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Abstract 

Iron oxide nanoparticles has been one of the most researched materials for biomedical 

application, especially drug delivery due to its incomparable properties like magnetic 

nature (superparamagnetism), biocompatibility, availability (abundance) and ease of 

synthesis.  This research focuses on the synthesis of magnetite nanoparticles and 

strontium doped Iron oxide nanoparticles for drug delivery applications through 

hydrothermal and coprecipitation route. Ibuprofen is used as an anticancer drug which is 

loaded on these bare nanoparticles (Fe3O4 and strontium doped Iron oxide nanoparticles). 

These prepared nanoparticles were characterized by X-ray powder diffraction (XRD), 

Scanning electron microscopy (SEM), Energy dispersive X-ray (EDX), Fourier-

transform infrared spectroscopy (FTIR), Vibrating Sample Magnetometer (VSM) and 

UV Vis spectroscopy (UV). Drug loading is characterized by UV-vis Spectroscopy 

whereas cytotoxicity of both nanoparticles and drug loaded nanoparticles are analyzed 

by MTT Assay. XRD results showed formation of both magnetite and strontium doped 

Iron oxide nanoparticles and showing the relevant peak of synthesized nanoparticles both 

by hydrothermal and Coprecipitation method. SEM results confirmed formation of 

nanoparticles below 100 nanometer (nm) for both Fe3O4 and strontium doped Iron oxide 

nanoparticles, desired for biomedical applications (drug delivery). EDX results 

confirmed step by step (increasing) doping of strontium in Iron oxide phase by 

highlighting increased atomic and weight percent of strontium in results. VSM results 

confirmed the formation of single domain structure.  FTIR showed presence of Ibuprofen 

molecules on the surface of molecule and also confirmed the formation of desired 

material.  Increased drug loading was observed in case of strontium doped iron oxide 

nanoparticles (0.25 mole strontium doped) which showed maximum encapsulation 

efficiency of 44.01% which was more than of   Fe3O4 nanoparticles encapsulation 

efficiency of 34.31%. Strontium doped Iron oxide nanoparticles showed better drug 

release profile than Iron oxide nanoparticles.  Cytotoxicity test showed increase in 

cytotoxicity with increase in the concentration of nanoparticles from 300 µg/ml to 500 

µg/ml for both magnetite and Strontium doped Iron Oxide nanoparticles. Ibuprofen 

loaded nanoparticles showed more cytotoxicity with respect to non-loaded nanoparticles 

at same concentration for both magnetite and strontium doped Iron oxide nano particles.   
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Chapter 1:           

Introduction 
 

One of the most significant areas of researches in current science is nanotechnology as it 

allows researchers, scientist and engineers to work at molecular and cellular level. 

Nanoparticles are the organic or inorganic materials, having at least on size dimension in 

range of 1 to 100 nanometer(nm)[1], have enhanced properties as compared to their bulk 

counterparts. Nano materials are basically divided with respect to their dimension 

including zero dimension characterized as quantum dots, one dimension as wires and 

rods at nano scale, two dimensional nano materials include nano films, nanolayers and 

nanocoating like graphene and three dimension includes belts, sheets, disks and films at 

nanoscale. Due to their superior optical, catalytic, electric and magnetic properties 

nanoparticles are getting great attention. Nanoparticles in such size range are faster 

(faster clearance and diffusion), lighter in weight, can get into smaller spaces, cheaper 

and are more energy efficient. Nanoparticles at this size range enhances adsorption, 

absorption and penetration due to improved interaction at molecular level. The change in 

properties at nanoscale are due to two main reasons. Firstly, the surface area to volume 

ratio increases as most of the atom become nearer to the surface hence making them 

weakly bonded and make them more reactive. Secondly there is a change in electric and 

optical properties of the material which in due to quantum mechanical effect in which 

size of the structure become relatable to the wavelength of the electron which results in 

quantum confinement and hence change in optical and electronic properties can be seen. 

Due to these reasons we can see enhanced properties like reduce in melting point, 

increase in hardness, changed optical, electrical and magnetic properties, self-

purification process can be seen and due to increase in perfection chemical stability can 

be seen. Due to excellent properties of these nanoparticles unusual increase in their use 

in life sciences can be seen. Nanotechnology introduces various applications int the field 

of biomedical. These applications include drug delivery, magnetic hyperthermia, Bio 

imaging, sensors (bio sensors) and various other applications. Nano technology majorly 

focuses on therapeutic and diagnostic applications in the felid of biomedical science as 

done in previous researches [2][3][4][5][6]. 
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1.1 Synthesis of Nanoparticles: 
 

Nano particles can be synthesized using various techniques. These techniques can be 

divided into three major categories including physical, chemical and biological 

methods[7]. In physical methods we synthesize nanoparticles using techniques like gas 

phase deposition, pulse lase ablation, electron beam lithography, laser induced pyrolysis 

and power ball milling techniques. Chemical methods include techniques like 

coprecipitation, microemulsion, hydrothermal and sol gel methods. Biological methods 

include green synthesis of nanoparticles using bacteria fungi or protein extracts. The 

method is chosen on the basis of desired shape, size, distribution, purity and quantity of 

end nano-product. The following details of synthesis includes: 

1.1.1 Physical Methods:  

  

 1.1.1.1 Physical Vapor Deposition (PVD)/Chemical Vapor Deposition (CVD): 

  

PVD and CVD are basically part of gas phase deposition technique in which the particles 

are supersaturated from gas phase onto the substrate. The process is done in inert 

atmosphere which leads to production of fine powders or thin films without any 

contamination. The precursors are evaporated in a chamber filled with inert gas and at 

higher atmospheric pressure. The precursors collide with inert gas and lose their energy 

hence condensing into nanocrystals through the phenomenon of Brownian gelling and 

combination [8]. The particles produced through gas phase are much pure and there is no 

contamination as compared to liquid phase deposition technique [9]. Through this 

technique the particles can be synthesized on bulk scale. The drawback of this technique 

is that the size of the nanoparticles cannot be maintained throughout the experiment. 

    

1.1.1.2 Electron Beam Lithography: 

  

In this technique a beam of electron is emitted on a substrate of the material whose 

nanoparticulate are desired. The emitted electron beam removes the exposed or non-

exposed area of the substrate surface which is usually immersed in a water bath which 

evaporates the material creating nanoparticle below 50 nanometer size[9]. This technique 
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gives us small size nanoparticles but consist of disadvantages like high production cost 

and having long process time making it uneconomical. 

 

1.1.1.3 Pulse Laser Ablation: 

  

In this technique conditions like temperature, pressure, density etc. can be controlled 

effectively with respect to other physical methods. In this process the material is removed 

from the target using a pulse laser beam[10]. This process produces a plasma cloud at 

higher temperature and pressure which react with the ablated material to form metastable 

nanoparticle through the course of nucleation and growth[11]. The positive aspect of this 

process is that it is environment friendly as no harm to the environment by the byproduct 

formed[12]. Despite having many positive aspects, the process has drawbacks like 

sputtering and inhomogeneities in the energy profile of the plume[13]. 

   

1.1.1.4 Pyrolysis Induced By laser: 

 

In this process a laser is used to head a gaseous mixture of precursors of nanoparticles 

which produces scattered nanoparticles[14]. In this process the parameters are varied like 

fuel to air ratio and vapor pressure of the precursors which produces nanoparticles in size 

below 7 nanometers[15]. The techniques have a drawback of difficulty in controlling size 

of final particles therefore we get a broad range of size distribution of these nanoparticles. 

 

1.1.1.5 Ball Milling: 

 

In this method the precursor powder is milled in a jar with the help of metallic balls (e.g. 

Tungsten carbide balls). The phenomenon of cold welding and fracture occurs during the 

whole process and fine and uniformly dispersed powder is obtained[15]. The size highly 

depends upon mills rotation time and speed. Industrial scale production of nanoparticles 

is possible through ball milling technique[16][18]. Agglomeration is a drawback of this 

technique which can be overcome by using surfactants or ultrasonication of particles[17]. 

 

1.1.2 Chemical Methods 
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1.1.2.1 Coprecipitation:  

 

It the process in which precursors are reduced using a reducing agent and nanoparticles 

are obtained under the condition of supersaturation. It is the simplest and widely used 

technique for the synthesis of nanoparticles. It includes collective existence of nucleation, 

growth and coarsening[19]. Nucleation is the key step in this process. In this technique 

nanosized particles are precipitated out of a continuous solvent. Metallic salts that are 

inorganic in nature are dissolved in a solvent[20]. These metallic salts act as metal 

hydrates species which is reduced by a basic solution creating a condition of super 

saturation and nanoparticles are precipitated out. Change in ph., ionic strength and 

amount of reducing agent can be used to control particle size and shape[21]. 

 

1.1.2.2 Hydrothermal Technique: 

 

It is a process in which reactants are dissolve in a solvent within a closed vessel known 

as autoclave. The vessel is heated under high pressure and above solvent boiling 

temperature. Basic solvent is desirable as their solubility increases dramatically with 

increase in temperature[22]. Good control over size shape and crystallinity can be 

achieved through this process. The drawbacks of this process are expensive equipment 

and safety issues during reaction as chances of autoclave explosion if not handled 

properly. 

 

1.1.2.3 Sol Gel: 

 

Sol can be described as colloidal solution made up of particles suspended in liquid phase 

whereas gel can be defined as solid macromolecule in a solvent. Therefore, it is a process 

in which a liquid with precursors is converted to gel and with further treatment is 

converted to its solid oxide material. It is a process in which molecular precursors are 

converted into oxide network through polycondensation process. The idea behind is to 

dissolve compound in a solvent and bring it to back to solid in a controlled manner. This 

process allows mixing in at atomic scale. Dense powder, thin films, porous structures and 

fibers can be synthesized through this technique[23]. 
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1.1.2.4 Microwave Assisted Synthesis: 

  

This process is based on the interaction of microwave, ranging from 300 Mhz to 300 

Ghz, and precursor material on dipole interaction and ionic conduction mechanism. Heat 

is generated by dipole interaction when polar end of molecules oscillates with oscillating 

electric field hence generating heat. This process is faster than traditional chemical 

reactions, have higher yield and less biproducts. It can selectively heat either the solvent 

or precursor material for the synthesis of nanomaterial[24]. 

 

  

1.1.2.5 Sono-Chemical Synthesis: 

  

In this process acoustic cavitation is caused due to irradiation caused by ultrasonic waves. 

This generated bubbles in the solvent which grows and implode causing hot areas of high 

temperature and pressure. It is a method in which we can synthesized nanoparticles with 

controlled morphologies in lesser time. The disadvantage of this process is that it is an 

energy intensive process[25]. 

