoft excel spreadsheets 

 

Magnetic Resonance Imaging (MRI) Contrast agents: 



Magnetic Resonance Imaging (MRI) has been developed using the principles of nuclear magnetic 

resonance. This is a powerful tool for detailed virtualization of body internal of body internal 

structure. It gives an opportunity to visualize soft tissues, to detect physiological and chemical 

changes in organism. MRI is a diagnostic technique based on interactions between protons of 

human body and powerful magnetic field. Due to water percentage of our body is approximately 

80%, hydrogen nucleus (protons) with unpaired spins work as a great instrument influenced by 

external magnetic field. Spins precess along an axis of exposed magnetic field with the frequency, 

called precessional frequency, or Larmor frequency: 

ωo = γBo 

where ωo is the recessional frequency, γ is the gyromagnetic ratio (ratio of the magnetic moment 

to the angular moment of definite system, in our case is proton), Bo is a magnetic flux density. 

When perpendicular to magnetic field precessional frequency (in radiofrequency range) impulse 

is applied, magnetic resonance phenomena occur- protons absorb energy and transfer from stable 

initial state to unstable excited state. After removal of Larmor frequency pulse, the excited spins 

realign to equilibrium state parallel with Bo and radiate absorbed before energy. This phenomenon 

is named spin relaxation. Due to protons from different tissues possess different relaxation values, 

there are differences between signals which are used to construct the image of organism`s anatomy. 

Proton signals are registered and interpreted via a mathematical algorithm to a graphical view [76-

79]. The applications of NPs in medicine has led to the use of Superparamagnetic iron oxide 

nanoparticles (SPIONs) for therapeutic uses as magnetically guided drug delivery systems for 

treatment of cancer and for diagnostic purposes such as Magnetic Resonance Imaging (MRI) 

contrast agents [80]. The strength of MRI is its excellent discrimination between soft tissues, 

providing naturally the contrast between the structural differences of normal and pathological 

tissues. This visibility of internal body structures and contrast is further enhanced by the use of 

MRI contrast agents. The role of contrast agents in MRI is very important. There are two types of 

relaxation in MRI with times T1 and T2, which occur simultaneously, independent of each other. 

The longitudinal T1 relaxation time of water exhibit bright or positive contrast whereas transverse 

T2 relaxation time of water produces dark or negative contrast. Relaxivitiy is a measure of the 

ability of MRI contrast agents to increase the relaxation of the surrounding nuclear spins (hydrogen 

protons), which can then be used to improve the contrast in MR images. Relaxivity is expressed 

in units of mM-1s-1 of NPs. The contribution of paramagnetic contrast agents to the relaxation of 



the nuclear spins is due to both the inner and outer sphere processes. The inner sphere process is 

due to the chemical interchange interaction between the bond water of the paramagnetic agents 

and the surrounding free water, which eventually increases the relaxation (larger effect on T1) of 

nuclear spins. In contrast the outer sphere process occurs when the paramagnetic agents diffuse 

through free water. In this process, random fluctuations of paramagnetic agents create a local 

magnetic field of paramagnetic agents create a local magnetic field inhomogeneity, thus increasing 

the relaxation (larger effect on T2) of nuclear spins [81, 82]. In the clinically used gadolinium-

based contrast agents, gadolinium ions are formed as chelates. Thus, the bound water of the 

chelates can continuously interact with the surrounding free water and increase the T2 relaxation 

of nuclear spins. Most gadolinium chelate agents have an inner sphere effect that is greater than 

the outer sphere effect; therefore, they are used as T1 contrast agents. Coated ferrite nanoparticle 

agents, however, are completely surrounded by their coating material, and the chemical 

interchange interaction (inner sphere process) does not occur. In addition, the ferrites NPs have a 

much larger magnetic moment than gadolinium ions and produce larger magnetic field fluctuations 

(inhomogeneity). Due to this property of magnetic NPs, they are considered to be ideal T2 contrast 

agents [82]. So contrast agents are classified as T1 (positive) agents and T2 (negative) agents. The 

process of imaging at high field (9 Tesla) and frequencies have been found to produce undesirable 

side effects in patients and techniques of imaging are developed to produce better resolution at 

moderate fields. This has been achieved by the use of suitable magnetic contrast agents with the 

ability to modulate the T1 and T2 relaxivities. These imaging techniques adopted T1 and T2 weighted 

sequences, depending on the tissues to be scanned. Currently, the conventional media used were 

paramagnetic gadolinium based agents are used for T1-weighted image that are relatively 

expensive and superparamagnetic iron oxide based magnetic NPs used for T2-weighted image [83-

87]. The conventional T1 MRI contrast agents have heavy metals like Gd that are paramagnetic; 

there have been reports that these heavy elements leave traces in the brain over a long period of 

time. Hence there is a need to consider materials that are relatively safe and hence we have 

conducted a study on iron oxide based NP formulations which are relatively safe and non-toxic. 

The quality of MRI images depends upon the several parameters such as applied magnetic field, 

radio frequency, the proton spin density, the nuclear spinlattice relaxation time T1, the spin-spin 

relaxation time T2, contrast agents and nature of the tissues to be scanned [88-90]. T1-weighted 

scanning shows fat brighter but water darker and are called positive; T2-weighted scanning shows 



reverse – fat darker and water brighter, so called negative. T1 sequence is more efficient for brain 

imaging, T2 for spinal cord diagnostics [91]. 