 

1.1.3 Biological Methods: 
  

Nanoparticles can be synthesized using biotic species like bacteria, protein and plants 

extract. In this synthesis technique nanoparticle are synthesized using process like 

Biologically induced Biomineralization (BIM) and Biologically controlled 

biomineralization (BCM)[26]. In BCM, nanoparticles are synthesized naturally using 

environmental parameters like temperature, redox potential, partial pressure of oxygen 

and carbon dioxide and ph. This is an extracellular type of synthesis for nanoparticles. If 

the synthesis of nanoparticles is done through the process of bacteria reduced by Sulphur 

then the process is known as biologically controlled biomineralization.  The process 

occurs in absolute geochemical environment as the whole process occurs at a specific 

site, like within cell wall or cytoplasm, completely separating it from the external 

environment hence making a much-controlled process giving us a better morphology and 

size of end nanoparticles. Although biological synthesis of nanoparticles is a green 

synthesis method, then end particles are not monodispersed and the synthesis process is 



6 
 

slow[27]. The summary of advantages and disadvantage of the following synthesis 

techniques are summarized below in the table. 

            Table 1:  Summary of advantages and dis advantages of nanoparticles synthesis 

techniques 

Method Advantages Disadvantages 

PHYSICAL METHOD 

Gas Phase Deposition 
• Fine powder is produced 

• High purity 

• Inability to maintain size 

of nanoparticles 

throughout the experiment 

• Controlled and expert 

approach in required 

Electron Beam Lithography 
• Produces fine size nanoparticles 

(<50nm) 

• High production cost 

• Lengthy process 

• Resolution limitations 

Pulse Laser Ablation 

• Fast, Simple, Cost effective 

• Controlled parameters like 

pressure, temperature and density 

• High kinetic energy causes 

re-sputtering causing 

inhomogeneous energy 

distribution of laser beam 

Laser-Induced Pyrolysis 
• Produce particles less than 10 

nanometers 

• Difficulty in obtaining 

uniformity 

• Broad size distribution of 

end particles is obtained 

Ball Milling 

• Nanoparticles with good 

dispersion is obtained 

• Nanoparticles can be synthesized 

on industrial scale 

• Agglomeration due to fine 

particles interaction 

CHEMICAL METHODS 

Coprecipitation 

• Simple process 

• Ambient working conditions 

• Can control particle size 

• Reactants with different 

precipitation rate are 

difficult to work with in 

this process 

• Impurities may also get 

precipitated during the 

reaction 

Hydrothermal 

• Precise control on size shape, 

crystallinity and distribution of 

final product 

• Significantly enhanced chemical 

reactivity of reactants 

• Expensive autoclaves 

required 

• Un-safe reaction process. 
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Sol Gel 

• Uniform mixing of precursors at 

molecular level 

• High purity products 

• Better control over product final 

composition 

• Controlled porosity can be 

obtained 

• Longer reaction time 

• Harmful organic solvents 

 

Microwave Assisted 

• Faster chemical reactions 

• Higher yields 

• Lesser side products 

 

• Expensive equipment 

• Difficult to scale up 

• Difficult monitoring of 

reaction 

Sono-Chemical Synthesis 

• Ambient temperature synthesis of 

nanomaterials 

• High reaction rate and lesser 

reaction time 

• Simple method 

• Energy intensive process 

• Difficult to scale up 

• technique not for heat 

sensitive material 

Biological Methods • Green synthesis process 
• Lower yield 

• Slow reaction rates 

 

 

1.2 Magnetic Nano Particles (MNPs): 
 

Applications of MNPs are growing faster nowadays. Having size ranging from 1nm to 

100 nm, make these nanoparticles distinguishable from there bulk counterpart. MNPs 

have properties like high surface area, high magnetization values, metal enriched 

constituents, Chemical stability, ability to be surface functionalized, application at 

molecular and cellular level and biocompatibility make them suitable for various 

application in the field of biomedical science.  Properties of MNPs can be controlled by 

changing its physiochemical properties and can be applied to various fields. There 

(synthesized nanoparticles) size and shape strongly depend upon synthesis conditions 

and surfactants used which plays an important role in synthesizing nanoparticles of 

monodispersed nature.  These nanoparticles can be used in applications like biomedicine, 

environmental fields and agriculture. MNPs are made up of different metal element and 

metal oxides having magnetic properties.  

The composition of nanoparticles can be comprised of different types including mono-

components comprising of nanoparticles based on Fe, Ni and Co having good magnetic 

properties[28]. In these nanoparticles Iron is mostly studied due to its chemical stability, 

Biocompatibility and environmental friendly nature, metal alloys based nanoparticles 



8 
 

including Iron platinum (FePt) and Iron palladium (FePd) nanoparticles having high 

magnetic crystallinity and chemical stability, metal oxide based nanoparticles majorly 

comprising of magnetite nanoparticles having high magnetization values, 

biocompatibility and chemical stability[29] , metal carbides nanoparticles comprising of 

nanoparticles based on iron carbide including Fe5C2, Fe3C and Fe2C. It also includes 

heterostructure magnetic nanoparticles containing nanostructure like FePt-Au magnetic 

structures which exhibits excellent magnetic properties[30]. Majorly Iron oxide 

nanoparticle are used in biomedical application due to their superior properties like high 

magnetic saturation, good stability and minimal toxicity. Maghemite ore of iron oxide is 

more stable in aqueous media give more magnetic character. Iron oxide nanoparticle of 

size above 50 nm is known as superparamagnetic and whereas below 50nm it is known 

as ultra-small superparamagnetic. Magnetic ferrites having general formula of MFe2O4, 

having spinal structure, are extensively studied due to their biomedical applications. The 

‘M’ in the MFe2O4 represents material like zinc, manganese, Cobalt, Nickel and 

magnesium etc.[32]. These materials help in improving magnetic properties of magnetic 

core of iron oxide. Magnesium or cobalt doping aids in the betterment of magnetic 

properties of iron oxide by improving magnetic resonance signals by magnesium addition 

and improving specific absorption rate by the addition of cobalt [29][31]. Some of these 

nanoparticles with their biomedical applications are given below. 

               Table 2:Summary of Nanomaterials with properties favorable to biomedical 

applications 

Material 

Category 

Nano 

Particles 
Properties 

Metallic 

Gold (Au) 

• Chemical inertness 

• Ability of surface functionalization 

• Negative charge on its surface 

Silver (Ag) 

• High electrical conductivity 

• Thermal conductivity 

• Chemical stability 

• Catalytic activity 

• Antibacterial 

• Enhanced optical properties 

Bi-Metallic 

FePt 

• Chemical stability 

• super Para magnetisation 

• High Curie temperature 

• High saturation magnetization 

• High X-ray absorption 

FeCo 

• Super Para magnetism 

• high Curie temperature 

• High saturation magnetization 
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FeNi 
• High Curie temperature 

• High saturation magnetization 

 

CuNi 

• Good Curie temperatures 

• Magnetic properties 

Magnetic 

  Fe3O4 

• Chemical Stability 

• Nontoxicity 

• Biocompatibility 

• High saturation magnetization 

• High magnetic susceptibility 

Co-Fe2O4 

• High magneto-crystalline anisotropy 

• High coercivity  

• High curie temperature 

• Moderate magnetization saturation 

• Chemically stable 

Mn-Fe2O4 

• High magnetization 

• Magnetic susceptibility 

• Large relativities 

• Biocompatible. 

 

 

1.3 Magnetism 
 

Magnetic nanoparticles can be manipulated using external magnetic field as their 

properties are strongly anchored by the morphology, size, surface functionalities and 

magnetization values. Magnetic nature of nanoparticles is characterized by their 

electrostatic forces produced by orbital and spinning motion of electrons and their 

interactions. The response of a material to a magnetic field is known as magnetic 

susceptibility meaning how much a material is magnetized in presence of a magnetic 

field. The ability of a material to retain magnetism in the absence of magnetic field is 

known as remanence and the total amount of magnetization required to completely 

demagnetize the magnetic material is known as coercivity.  

Magnetic materials are characterized on the basis of their magnetic moment’s magnetic 

susceptibility and orientation which are described below. 

 

1.3.1 Diamagnetic Material: 

 

These are the materials when placed under external magnetic field they get weakly 

repelled by that magnetic field and get magnetized in the opposite direction of applied 

magnetic field having weak and negative susceptibility value. When placed in a magnetic 

field the magnetic field lines are repelled from the center of diamagnetic material. When 

placed under nonuniform field the diamagnetic material moves form strong field region 
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to weak field region. These material losses magnetization when external magnetic field 

is removed due to no unpair electrons. These materials could be in a form of water liquid 

and gas. Examples includes hydrogen, mercury, water, copper and gold. 

 

1.3.2 Paramagnetic Material 

 

These are the materials when placed under external magnetic field they get weakly 

attracted by that magnetic field and get magnetized in the same direction of applied 

magnetic field having weak and positive susceptibility value. When placed in a magnetic 

field the magnetic field lines are attracted to the center of Paramagnetic material. When 

placed under nonuniform field the paramagnetic material moves form weak field region 

to strong field region. These material losses magnetization when external magnetic field 

is removed but have some unpaired electrons.  These materials could be in a form of 

water liquid and gas. Examples includes Aluminum, platinum, sodium and crown glass. 

 

1.3.3 Ferromagnetic Material: 

 

These are the materials when placed under external magnetic field they get strongly 

attracted by that magnetic field and get magnetized in the same direction of applied 

magnetic field having strong and positive susceptibility value. When placed in a magnetic 

field the magnetic field lines are strongly attracted to the center of ferromagnetic material. 

When placed under nonuniform field the ferromagnetic material moves form weak field 

region to strong field region. These materials retain magnetization when external 

magnetic field is removed and can act as a magnet and have unpaired electrons. These 

materials could only be in a form of gas. Examples includes Iron, cobalt, Nickel. 

 

 

Figure 1: Different groups of magnetic materials 
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1.3.4 Ferrimagnetic Material: 

 

These are the material in which magnetic domains are aligned in both parallel and anti-

parallel direction in unequal numbers so they are unable to cancel out each other. This 

occurs as the sublattices are separated by oxygen ions. These materials are weakly 

attracted by magnetic field. Examples include   Fe3O4, MgFe2O4, ZnFe2O4 etc. These 

materials sometimes loose there ferrimagnetic property and changes to paramagnetic 

material. 

 

Figure 2 Ferromagnetic materials domains 

1.3.5 Anti-Ferromagnetic Material: 

 

In this type of material adjacent dipoles are arranged in anti-parallel manner with same 

magnitude. Susceptibility is very small and positive and it is usually dependent on 

temperature. The susceptibility increases until Neel temperature and after that 

susceptibility decreases. Examples of these material are MnO, MnS, Cr2O3 and NiCr 

etc. 

 

Figure 3: Anti-ferromagnetic domains 



12 
 

1.3.6 Super Para Magnetic Material: 

 

Phenomenon of superparamagnetism occurs when the particle size is below a critical 

particle size below which particle have single domain making them superparamagnetic. 

In this size materials coercivity, remanence and hysteresis become zero. The logic behind 

this is that as the particle size decreases the anisotropy energy decreases which results in 

decrease in coercivity. As the size decreases volume dependent anisotropy decreases and 

becomes comparable to thermal energy and time come when thermal energy become 

greater which eventually results in filliping of magnetization with high frequency form 

one direction to another even in the absence of magnetic field which results in the 

phenomenon of superparamagnetism[36]. 

 

Figure 4: Superparamagnetic materials behavior, Hysteresis loop 

 

1.4 Iron Oxide Nanoparticles: 
 

Due to its incomparable physical and chemical properties nanotechnology has gained 

noteworthy interest of researchers. Nanoparticles have properties like large surface area 

to volume ratio, biocompatibility, high surface functionality and bioactivity, which are 

absent from bulk scale, making them more attractive for practical application in the field 

of biomedicine. Iron oxide nanoparticles have been studied extensively due to its inherent 

magnetic properties (showing superparamagnetic behavior) making them suitable for 

biomedical, electronics and environmental applications. In addition to these properties, 

properties like biocompatibility, stability and being environmentally friendly makes them 



13 
 

suitable for biomedical applications. Biomedical applications of Iron oxide nanoparticles 

include the use of iron oxide nanoparticles as MRI contrast agents, use in magnetic 

hyperthermia treatment, targeted drug delivery, invitro bio separation, tissue engineering, 

Radiography, and ecological remediation.  Iron oxide nanoparticles can be synthesized 

by various methods including physical, chemical and biological. The physical methods 

include power ball milling, gas-phase deposition, pulsed laser ablation synthesis 

techniques. Chemical methods majorly include hydrothermal, chemical co-precipitation, 

and micro-emulsions synthesis techniques. Nanoparticles are synthesized by using 

bacteria and plants in biological synthesis techniques. 

 

1.5 Applications of Iron Oxide Nanoparticles: 

 

Major research in the field of nanotechnology in biomedical applications is regarding 

drug delivery. Cancer treatment are majorly done by chemotherapy which basically rely 

on body circulatory system to transfer anti-carcinogenic drug to the defected area. 

Whereas during its transportation process it damages healthy cells and organs therefore 

making this technique undesirable[36]. Introduction of targeted drug delivery which have 

potential to replace harmful chemotherapy technique. The idea is to deliver drugs direct 

to the tumor area without harming/damaging healthy cells and increasing the amount of 

drug delivered to the tumor area. In this technique magnetic nano particles coated with 

drug with the help of functionalization of biocompatible layer helping drug to be 

encapsulated or attached to the surface. External magnetic field is employed to transport 

drug to the specific site where tumor and cancerous cells are present and with the help of 

change in temperature, pH or osmolality the drug is released by these magnetic particles 

to attack cancerous cells[37]. Upon suitable synthesis process Superparamagnetic iron 

oxide nanoparticles (SPIONs) can be used as a drug carrying agent. SPIONs should be 

synthesized in a way that prevents its oxidation and by reticuloendothelial system (RES) 

performed by liver. Due to smaller size these nanoparticles can easily cross biological 

blockades. By encapsulation of SPIONs their bioavailability and biocompatibility can be 

increased[38].  
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       Figure 5: Various Biomedical applications of Iron Oxide Nanoparticles 

Hyperthermia is another application in which magnetic nanoparticle can be used. It is a 

technique in which heat is applied to the area of cancerous cells, as they are highly 

sensitive to temperature[38]. When the cancerous cells are heated, properties are 

changed, which will eventually lead to cell death. This treatment is usually used in 

parallel with chemotherapy and radiotherapy. Hyperthermia is treated locally, regionally 

and within the whole body. Magnetic nano particle plays an important role in local 

hyperthermia treatment. Magnetic particles are delivered to tumor areas through direct 

injection or active targeting in which nano particle are covered with drug related to 

antibody. Working on the principle of converting electromagnetic energy to heat, these 

nano particles are distributed around the area where cancerous cells ratio is higher and  

alternating magnetic field is applied to these localized nanoparticles and heat is generated 

which helps the magnetic moment in the particle to overcome energy barrier associated 

with reorientation resulting in energy dissipation which further will result in heat 

generation via Brownian motion[39]. When polymer coated SPIONs are injected into the 

body and subjected to alternating magnetic field the domains of SPIONs align themselves 

in the direction of magnetic field hence generating heat which eventually are able to kill 

cancerous cell as they are sensitive to temperature. It also helps in inducing apoptosis in 

tumor cells when loaded with anticancer drug[37]. 

Different non-invasive bioimaging techniques are used in current medical field which 

includes ultrasound, magnetic resonance imaging and positron emission 

tomography[41]. All these techniques produce high quality images using contrast agents 

but the present contrasting agents have issues regarding toxicity, low imaging and 

retention time. Many nano particles have shown potential to be upcoming contrasting 

agents due to their desirable properties like increased biocompatibility and higher 
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retention time Water molecules are the major components of human body containing two 

protons. These water molecules contain two hydrogen protons. When the nuclei of these 

protons are exposed to a magnetic field the spin of each proton align with respect to 

magnetic field hence aiding in contrast generation which will result in the visibility of 

internal organs[42]. Super Paramagnetic Iron oxide nanoparticle (SPIONS) have various 

applications in the field of bioimaging. These nanoparticles are used as an MRI contrast 

agent. Super Paramagnetic Iron oxide nanoparticles (SPIONs) having size below 5 nm 

are able to track stem cells[43]. Images of organs are possible to attain by the help of 

SPIONs. Imaging of cancer cells in conjugation of X-ray imaging were obtained by 

Sruthi et al[43] .It has been observed that imaging through magnetic particles are superior 

than MRI alone as more accurate cell’s localization is achieved[44].  

Photothermal therapy is a technique which uses photosensitiser compound which are non-

toxic in nature. But when light fall on these compounds of certain wavelength these 

compounds become toxic and are used to kill cancerous cells. These types of compounds 

are usually known as photosensitiser. In this process photo induced electron hole pair are 

generated which further reacts with molecules like hydroxyl or water molecules forming 

oxidative radicals leading to cell death[45]. SPIONs can be a potential candidate for these 

applications. 

Superparamagnetic Iron Oxide nano particles (SPIONs) under size of 10 nano meter can 

be used for separating bio molecule like DNA, Protein and antibodies[49]. SPIONs act 

as a binding buffer when dispersed in Polyethylene glycol (PEG)[50]. Hydrogen 

bonding, electrostatic interactions and hydrophobic interactions are the major interaction 

forces between SPOINs and DNA. The phosphate bond is formed with SPIONs by DNA 

which can easily be removed by applying a magnetic field and then can be easily 

recovered by appropriate elusion buffer[48]. Nano core shell SPIONs and Gold nano 

particles in size of 10 nm can also be used for separation of immune components[47]. 

Nano particles linked with protein can be used for the function of tissue re-engineering. 

The SPOINs linked with protein are placed within the damaged tissues and heated above 

500 C which results in joining of tissues[51]. SPOINS with coating of gold nanoparticles 

can also be used for tissue repairing by aiding in heat generation by absorption of light. 

SPIONs in combination of stem cells can be used in field of site-specific repairing as 

SPOINs can track locate and localized the stem cells at damage tissue site. SPIONS 
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magnetize the stem cells which aids in retention of these stem cells in the place of damage 

tissues for tissue re-engineering purposes[52]. 

1.6 Strontium Based Nanoparticles & Its Applications:  
 

Strontium and strontium coupled nanoparticles are becoming famous from last few years 

due to its application in the field of biomedicine such as bone engineering, Bioimaging, 

dentistry, cancer treatment and for efficient drug delivery applications. Strontium, 

belonging to family of trace metals family, shows similar properties like magnesium and 

calcium. Strontium is a alkaline earth metal, non-hazardous in nature, is soft silvery white 

color having atomic number of 38. Earth crust only contains about 0.03% of strontium in 

a form of carbonates and sulfates. As stated above that strontium acts as calcium and 

magnesium so human body differentiates between two constructed on human body 

functions which includes renal uptake, mammary discharge   or gastrointestinal (stomach 

and intestine) absorption. 

 

1.7 Drug Delivery: 
 

Drug delivery is defined as the delivery of healing drugs to the specific site of tumor. It 

helps in treating diseases like cancer, heart related viruses and unwanted microbes. 

Conventional techniques like chemotherapy, radiations and surgery are less effective and 

may have many undesirable effects due to which we are encountering rising trend in 

cancer cases in both developed and under- developed countries. The various reasons for 

their little effectiveness include the fact that chemotherapeutic drugs fail to achieve 

desired levels at the targeted sites due to immunological responses leading to elimination 

of that drug through excretory system and inability of the surgical procedures to 

completely eradicate the cancer cells from the body. Due to which the drug injected 

would not be able to reach target site to completely eradicate the tumor. These drugs are 

also harmful to healthy cells within the body.  Whereas drug delivery offers advantage 

of target specific delivery with minimal side effects. Magnetic nanoparticles are widely 

used for this application as these nanoparticles have superior properties like 

superparamagnetic nature, biocompatible and nontoxic nature[53]. These particles can 

be guided within the body through external magnetic field. The whole process includes 

drug loading in which drug is loaded on the nanoparticles and is injected into the body. 
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Then comes targeted delivery, in which through the help of external magnetic field, the 

drug is transported to the tumor site and is released through different mechanism like 

change in temperature, pH and osmolality. Lastly the nanoparticles are removed from the 

body with the help of kidney, spleen and liver. The delivery of drug to specific site can 

also controlled by imaging techniques like MRI[54]. 

Idea of targeted drug delivery was introduced in 1970’s[55]. Drug delivery is further 

categorized in two forms known as active targeting and passive targeting. Passive 

targeting is based on the mechanism of increasing drug concentration at the site of tumor 

by the help of permeation and retention effect and also due to the physiochemical 

properties of nanoparticle which includes size and surface properties. This process offers 

advantage of high retention of drugs at the tumor site hence increasing the effectiveness 

of the drug. Despite having advantages this form of targeting have the limitation of poor 

reliability as it is less controlled mechanism. Whereas active targeting offers advantage 

of controlled manner delivery of drug as this process is controlled by external magnetics 

field which helps guiding the particles to the target site and also improves stabilization 

of nanoparticles at tumor site[57]. Ligands functionalization of MNPs allows further 

stabilization and accumulation at the tumor site. When drug loaded nanoparticles enter 

the body through veins their surface is attached by plasma protein on the hydrophobic 

points and gets recognized by body immune system and thus excreted out of the 

body[54]. Therefore, in order to retain these nanoparticles within the body surface 

functionalization of these nanoparticle can be done by hydrophilic compounds like 

polyethylene glycol (PEG) to make these nanoparticles more biocompatible and more 

water soluble. Effective treatment by the help of nanoparticle depend upon various 

factors including nanoparticles concentration, movement time and blood movement rate, 

biocompatibility of nanoparticles, external magnetic field strength, size and shape of 

nanoparticles, magnetic properties of nanoparticles, distance and depth to travel by 

nanoparticles to tumor site and blood flow rate. The drug loaded magnetic nanoparticles 

are injected into the veins in the form of colloidal suspension and then delivered to the 

tumor site through external magnetic field[59]. Targeted drug delivery offers advantage 

of efficient use of drugs, proper target identification and only releasing drug to effected 

sites 
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1.8 Research Gap: 
 

As we know strontium and iron oxide nanoparticle have various applications in the field 

of biomedical science especially in the field of drug delivery as stated above. Their 

combined effect in the field drug delivery haven’t been explored yet or little data is 

available in scientific research. Effect of strontium addition to iron oxide (doping) 

properties like drug loading, drug release and cytotoxic behavior haven’t been 

investigated yet. Effect Ibuprofen loaded on this doped material is also being investigated 

for the first time this research. 