 

                                                                

 

 

Figure 6. T1 (A) AND T2 (B) weighted images of human brain [89] 

 

The SPIONs used as MRI T2 contrast agents must have combined properties of high magnetic 

saturation, size less than 50 nm, biocompatibility, pH neutrality, chemical stability and 

agglomeration free. The SPIONs used as MRI T2 contrast agents must have combined properties 

of high magnetic saturation, size less than 50 nm, biocompatibility, pH neutral, chemical stability 

and agglomeration free. The main problem with SPIONs is their fast agglomeration in water due 

to the high surface to volume ratio and magnetization. To reduce agglomeration these NPs are 

coated with various polymers such as dextran, chitosan, polyethylene glycol (PEG), polyvinyl 

alcohol (PVA) etc. to enhance biocompatibility, and longer shelf life and are successfully used as 

MRI contrast agents [92-95]. There are various reported literature on SPIONs used as MRI T2 

contrast agents that includes uniform mesoporous silica coated with iron oxide NPs as MRI T2 



contrast agents [96], chitosan coated SPIONs used as MRI contrast agents in vivo [97], folic acid 

conjugated glucose and dextran coated iron oxide NPs as MRI contrast agents [98], polyvinyl 

pyrrolidone (PVP) functionalized SPIONs used as MRI contrast agents [99], amine functionalized 

iron oxide NPs for T2 contrast agents [100] and Manganese ferrite NPs conjugated with gadolinium 

and folic acid for dual contrast T1 and T2-weighted MR images in hela cells [101]. Therefore 

challenge in these areas is to synthesize high quality aqueous iron oxide NPs and should be 

biocompatible which can give improved relaxation compared to the existing commercial MRI 

contrast agents [102].  

In the present thesis, we have synthesized a series of such Ferrite NPs both uncoated and coated 

with different organic, inorganic and polymer materials, by various chemical synthetic procedures. 

They have been characterized by various complementary techniques that are briefly discussed. The 

test for biocompatibility has been carried out in vitro on cell lines of human lymphocytes. The 

applicability of these formulations as T2 MRI contrast agents was examined on a clinical MRI 

machine. The effect of the NP formulations into the chick chorioallantoic membrane (CAM) of 

fertile leghorn chick eggs was examined in-vitro for studying the bioactivity of angiogenesis that 

deals with the formation of new blood vessels from pre-existing vessels. 

 

Scope of study: 

The recent research interest in magnetic NPs is stimulated by a variety of potential applications of 

these materials, ranging from soft to hard magnetic materials and from ultra-high density 

information storage to biomedical applications. Since contrast agents are used in magnetic 

resonance imaging (MRI), numerous efforts have been undertaken to increase their relaxivity. 

Several Iron oxide based NPs and related formulations are identified as T2 MRI contrast agents. 

Iron oxide based NPs have to meet several specifications in order to be applied T2 MRI contrast 

agents. Important features of these NPs are that they should have are a small overall size, 

superparamagnetism, high colloidal stability in water, (ie the NPs suspension in water does not 

settle down when large field is applied) and biocompatibility both forin vitro and in vivo 

applications. Comparative studies of synthesis and characterization of iron oxide based NPs are 

carried out. The cytotoxicity of the synthesized NPs with lymphocytes and their use as T2 contrast 

agents in MRI was investigated. 

 



MRI measurement: 

The T2 relaxation times (sec) measurement was done using a 3T clinical MR Scanner (General 

Electric Healthcare, USA). Samples of different concentrations of magnetic NPs were prepared by 

diluting them with distilled water for aqueous solutions and Minimum Essential Medium (MEM) 

for cells. T2 weighted images were obtained with a multiple fast spin echo pulse (FSE) sequence 

(repetition time TR = 3500 ms; echo time TE = 15, 30, 45, 60, 75 and 90 ms; matrix 512 x 512). For 

MRI analysis the aqueous solution of magnetic NPs are taken in Elisa plate i.e. (0.2, 0.1. 0.08, 

0.04, 0.02, 0.01, 0.005 and 0 mM) and treated with human lymphocyte cells i.e. (0.4, 0.2, 0.16, 

0.08, 0.04, 0.02, 0.01 and 0 mM) at eight different Fe concentrations. The Fe concentration used 

for NPs treated with lymphocyte cells are twice to those of aqueous solutions (untreated with cells). 

The image obtained from MRI machine is in Dicom file and is converted into jpeg or tiff format 

by RadiAnt Dicom viewer software. The T2 value is calculated by ImageJ MRI plugin calculator. 

The r2 (1/T2) relaxivity values in (mM-1 s-1) were calculated from the slope of the linear plots of 

1/T2 versus the Fe concentrations and the formula is given below: 

 

𝟏

𝑻𝟐

=
𝟏

𝑻𝟐
𝒐 + 𝒓𝟐[𝑭𝒆] 

Where 1/T2 is the observed relaxation rate in the presence of iron oxide NPs. 1/To
2 is the relaxation 

rate of pure water, [Fe] is the concentration of Fe ion, and r2 (1/T2) is the transverse relaxation rate 

[103]. 

 

Conclusions: 

The present study was aimed at discuss in detail methods commonly used in synthesis of magnetic 

nanoparticles (NPs) with various coatings and characterization with XRD, Raman spectroscopy, 

FTIR, UV-Visible Spectroscopy, BET, DLS, magnetization and SEM. The next step was to 

evaluate biocompatibility of NPs with human lymphocyte cells and study their effect of 

angiogenesis activity in CAM model. The intended application as MRI contrast agents of the NPs 

in aqueous has been studied in deep. The descriptive method for MRI to carry out on the 

lymphocyte cells incubated with NPs has been studied. In future scope, it is possible to design and 

develop applications based on these multifunctional properties eg. optofluidic, magneto-optic, 



magneto-fluidic sensors and probes that can act as diagnostic and therapeutic probes, and is also 

termed as theranostic applications. 
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