 

1.9 Research Objectives: 
 

This research majorly focuses on the synthesis of Strontium doped iron oxide 

nanoparticles for drug delivery applications. By taking advantage of biological and 

magnetic properties of iron oxide nanoparticles incorporating drugs on theses 

nanoparticles are proven to be efficient way in improving therapeutic effect of these 

drugs. Iron oxide nanoparticles can actively target to the tumor site with the help of 

external magnetic field. These nanoparticles properties are governed by their size and 

shape as for biomedical application size below 100 nm is desired and narrow size 

distribution is preferred. To ensure good stability and dispersibility in biological 

environment choice of coating must be selective and efficient as these coating can be 

modified so that drug release becomes more responsive and any change in temperature, 

pH or Osmolality.  

On the other hand, strontium belonging to group 2 elements having similar properties 

like calcium and magnesium which is used in various biomedical application due to its 

nontoxic and biocompatible nature. Strontium can be used in biomedical applications 

like use as an antimicrobial agent, use in drug delivery application, bone regeneration, 

waste water treatment, diabetes management, cavity filler, adsorbent and growth 

promoter. In resent development, strontium has been studied for drug delivery 

application with porous silica nanoparticles and it can be seen that it has enhance the drug 

carrier capabilities and has regulated (slowing the rate of release) the drug release 

capabilities of silica nano particles. Strontium carbonate was also studied showing more 
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potential antitumor activity than free drug alone. It also showed that strontium 

nanoparticles were nontoxic to normal cell.  

Therefore, doping of iron oxide nano particles with strontium of different content is to 

be studied in this research and the aim is to study the combine effect of strontium and 

iron oxide nanoparticles for drug carrying capabilities by doping different amount of 

strontium in iron Oxide nanoparticles.  

 

1.9.1 Objectives: 

 

The following objectives of this thesis are: 

• Synthesis and characterization of strontium doped Iron oxide nano particles via 

Coprecipitation route. 

• Evaluation of drug loading and drug release behavior of Iron oxide (Fe3O4) and 

Strontium doped Iron oxide nanoparticles (strontium with molar ratio of 0.25,0.5,0.75 & 

1) 

• Evaluation and comparison of cytotoxicity of these synthesized nanoparticles, both bare 

and loaded with drug (Ibuprofen). 
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Chapter 2:  

Literature Review 
 

2.1 Iron Oxide Nanoparticles: 
 

Among various types of nanoparticles Magnetite (Fe3O4) and Hematite (Fe2O3) are most 

widely used nanoparticulate system due to incredible properties like superparamagnetic 

nature, biocompatibility, environmentally friendly and stability. One of the ancient ore of 

iron used by mankind is hematite as a pigment[58]. It has been found that natural hematite 

can be used in antimicrobial activities when used as a cathode material. Ferrite under the 

size of 100 nanometer act as superparamagnetic in nature hence can be controlled using 

external magnetic field[59]. Dispersion is the main focus for these nanoparticles. As in 

nanoscale particle have higher surface area to volume ratio due to which aggregation and 

agglomeration occurs. So, to use for various application surface needs to be modified as size 

and shape plays important role in how nanoparticulate system performs. So, for modification 

of surface, surface functionalization is used which helps good dispersion of nanoparticles 

and also helps to connect with another nanoparticle for advance applications[61]. 

The crystal structure of iron oxide nanoparticle contains oxygen anions and tetrahedral and 

octahedral sites are occupied by iron cations. In magnetite cubic closed pack structure can 

be observed showing reflection peaks at (200), (311), (400), (422), (511) and (440). Fe (+3) 

filled two-third of the crystal structure sites[62][63]. Other ore is hematite in which 

hexagonal packed structure can be observed having XRD pattern at (012), (104), (110), 

(113), (024), (116), (214) and (300)[64]. 

Magnetic material consists of magnetic dipoles that are able to retain magnetization due to 

alignment of dipoles under the effect of external magnetic field. Whereas superparamagnetic 

iron oxide nanoparticles show magnetic effect only in the presence of external magnetic 

field showing no hysteresis after the removal of external magnetic field[66]. The property is 

a plus for biological applications as they become detectable from external magnetic detectors 

as they produce heat in the presence of magnetic field. Various ore of Iron behaves 

differently in the presence of magnetic field and at different temperatures. Talking about 

hematite its ferrimagnetic at room temperature and at -10 degree centigrade it changes to 
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antiferromagnetic state. Magnetite at size rang below 20 nm act as super paramagnetic in 

nature[67] whereas maghemite becomes unstable at higher temperature and show not effect 

under external magnetic field and at room temperature it is ferrimagnetic in nature.  

Ability of nanoparticles to remain monodispersed and resist agglomeration determine their 

colloidal stability. Iron oxide nanoparticle usually gets degraded and agglomerated due to 

collision occurring within the particles in the suspension which depends on three major 

factors including concentration of particles, hydrodynamic flow and Brownian motion 

generating attractive and repulsive forces[68]. So, the goal is to create an environment in 

which repulsive forces are higher than attractive forces within the suspension so that particle 

don’t get agglomerated. In order to increase repulsive forces surface functionalization 

process is used in which outer surface of nanoparticle are covered by polymers including 

chitosan, Polyethylene glycol, starch and dextran etc. and other organic materials like silica, 

ascorbic acid and citric acid plays important role in surface functionalization of iron oxide 

nanoparticle[70]. These coatings are also reducing toxicity, as most of them are 

biodegradable. Good stability is indicated by zeta potential value above 25mV or below -

25mV[71].  

Properties of iron oxide nano particles depends upon the size shape and crystallinity of 

synthesized nanoparticles. These properties are majorly dependent upon the synthesis route 

and reaction parameters. Iron oxide nanoparticles having size below 20 nanometer[73] plays 

important role in biomedical applications as below this size range nanoparticles can easily 

enter tumor site crossing all barriers and creating therapeutic outcomes[75]. The shape and 

crystallinity also maters as round and crystalline nanoparticles are preferred[76]. 

Toxicity of nanoparticle is the main barrier to its biomedical application. They get 

accumulated within the body and become hard to remove[78] as it is found in previous 

researches that superparamagnetic iron oxide nanoparticles get accumulated within the 

kidney of rats during experimental trails[79]. So, in order to reduce the toxicity 

biocompatible and biodegradable coatings are used. Within Iron ore magnetite nanoparticle 

are found to be less toxic[80]. 

2.2 Surface Modification of Iron Oxide Nanoparticles: 
 

Iron Oxide nanoparticles are hydrophobic in nature[81]. These nanoparticles contain high 

surface area to volume ratio due to which agglomeration occurs when particles interact 
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which each other forming clusters which acts as ferromagnetic in nature and when these 

clusters interact with each other results in further magnetization of these nanoparticles[82]. 

Ferro fluids are the magnetics nanoparticles of iron oxide which exist in a form of colloidal 

solution which is applicable to various biomedical applications. These magnetic 

nanoparticles suffer from aggregations issue which can be overcome by surface coating or 

surface functionalization[84]. These surface modifications play’s important role in 

preparing nanoparticles for biomedical applications. surface functionalization also plays 

important role in enhancing stability and reducing toxicity of nanoparticles. Surface 

modification can be done by the process of ligand addition method in which material used 

for surface functionalization like polymers or surfactants are added with the precursors of 

nanoparticles which get attached to nanoparticles produced by electrostatic or hydrophobic 

interactions and prevents agglomeration[83]. Second method of modification surface 

includes the process of ligand exchange in which the original particles surface is changed 

by functional groups like amine, carboxylic acids, Thiols, Diols etc. The surface of 

nanoparticles is functionalized according to specific drug nature and the tissue to be targeted. 

So, the modification of nanoparticles is done through the process of polymer surface 

exchange or polymer encapsulation process. In Encapsulation method the surface of 

particles is exchange by the polymer and polymer encapsulation occurs through the process 

of functionalization in the mechanism of polymer encapsulation process. The polymer used 

for encapsulation or surface exchange could be of various types which could be synthetic in 

nature like polyvinylpyrrolidone (PVP), polyethylene glycol (PEG), polyvinyl alcohol and 

poly lactic coglycolic acid etc[85]. These polymers could be natural in nature like chitosan, 

starch, gelatin or dextran etc. Chitosan in natural polymers is the most widely studied for 

biomedical applications due to natural abundance and superior properties like 

biodegradable, nontoxic, biocompatible and its attractive hydrophilic nature. It is made up 

of repeated units of hydroxyl and amino group which make it suitable for therapeutic 

purposes like gene-delivery[86]. The limitation of chitosan of poor solubility can be solved 

by its derivatization which makes lit glycol chitosan which becomes soluble in acidic and 

neutral pH environment due to glycol branches[87]. 

2.3 Iron Oxide Based Drug Delivery: 
 

Iron Oxide nanoparticles are approved by Food and Drug Administration (FDA) for the use 

for biomedical (in vivo) applications as its ore magnetite and maghemite naturally exist in 
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human body and are biocompatible in nature. Magnetic Drug Targeting on tumor have 

recovery rate of about 57% as majority of particles localized on tumor surface. It is better 

than conventional method as only 1% of the drug is able to reach target site showing 

extremely low targeting efficiency. Superparamagnetic Iron Oxide nanoparticles (SPIONs) 

have excellent penetration depth of 10 to 15 centimeter as smaller crystallite size allows 

them sufficient thermal energy to oscillate in the direction of magnetic field.  

Cancer is caused by uncontrolled division of abnormal cells that spreads throughout the body 

damaging organs and healthy tissues. It is one of the leading causes of death all around the 

world. Chemotherapy, radiations and surgery are the traditional treatments used to cure this 

disease which are less effective, noncurative, time limited and lacks specificity having 

potential to cause severe damages to healthy cells. 

The commonly used drugs for the cure of cancer includes Doxorubicin (DOX), Docetaxel 

(Dtxl), Cisplatin, Bortezomib, Gemcitabine (GEM), Artemisinin and Paclitaxel (PTX). 

DOX intercalates into the cell DNA and inhibits the DNA replication by inhibiting 

topoisomerase II[88]. Dtxl inhibits the cell growth by disruption of microtubules 

dynamics[95]. Cisplatin induces cell damages by crosslinking with the DNA purine bases. 

Bortezomib inhibit the cell growth by inhibiting protein complexes known as proteasomes 

which degrade proteins[92]. Gemcitabine impedes DNA long chains which results in cell 

death[92]. Artemisinin produces free radicals which causes cell damages and slowing the 

division of tumor cells[91]. PTX disrupts the normal tubule dynamics required for cell 

division[87]. 

Magnetic resonance imaging (MRI) assessed targeted drug delivery with the help of iron 

oxide nanoparticles are extensively studied as they can also be used as a contrast agent with 

effective drug loading properties. Therefore, Iron Oxide nanoparticles aids in monitoring 

tumor sites and the treatment against them.  

Oleate coated iron oxide nanoparticles synthesized by pyrolysis method of 15 nm size were 

synthesized by Xie Et al. [96]. and were studied by labeling them with 64Cu-DOTA and 

Cy5.5 which shows prolonged circulation and accumulation at tumor site. Further these 

nanoparticles were encapsulated with doxorubicin along with dopamine in human serum 

albumin for tumor targeting having hydrodynamic diameter of around 50 nm termed as ‘D-

HINPS. These encapsulated nanoparticles were studied on murine breast cancer model in 

which it was proved that these nanoparticles have higher tumor clampdown and higher 
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accumulation effect with respect to doxorubicin and doxil alone. In another in-vitro study 

these nanoparticles showed better drug loading capabilities due to polyamine coating 

promoting better cellular uptake[97].  

Folic acid conjugated iron oxide nanoparticles were synthesized for the treatment and 

diagnosis of breast cancer by Huang Et al. [97].  The efficacy of these nanoparticles was 

tested by loading them with Dox and were tested on nude mice having MCF breast cancer 

tumor. The accumulation of these nanoparticles was tested using MRI as iron oxide 

nanoparticle have higher R2 relaxivity [98]. Iron oxide nanoparticles coated with heparin 

loaded with Dox was studied for combined drug delivery and MRI applications. The 

synthesized system showed better drug uptake efficiency, less cardiotoxic effect and slower 

drug release rate with respect to Dox alone [100]. 

Magnetically guided iron oxide nanoparticles have high application in biomedical 

applications especially in therapeutics applications like drug delivery. External magnetic 

field is used to guide the nanoparticles to tumor site and also aids in accumulation of these 

nanoparticles at tumor site [101]. The saturation magnetization of these nanoparticle plays 

an important role in these applications as higher the saturation magnetization higher will be 

the control on the path of nanoparticles.  

Iron oxide nanoparticles were synthesized via coprecipitation method by Wagstaff Et al. 

group [101]. These nanoparticles were coated with using the process of “iterative 

hydroxylamine seeding” method. With the Help of polyethylene glycol linker, the cisplatin 

was loaded on these nanoparticles. The synthesized nanoparticles showed 110-fold increase 

in cytotoxicity on cancer cell line of human ovarian and inhibition of cell growth when 

attracted by bare magnet. 

 Iron Oxide nanoparticles were synthesized by Unterweger Et al. [102]. These 

nanoparticles were coated hyaluronic acid which allowed improved drug loading of cisplatin 

and also enhanced targeting of CD44 receptors in cancerous cells. Formation of polymer 

metal complex with hyaluronic acid, loading of cisplatin was achieved. The encapsulation 

efficiency of these drugs was calculated to be around 43.2%. The drug release mechanism 

was highlighted as burst release on first 30 minutes and after that continuous release for 48 

hours indicated as surface bonded drug. An increased drug release was observed which make 

these nanoparticulate system suitable for target drug delivery applications. The path of these 

nanoparticles was controlled by neodymium magnet.  
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Iron oxide nanoparticles coated with Poly Vinyl Alcohol (PVA) and loaded with Dox was 

studied by Nadeem Et al. [103]. Magnetic properties were studied. The control of the path 

of these nanocarriers were studied through external magnetic field. These nanoparticles 

showed good control for guided delivery applications of drugs. 

 Zaloga Et al., [104] synthesized iron oxide nanoparticles coated with human serum 

albumin (HSA) and lauric acid, having mean diameter of about 7 nanometer and having 

mitoxantrone adsorbed on the surface of HSA, showed enhanced stability and a linear drug 

release pattern for approximately 72 hours. These synthesized nanoparticulate system 

showed potential for site specific targeting in in-vitro systems.  

Chitosan coated iron oxide nanoparticles were synthesized by Natesan and co-workers 

[105]. In this study artemisinin was used as an anticancer drug. Chitosan provides added 

advantage of excellent encapsulation of drugs. Iron oxide nanoparticles with size around 10 

nanometers were synthesized by Natesan et al [105]. The drug (chitosan and artemisinin) 

was loaded on the sample by ion gelation method. Both in-vitro and in-vivo magnetic 

assisted targeting was examined in glass container and in mice model. The results showed 

higher drug accumulation in tumor. 

 Iron oxide nanoparticle coated with polymerized β-cyclodextrin was studied by Jeon Et al. 

[108]. These nanoparticles were loaded with polymerized paclitaxel by inter-particles 

interactions. High magnetic saturation was observed showing enhance anticancer activities.  

Therapeutic specificity of a drug is determined by interactions between antigens and 

antibodies which allows them to specifically target the disease site. Iron oxide nanoparticles 

are functionalized with targeting agents like peptides or antibodies which aids in site specific 

delivery of therapeutic agent. Vectorized nanoparticles are the major focus of many research 

groups and there testing as targeting agent has been ongoing pursuit. 

 Iron oxide nanoparticles loaded with gemcitabine (GEM) and further modified with amino-

terminal fragment (ATF) peptides were synthesized by Lee Et al. [109]. The system was 

tested on pancreatic cancer tissues which showed increased drug uptake on tumor sites. 

Peptide linker used due to enzyme sensitive properties helped in controlled drug release by 

making cleavages through enzymes in cancer cell’s intracellular components. Therapeutic 

and diagnostic application of this system was observed using MRI technique.  
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Peptide and carboxymethylated-β-cyclodextrin loaded iron oxide nanoparticles were 

synthesized by Mu Et al. [110]. Nanoparticle with size range of about 30 nanometers were 

used in this nanoparticulate system and were tested on breast cancer cells. The drug used for 

this study was paclitaxel and the system along with this drug was tested under in-vitro 

conditions which showed their abilities to target cancer cells.  

Two peptides luteinizing hormone-releasing hormone receptor (LHRHR) and Urokinase-

type plasminogen activator receptor (uPAR) were conjugated on iron oxide nanoparticles by 

Ahmed Et al. [111]. these nanoparticulate system was termed as ‘double-receptor-targeting 

nanocarriers’. These nanoparticles were tested for treatment and diagnosis of prostate 

cancer. Both peptides were attached to nanoparticles by formation of amide bonds. These 

nanoparticles demonstrated good properties like high drug loading, smaller hydrodynamic 

diameter and negative zeta potential value. These nanoparticles, loaded with paclitaxel, 

showed increase in cancer cell cytotoxicity and reduction in amount of drug needed to have 

desired results with respect to concentration needed for free drug only.  Other vectorizing 

agents includes aptamers and antibodies that are being used for drug delivery application. 

 Iron oxide nanoparticles with average inorganic diameter of about 8 nanometers were 

synthesized by Nagesh Et al. [112]. These nanoparticles were coated with β-cyclodextrin 

(drug incorporated in its hydrophobic cavity) and pluronic F127 polymer. Docetaxel was 

loaded on these nanoparticles which showed higher penetration into pancreatic cancer cell 

due to its desired smaller size. The results showed that this nanoparticulate system is 

preferable for targeting prostate cancer.  

To target prostate cancer cells, nanocarriers targeting prostate specific membrane antigen 

(PSMA) were developed by Leach Et al. [113]. In this research nanoparticle were coupled 

with biotin-streptavidin for nanoparticles functionalization and loading it with Dox. Dox 

was loaded by intercalating into double helix of aptamer which are able to identify 

extracellular areas of PSMA. This system allowed reduction in nonspecific uptake hence 

reduced untargeted toxicity.  

Iron oxide nanoparticles coated with gemcitabine and anti CD44 antibodies were 

synthesized by Aires Et al. [114]. These coatings are capable of targeting CD44-positive 

pancreatic cancer cells and induces cell death. Iron oxide nanoparticle were functionalized 

using di-sulfide bonds helping in releasing drug under high reducing environment. The 
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nanoparticulate system showed selectivity towards cancer cells and fast release under 

reducing conditions. 

Use of functional groups or stimuli-sensitive coating allows controlled drug release at 

specific sites. Variation of pH between healthy and cancerous cells can be exploited for 

targeting applications. Cancers cells have lower extracellular pH with respect to healthier 

surrounding cells [115]. So, this pH difference can be exploited using coating, bonding of 

nanoparticles sensitive to pH such as liposomes or polymers. Using temperature sensitive 

coating on iron oxide nanoparticle can play important role in hyperthermia applications and 

controlled drug release. Iron oxide nanoparticles with acidic environment sensitive 

functional groups have been worked on by researchers in past decade.  

Iron oxide nanoparticles were coated by polyethylene glycol (amine terminated) and then 

loaded with Dox by covalent bonding via hydrazine linkages sensitive to pH by Kievit Et 

al. [116]. This nanoparticulate system is synthesized to overcome drug resistance 

encountered in drug-resistant cancers. The synthesized nanoparticle had hydrodynamic 

diameter below 100 nanometers and negative zeta potential value favoring penetration of 

drugs into the tumor site. The system showed better drug release in acidic environment. This 

nanoparticulate system was efficient against multi drug resistance (MDR) with respect to 

free drug alone hence showing enhance therapeutic effect.  

Ph-dependent drug release of nanoparticulated system based on iron oxide nanoparticles was 

studied by Gautier Et al. [117]. In these Dox loaded iron oxide nanoparticle formation of 

Dox-Fe+2 complex was evaluated which binds to hydroxyl groups and dissociates in acidic 

environment. The system was tested at pH value 4, showing potential toward therapeutic 

applications as drug release rate was substantially increased. Chitosan, biocompatible in 

nature, having antitumor properties, shows enhanced solubility in dilute acidic environment 

which makes its attractive for pH dependent drug delivery application [118]. 

 Magnetic nanoparticles coated with chitosan was studied for pH-responsive therapeutic 

applications by Unsoy Et al. [119]. Having core size of about 6 nanometer, iron oxide 

nanoparticles were synthesized by coprecipitation method and were coated with chitosan by 

ionic crosslinking of tripolyphosphate (TTP). The system showed high drug release at pH 

value 4.2. Same results were observed in another study in which iron oxide nanoparticles 

were coated by chitosan [120]. Increase in cytotoxicity of these nanoparticles were observed 
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that free drug alone. More accumulation of nanoparticles was observed around the nucleus 

than free drug alone.  

Iron oxide nanoparticles with chitosan coating and glutaraldehyde linker that is sensitive to 

pH for drug delivery of doxorubicin was reported by Adimoolam Et al. [121]. Due to 

formation of amide bonds the system became pH sensitive at lower pH values (acidic 

conditions). The system was found to be effective for delivery of doxorubicin for human 

breast cancer and ovarian cancer cell lines. Nanoparticle with temperature sensitive coatings 

of polymers shows enhanced drug release under alternating magnetic field.   

Chitosan coated iron oxide nanoparticles, mesoporous in nature and loaded with 

doxorubicin, was developed by Zou Et al. [122]. The system showed enhanced therapeutic 

effect under alternating magnetic field.  

In another study carried out by Quinto Et al., iron oxide nanoparticles were coated with 

phospholipid-polyethylene glycol having core size of 14 nanometers [123]. The system 

showed generation of sufficient heat and release of doxorubicin in a controlled manner. 

Hence proving its application in combined drug delivery and hyperthermia application.  

2.4 Strontium Application in Biomedicine:  
 

As stated above that strontium acts as calcium and magnesium so human body differentiates 

between two constructed on human body functions which includes renal uptake, mammary 

discharge   or gastrointestinal (stomach and intestine) absorption. Strontium, when given in 

appropriate amount, can play important role in preventing caries in rats[124]. Reduce in 

fracture percentage in osteoporotic patients is seen by the addition of strontium ranelate 

[125]. Significant similarities between calcium and strontium can be seen as strontium is 

transported by the same carrier in central and tubular cells as used for calcium. Similar to 

calcium, strontium has the capability of forming divalent cations in biological fluids and 

have to capability of attaching to protein in serum or plasma. The binding process is similar 

of that calcium, having similar capacity but weaker in nature[126].  In glucose cells mediated 

by insulin, Strontium was seen to be effective in cell uptake in the condition that was 

deprived by calcium and magnesium ions. Strontium can play important role in the 

development of bones in the absence of calcium. Strontium as Sr+2 ions can aid in bone 

repair and can stay in body for longer durations. It helps in preventing bone degradation by 

preventing osteoclast activities [127]. Decreasing the Wnt pathway inhibitors and increasing 
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β-catenin expression, strontium increases the transcription of osteogenic factors and 

prostaglandin expression[129]. Strontium can play role of calcium during blood clotting and 

muscular contractions[128]. Bones can be strengthened by inducing Strontium coated 

halloysite nanotubes forming bones through the process of osteoblast[130]. It is the only 

trace metal corresponded with bone compression. Despite having various advantages in the 

field of biomedical science there are some drawbacks that needs to be addressed. High dose 

of strontium through veins can cause hypocalcemia as ca is secreted through renal 

secretions[131]. On the other hand, strontium chromate has genotoxic and carcinogenic 

effects that are undesirable[132]. 

 

Applications of strontium nanoparticles in the field of biomedicine includes drug delivery, 

chemo sensor, bioimaging, dentistry, antimicrobial agents, diabetes treatment and bone 

regeneration applications. Carboxymethyl cellulose (CMC), a biodegradable and 

biocompatible polymeric material, is used for encapsulation of strontium nanoparticles 

which aids in the application of bioimaging. As a trace metal strontium can be used for 

improving the properties of biomaterials. By addition of strontium, Biological and 

mechanical properties of material can be improved, more tenacity and durability is attained, 

better control over degradation rate can be seen and enhanced drug release can be observed 

[130]. Protein kinase activated by nitrogen; its phosphorylation can be improved by addition 

of strontium treated mesenchymal stem cells[124]. Stem cells derived by human adipose can 

be enhance by lower dose of strontium ranelate [133]. Graphene nanocomposite doped by 

strontium, can be used for synthesizing β-enamino ketones by acetylacetone in a solvent-

free system when used as an active catalyst [132]. Scaffolds containing strontium can be 

used for bone engineering[127].  

 

2.5 Strontium Applications in The Field of Drug Delivery: 
 

Optimum route for delivering drug to target site is a major problem[133]. The absorption 

and adsorption of drug is highly dependent upon the drug size, the smaller the size the better 

it gets adsorbed or absorbed [134]. Drug can be injected to the body through different route 

including oral, through inhalation, through mucous membrane or can be applied directly to 

the part of tumor. If administered by oral route there is a probability that the drug might be 

degraded due to pancreatic enzymes [135]. Hydrophobic drugs, due to their low adsorption 

capacity, have lower bioavailability. Whereas hydrophilic drugs have higher solubility 
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which results in higher local concentration but are unable to achieve pharmacological 

reactions as they are unable to cross lipid rich membranes. Having high surface area, high 

porosity, uniformity and controllable pore size, mesoporous materials are gaining significant 

interest in the field of biomedical applications [136]. Talking about nanomaterial, nanorods 

have high applications in the field of biomedicine as they can be used for bone substituents, 

can be used as an anticancer drug carrier and can be used as antibiotics carrier in in-vivo 

systems. As stated before, Chitosan due to its biocompatible and mucoadhesive properties 

is an emerging contender for a drug carrying agent. strontium hydroxyapatite nanorods 

(mesoporous in nature), coated with chitosan were observed to be efficient for transportation 

of hydrophobic drugs with no toxic effect [137]. Strontium with silica nanoparticles 

enhanced its drug loading as well as drug release properties [138]. Ibuprofen was loaded on 

mesoporous Strontium hydroxyapatite, having self-actuated luminescence, to regulate and 

monitor the process of drug release[139]. Increase in binding efficiency was observed when 

Silver oxide nanoparticles were doped with strontium up to 5 % for DNA interactive 

studies[140]. pH selective drug release study was carried out on biodegradable nano system 

of strontium carbonate nanoparticles, which showed efficient release of anticancer drug in 

an acidic environment around tumor [141]. Etoposide loaded strontium carbonate 

nanoparticulate system showed enhance anticancer potential than free drug alone for target 

delivery applications [142]. For creating stable and efficient immune system, slow release 

of antigen is necessary. The response of nanoparticles to antigens can be classified by 

various methods one of which includes direct delivery of drug to immune system. For 

prolong delivery of antigen of protein to targeted site[143], porous spheres of strontium 

doped hydroxyapatite were developed to be used as a matrix for transporting protein 

antigen[144]. The results showed increase in the efficiency of allergen-specific 

immunotherapy as the developed nanoparticulate system showed mitigation of allergens to 

dendritic cells. When the same system was loaded with ovalbumin (an allergen), the system 

increases the stability and integrity of loaded ovalbumin showing good response in in-vivo 

systems. 

 

2.6 Ibuprofen for Drug Delivery Application: 
 

Ibuprofen, a nonsteroidal anti-inflammatory drug (NSAID), is a derivative of isobutyl-

phenyl-propanoic acid used for treating pain from headaches, kidney stones, osteoarthritis, 
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dental and postoperative diseases. It is also effective against inflammatory diseases like 

arthritis [145]. 

 

 

Figure 6: Ibuprofen Chemical formula 

 

In a previous study it has been observed that daily intake of 200mg Ibuprofen reduces the 

risk of cancer of colon, prostate, breast and lungs by 63%, 39%, 39% and 36%. It has been 

observed that effect of this NSAID becomes stronger with longer duration and results of 

these drugs becomes evident after 5 years of use. It is also observed that Ibuprofen has 

stronger anticancer effects than other NSAIDs like aspirin, especially against breast cancer 

[146]. In another study it was found that Ibuprofen loaded on nanoparticles showed 

enhanced anticancer activity on A-549 cancer cell line (lung carcinoma epithelial cells) 

which was 4-28 time higher than free drug alone[146]. Ibuprofen in conjugation with others 

anticancer drugs showed enhanced results that are favorable. In a study, Ibuprofen combine 

effect with cisplatin was observed on lungs cancer cell line. It was observed that the 

antitumoral activity of cisplatin was improved by addiction of Ibuprofen as Ibuprofen 

reduces Hsp 70 protein in cancer cells by reducing HSF 1 expression [147]. So, it was 

evident for the research that Ibuprofen can be used as a potential therapeutic drug that aid in 

lowering the dose of cisplatin and reducing the challenges of toxicity and drug resistance. 
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Chapter 3:  

Materials & Methods 
 

3.1 Synthesis Techniques: 
 

Synthesis route chosen for making nanoparticles were coprecipitation and hydrothermal 

techniques. Coprecipitation method is used due to its end product features like will dispersed 

nanoparticles in water, higher purity is achieved, size can be controlled using surfactant and 

it’s a simple non expensive process of synthesizing nanoparticles. On the other hand, 

hydrothermal technique is also used for synthesizing nanoparticles for obtaining narrow size 

distribution of nanoparticles. 

3.2 Materials: 
 

Ferric chloride hexahydrate (FeCl3.6H2O (99% pure)) was purchased from Merck, ferrous 

chloride tetrahydrate (FeCl2.4H2O (99% pure)) was purchased from sigma Aldrich, 

Ammonia Solution (32%) was used as a reducing agent, Ibuprofen was used as a sample 

drug and Deionized water was used for preparation of all solutions. 

3.3 Synthesis of Fe3O4: 
 

3.3.1 Co-Precipitation: 

 

Iron Oxide nanoparticles (magnetite Fe3O4) was synthesized by dissolving 0.2 moles 

feCl3.6H2O with0.1 mole of FeCl2.4H2O in deionized water. the ratio was kept as 2:1 

between Fe+3 and Fe+2 ions. The mixture was stirred for 1 hours and after that ammonia was 

added quickly to the solution until pH value reaches to 11. The mixture was stirred at 800 

rpm and at 45 °C temperature for 1 hour and after that the black magnetite nanoparticles 

were magnetically separated and washed several times with ethanol and deionized water. 

After that the nanoparticles were dried at 60°C in oven for 12 hours and then the dried 

powder was further grinded to obtain fine powder. 
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                       Figure 7: Synthesis route for preparing Fe3O4 nanoparticles via coprecipitation 

technique 

 

3.3.2 Hydrothermal: 

 

Magnetite nanoparticles were synthesized by mixing and dissolving 0.2 moles feCl3.6H2O 

with 0.1 mole of FeCl2.4H2O in deionized water. The mixture was stirred at 800 rpm and at 

45°C.  after 30 minutes ammonia (32%) was added quickly until the pH reached 11. The 

solution was stirred for 30 minutes and then transferred to Teflon lined 100 ml autoclaved 

and heated at 134°C for 3 hours. After 3 hours the nanoparticles were magnetically separated 

and washed with deionized water and ethanol several times. Then the particles were dried 

for 12 hours in oven. The final product was further grinded to obtain fine powder.    

 

            Figure 8: Synthesis route for preparing   Fe3O4 nanoparticles via Hydrothermal technique 
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3.4 Synthesis of Strontium Doped Iron Oxide Nanoparticles: 
 

For synthesis of strontium doped Iron Oxide nanoparticles. Strontium was added to initial 

precursors and was replaced by iron atom (Fe+2). Strontium was added in sequence of 

0.25,0.5,0.75 and 1 moles ratio with Fe+3 and Fe+2 Ions. Synthesis parameters and procedure 

were same as used for synthesizing iron oxide nanoparticles via coprecipitation and 

hydrothermal route. Additional step of calcination at 700°C for 4 hours were performed to 

obtain SrFe2O4 phase. The molar ratios were calculated using formula: 

 

Equation 1:  Formula For calculating Mass in grams from molar solutions 

 

The calculations of molar ratios used for synthesizing strontium doped iron oxide 

nanoparticles are given below 

SR 

No. 

Fe+3 

moles 

Fe+2 

moles 

Sr+2 

moles 

FeCl3.6H2O 

grams 

FeCl2.4H2O 

grams 

SrCl2.6H2O 

grams 

1 0.2 0.1 0 0.54 0.198 0 

2 0.2 0.075 0.025 0.54 0.149 0.066 

3 0.2 0.05 0.05 0.54 0.099 0.133 

4 0.2 0.025 0.075 0.54 0.049 0.199 

5 0.2 0 0.1 0.54 0 0.266 

Table 3:Nanoparticles sample Compositions 

3.5 Drug loading on Nanoparticles:  
 

Ibuprofen was used as a sample drug to load on these nanoparticles. For loading 

nanoparticles 15 mg of nanoparticles were added to 10 ml of ethanol solution for each 

composition. Then 15 mg of Ibuprofen was added to the solution to make the concentration 

of 1.5mg of drug per ml (1.5mg/ml). Each composition solution was stirred for 24 hours to 

load the drug. Then the drug loaded sample was separated using centrifugation process at 

4000 rpm for 15 minutes. The remaining supernatant was analyzed using UV vis 
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spectrophotometer absorption spectrum at 264 nanometers to check the amount of unloaded 

drug.  

3.6 Cytotoxicity Testing: 
 

MTT assay is used for determining the cytotoxicity of iron oxide, strontium doped iron 

oxide and Ibuprofen loaded nanoparticles. 

3.6.1 Material and Equipment: 

 

Hep-2 cell laryngeal cancer cell line was obtained from National Institute of Health, Iron 

oxide nanoparticles, strontium doped nanoparticles, and Ibuprofen loaded nanoparticles 

were synthesized for characterization. Biosafety cabinet, incubator with CO2, 96 well plate, 

Single channel and multi-channel pipette were used from cell culture lab. Other chemical 

includes MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), dimethyl 

sulfoxide (DMSO) and Hank's Minimum Essential Medium Liquid (HMEM) which 

procured in required amount. BIOTEK absorbance microplate reader was used to take 

absorbance values of each well. 

 

Figure 9: Materials and Equipment Used for MTT Assay 
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 3.6.2 MTT Assay Methodology: 

 

Hep-2 laryngeal cancer cell line was obtained in a form of 10 lac cells per milli liters (ml). 

to make it 10,000 cells per well 10 microliters(µl) of cell solution was added in each well 

along with HMEM. These cells were incubated for 24 hours at 35o C with CO2 content at 

5%. Iron Oxide nanoparticles, Strontium doped Iron oxide nanoparticles and Ibuprofen 

loaded nanoparticles were prepared in different concentration of 300 µg/ml, 400 µg/ml and 

500 µg/ml were prepared. The following concentration prepared and their respective 

addition location in 96 well plate containing Hep-2 cancer cell line are: 

Table 4: Samples and their related Symbols for 96-well plate 

Samples Concentration Symbol 

  Fe3O4 300µg/ml 1.1 

  Fe3O4 400µg/ml 1.2 

  Fe3O4 500µg/ml 1.3 

Sr0.25Fe2.75O4 300µg/ml 2.1 

Sr0.25Fe2.75O4 400µg/ml 2.2 

Sr0.25Fe2.75O4 500µg/ml 2.3 

Sr0.5Fe2.75O4 300µg/ml 3.1 

Sr0.5Fe2.75O4 400µg/ml 3.2 

Sr0.5Fe2.75O4 500µg/ml 3.3 

Sr0.75Fe2.25O4 300µg/ml 4.1 

Sr0.75Fe2.25O4 400µg/ml 4.2 
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Sr0.75Fe2.25O4 500µg/ml 4.3 

SrFe2O4 300µg/ml 5.1 

SrFe2O4 400µg/ml 5.2 

SrFe2O4 500µg/ml 5.3 

Ibuprofen loaded   Fe3O4 300µg/ml B.1 

Ibuprofen loaded Sr0.25Fe2.75O4 300µg/ml B.2 

Ibuprofen loaded Sr0.5Fe2.5O4 300µg/ml B.3 

Ibuprofen loaded Sr0.75Fe2.25O4 300µg/ml B.4 

Ibuprofen loaded SrFe2O4 300µg/ml B.5 

Phosphate Buffer saline (Control) Varied conc C 

 

 

Figure 10: Nanoparticles Arrangements in 96-well plate 
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Nanoparticles added 96-well plates having cells previously incubated for 24 hours are again 

incubated at same conditions for 24 hours. Total volume of each well is 200 µl Phosphate 

buffer saline (PBS) was used as control. MTT solution was prepared in phosphate buffer 

saline solution having ratio of 5mg/ml. After 24 hours of incubation 20µl of MTT was added 

in each well and then the 96-well plate was incubated for 4 hours. After that excess solution 

was removed from each well and to solubilize formazan crystals, 200 µl dimethyl sulfoxide 

(DMSO) was added in each well and then absorbance reading was taken with the help of 

BIOTEK absorbance microplate reader at wavelength of 595 nm.  

 

Figure 11: MTT methodology followed for cytotoxicity testing of nanoparticles 
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Chapter 4:  

Characterization Techniques 
 

4.1 X-Ray Diffraction Techniques: 
 

A nondestructive technique used to find out the lattice spacing of crystalline solids which 

can be used to identify elastic properties residual stresses and identification of unknown 

material. Lattice spacing is determined when x rays enter the material with known 

wavelength and angle which passes through atomic planes and gets refracted to 

diffractometer through which the intensity is measured. X-rays are fired toward the sample 

at different angles so that planes at different angles can be activated so that proper 

identification of planes present can be identified. Miller indices (hkl) and atomic spacing of 

powder sample are usually identified by irradiation these powders through X-rays. The 

intensity readings obtained corresponds to a specific element or phase. Multiple intensity 

peaks can be seen in the sample contains multiple elements or phases present. 

X-rays are generated by a copper target material when electrons produced from a heated 

filament bombard the target material which dislodges the inner shell electrons. These 

produced x-rays are collimated and directed onto the sample from where these X-rays 

deflects back by satisfying brags law through constructive interference and gets recorded by 

a diffractometer which converts these signals to counts (peaks) recorded on computer screen. 

X-Ray Diffraction is used for identification of crystalline phases present and their respective 

orientation. It is also used for determination of structural properties like grain size, strain, 

lattice parameters, atomic arrangement, composition of phase present and measuring 

thickness of thin films and multi layers material. 

 

Figure 12: Experimental setup of X ray Diffraction technique 
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To analyze the nanoparticles through XRD for structure and phase identification, small 

quantity finely grinded nano powder is taken and was tested through XRD machine available 

at angle 2 θ, scanning from 0o to 75o at step size 0.04 for 50 minutes. The obtained results 

were compared with reference JCPD file for phase identification. For calculation of 

crystallite size, Scherrer equation is used. 

 

Equation 2: Debye Scherrer formula for calculating crystallite size 

4.2 Scanning Electron Microscopy: 
 

In this techniques variety of signals are generated using high energy electron beams. The 

information derived by electron sample interaction includes surface morphology, 

orientation, chemical composition and crystalline structure of the material. Usually a 2-

dimensional image is generated showing the surface properties of the samples. Area up to 5 

microns can be imaged using scanning electron microscope having resolution from 50 to 

100nm in magnification range of 20X to 30000X. Selective analysis can be done through 

scanning electron microscopy through which we can determine chemical composition using 

Energy dispersive X-Ray (EDX). 

Variety of signals are generated by accelerated electrons interacting with the sample. These 

signals include secondary electrons (used for determining morphology and topography), 

backscattered electrons (used for showing contrast in the composition), photons (used for 

elemental analysis), visible light and heat. SEM is considered to be a “non-destructive” 

technique as by production of different signals does not cause volume loss hence same 

sample can be tested again and again. 
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Figure 13: Experiential setup For Scanning electron Microscopy (A), Different rays reflected 

from Incident beam (B) 

To Characterize the nanoparticles, the samples were prepared by sonicating these 

nanoparticles in deionized water for 1 to 2 hours. After that a drop of the mixture was poured 

on a glass slide and then dried at 60o C for 1 hour. Then the glass slide was placed on a stub 

to gold plate it to make the sample conductive and after that the sample was place in low 

vacuum chamber to characterize the sample using SEM technique. Image were taken at 

different magnification and resolution using accelerating voltage of 20 kV. 

4.3 Fourier-Transform Infrared Spectroscopy (FTIR): 
 

FTIR works on the principle of infrared rays absorbed by the material. The materials ability 

to absorb infrared light energy at different wavelengths which is used to determine molecular 

structure and composition. FTIR technique is used for the determination of different types 

of functional groups present on the surface of sample, which is performed in the range of 

4000cm-1 to 400cm-1using infrared rays from spectrometer. Samples are usually prepared 

by mixing nanoparticles with potassium bromide (KBr) and hen pressing it with the help of 

uniaxial press into a pellet which is further used for characterization. 
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Figure 14: FTIR Setup 

4.4 Vibrating Sample Magnetometer (VSM) 
 

In this characterization technique is used to determine the saturation magnetization and 

magnetic behavior of nanoparticles. The sample is placed in a constant magnetic field and 

by aligning the magnetic domains of sample, the sample is magnetized. By aligning the 

magnetic domains magnetic field is generated around the sample which is usually known as 

magnetic stray field. This magnetic stray field changes when the sample is moved up and 

down in magnetic field which is detected by pick-up coils which generate an emf in these 

coils according to faraday’s law of induction. The current generated will be proportional to 

the magnetization o the sample. The greater the induce current the greater will be the 

magnetization. The signals received by the detector are converted by a software to a graph 

of magnetization (M (Y-axis)) and magnetic field Strength (H (X-axis) known as a hysteresis 

loop.  

 

Figure 15: VSM Setup & Hysteresis Curve 
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4.5 UV-Vis Spectroscopy: 
 

This technique works on the principle of amount of ultraviolet (UV) or visible light absorbed 

by the sample in comparison to a reference/blank sample providing the information about 

sample specification (as specific material absorb light at specific wavelength) and its 

concentration. UV light is usually used for characterizing the sample as UV has wavelengths 

shorter than visible light hence generating higher energy (frequency). Specific sample has 

maximum absorbance value at specific wavelength which is used to extract information 

about the material.  

 

Figure 16: A simplified schematic of the main components in a UV-Vis spectrophotometer 

A light source usually of Xenon lamps, a high intensity light source, is used to generate light 

which is filtered by a monochromator to a desire wavelength and to improve signal to noise 

ratio which is then passed through a reference sample and from the sample to be tested. 

Quarts cuvettes are used as sample holders. Initially both reference and main sample cuvettes 

are filled by the same medium used filling the sample. After one run, one cuvette containing 

blank is replaced by solution containing sample with the same solvent as used before for 

characterization. The signals generated are detected by a detector and then displayed on a 

monitor as a graph between absorbance (Y-axis) and wavelength (X-axis). 



44 
 

 

Figure 17: Path that UV light takes to pass through Reference and sample cuvette 

 

The absorbance value identified is equal to light intensity (Io) before passing the sample 

divided by intensity after passing through the sample (I). The inverse relation of these tow 

quantities gives us the transmission values. The concentration of the sample in mol L-1 could 

be determined by using Beer-Lambert’s law when quantities like molar absorptivity, path 

length and absorbance values are known  

 

 

Equation 3: relationships between absorbance A, Beer–Lambert's law, light intensities measured 

and transmittance. 

 

To characterize the nanoparticles all the samples were dissolved in de ionized water with 

solute to solvent ration of 1mg/1ml. quartz cuvettes were used to filled the sample and 

characterization range of 200-300 nanometer is used.  

 

4.5.1 Drug Loading and Release Studies: 

 

Drug loading capacity of nanoparticles were determined on calculation based on UV-Vis 

Spectroscopy at 264 nm wavelength. Ibuprofen is used as a sample drug to load on these 

nanoparticles. To determine the standard curve of Ibuprofen different dilutions were 
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prepared using ethanol as solvent containing 0.2mg/ml to 1mg/ml Ibuprofen solution in 

ethanol. By this linear plot of Ibuprofen was obtained which is further used for calculation 

amount of drug loaded. For loading nanoparticles 15 mg of nanoparticles were added to 10 

ml of ethanol solution for each composition. Then 15 mg of Ibuprofen was added to the 

solution to make the concentration of 1.5mg of drug per ml (1.5mg/ml). Each composition 

solution was stirred for 24 hours to load the drug. Then the drug loaded sample was separated 

using centrifugation process at 4000 rpm for 15 minutes. The remaining supernatant was 

analyzed using UV vis spectrophotometer absorption spectrum at 264 nanometers to check 

the amount of unloaded drug. Encapsulation efficiency was determined using following 

equation. 

 

Equation 4 Encapsulation Efficiency Calculations 

 

The amount of drug released was determined by testing drug loaded samples in phosphate 

buffer saline solution. the drug loaded samples were dispersed in phosphate buffer saline at 

37°C temperature under constant stirring. After selected time intervals 3ml of solution is 

withdrawn and refilled by fresh PBS solution keeping total volume same. The amount of 

released drug was determined as a function of soaking time via UV-vis spectroscopy at 

264nm wavelength. The amount of drug released is evaluated on the basis of following 

equation. 

 

Equation 5: Drug Release Calculations 
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4.6 Cytotoxicity Testing (MTT assay): 

 

Cytotoxicity of nanoparticles is determined using MTT assay. MTT(3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide) assay is a non-radioactive, colorimetric test which 

is used to measure cytotoxicity, viability of cells and their respective proliferation [148]. 

This assay is based on the principle of converting yellow MTT salt to purple crystals of 

formazan via cells activated metabolically.  Healthy cells contain Nicotinamide adenine 

dinucleotide phosphate (NADPH) dependent oxygenase’s enzymes which reduces MTT to 

formazan crystals which are insoluble in nature. These insoluble crystals are dissolved using 

solubilization agent like dimethyl sulfoxide (DMSO) which result in a colored solution 

which is measured using multi-well spectrophotometer in wavelength ranges from 500 to 

600 nanometers. Number of viable cells is directly proportional to the darkness of the 

solution in each well. The darker the solution, more viable and active cells are present. 

 

Figure 18:Conversion of MTT to a formazan salt by viable cells (A)Formazan crystals in a 96-

well plate (B). 
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Chapter 5:  

Results and Discussions 

 

5.1 X-Ray Diffraction (XRD) Results: 
 

5.1.1   Fe3O4: 

 

Figure 19: XRD Graph of   Fe3O4 prepared by Hydrothermal (A) and Coprecipitation (B) 

method 

Patterns of   Fe3O4 nanoparticles produced by hydrothermal (A) and Coprecipitation (B) has 

been shown in above graphs. In hydrothermal produced   Fe3O4 nanoparticles peaks can be 

observed at 2θ value of 19.9, 30, 35.5, 43.026, 53.6, 56.9 and 62.54. In coprecipitation 

peaks were observed at 30.04, 35.32, 42.80, 53.08, 57.015 and 62.66. These are in 

accordance with standard JCPD card [01-088-0315 ] [149] showing miller indices (2 2 0), 

(3 1 1), (4 0 0), (4 2 2), (5 1 1) and (4 4 0)  at 2 θ value of  30.2°, 35.5°, 43.2°,53.5o, 

57.2°,62.7 °.  proving the formation of inverse cubic spinal structure of   Fe3O4. The results 

in accordance to standard JCPD card shows the formation of black magnetite nano powder. 

Sharper peaks indicate good crystalline structure have been formed. The broader peaks 

indicate formation of smaller crystallite sizes which is calculated using Debye–Scherrer 

formula. Calculated crystallite sizes were: 

 

 

 

Fe3O4 

Hydrothermal 
Fe3O4 

Coprecipitation 
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Table 5: Crystallite sizes of prepared   Fe3O4 nanoparticles 

Material 

Crystallite size 

(nm) 

Mean STDEV 
  Fe3O4 

(hydrothermal) 
8.3365 2.453 

  Fe3O4 

(Coprecipitation) 
6.088 1.783 

 

5.1.2 Strontium Doped Iron Oxide Nanoparticles: 
 

5.1.2.1 Hydrothermal: 

 

Figure 20: XRD graphs showing strontium doped iron oxide nanoparticles with strontium 

content 0.25, 0.5, 0.75 and 1 moles 

X-ray diffraction peaks of synthesized samples through hydrothermal technique are in 

accordance to reference code [00-048-0156] showing orthorhombic structure[150] (showing 

diffraction angles of 2θ of 22.34◦, 24.16◦, 27.71◦, 33.08◦, 35.51◦, 40.89◦, 42.92◦, 45.76◦, 

49.38◦, 52.75◦ and 57.62◦ showing Miller indices of (121), (041), (141), (002), (311), (202), 

(400), (280), (331), (450), and (511)) . Peaks that matches to reference codes includes peaks 

at 2θ angle 23.872, 27.14, 32.88, 40.62, 42.710, 44.64, 49.37, 52.01 and 57.42 that relates 

to SrFe2O4 phase (planes) [151][152]. As the amount of strontium increases from 0.25 molar 

to 1 molar, the peaks become sharper and more peaks related to SrFe2O4 phase appears, 

showing increase in crystallinity and phase purity. Another factor that showed more sharper 
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peaks is due to increase in crystallite size. Broad peaks indicate smaller crystallite size which 

is evident from calculation from Debye–Scherrer formula. Extra peaks at 2θ value 30.12 and 

54.15 showed the presence of magnetite phase. Peak shift up to 1 degree can observed due 

to strain induces because of high temperature sintering conditions. The calculated crystallite 

sizes are 

          Table 6: Crystallite sizes of prepared Strontium doped nanoparticles with different 

compositions by Hydrothermal method 

Sample 
Crystallite Size (nm) 

Mean STDEV 

Sr0.25Fe2.75O4 6.2078 3.1379 

Sr0.5Fe2.5O4 8.1188 2.179 

Sr0.75Fe2.25O4 12.283 4.047 

SrFe2O4 12.059 4.7383 

 

5.1.2.2 Coprecipitation: 

 

Figure 21: XRD graphs showing strontium doped iron oxide nanoparticles with strontium 

content 0.25, 0.5, 0.75 and 1 moles 

X-ray diffraction peaks of synthesized samples through Coprecipitation technique are in 

accordance to reference code [00-048-0156][150] showing orthorhombic structure (showing 

diffraction angles of 2θ of 22.34◦, 24.16◦, 27.71◦, 33.08◦, 33.79◦, 35.51◦, 40.89◦, 42.92◦, 

45.76◦, 49.38◦, 52.75◦ and 57.62◦ showing Miller indices of (121), (041), (141), (002),(241) 

(311), (202), (400), (280), (331), (450), and (511)) [151][152]. As the amount of strontium 
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increases from 0.25 to 1 molar the phase purity increases and more peaks corresponding to 

SrFe2O4 phase appears. At 1 molar peaks at angle 2θ 22.12 and 33.72 corresponding to miller 

indices (121) and (241) appears. As the amount of strontium increases there can be seen 

trend of increasing crystallite size as evident from calculated values through Debye–Scherrer 

formula. As the strontium content increases peak with highest intensity change which is 

evident from the graph. In sample containing 0.75 and 1 moles of strontium peak having the 

highest intensity is at 2θ value 35.5◦ which corresponds to spinal structure meaning 

maximum number of atoms are lying in that plane. Whereas samples containing 0.25 and 

0.5 moles of strontium peak with highest peak is at 2θ value 32.89◦ corresponding to (002) 

plane. Meaning maximum number of atoms are lying in that plane. Peak shift up to 1 degree 

can observed due to strain induces because of high temperature sintering conditions. The 

calculated crystallite sizes are: 

 Table 7: Crystallite sizes of prepared Strontium doped nanoparticles with different 

compositions by Co precipitation method 

Sample 
Crystallite Size (nm) 

Mean STDEV 

Sr0.25Fe2.75O4 8.9541 4.6763 

Sr0.5Fe2.5O4 11.8 3.4498 

Sr0.75Fe2.25O4 10.048 4.4055 

SrFe2O4 12.196 5.133 
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5.2 Scanning Electron Microscopy: 
 

5.2.1   Fe3O4: 

 

Figure shows sample Fe3O4 nanoparticles on a glass substrate observed using scanning 

electron microscope prepared by coprecipitation method. Sample was prepared by 

dissolving small quantity of nanoparticles in Deionized water and then sonicating these 

nanoparticles for at least one hour and then placing it on the glass substrate and then gold 

plated it for making it conductive for further characterization.  SEM image shows formation 

of nanoparticles in nanometer range with majority of particles with spherical 

morphology[149]. it can be observed from the image that smaller particles aggregated 

together to form larger particles due to dipole and magnetic interactions. Due to their smaller 

size (having high specific surface area) and high surface energy, agglomeration can be seen. 

As no coating was used and these were bare magnetite particles clustering can be observed. 

The particles show broad size distribution. Image shows majority of nanoparticles below 

100 nm which is ideal for biomedical application. 

  

Figure 22: Scanning Electron Microscopy micrographs of   Fe3O4 nanoparticles 
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5.2.2 Strontium Doped Iron Oxide Nanoparticles: 

  

Strontium ferrite (SrFe2O4) nanoparticles prepared by coprecipitation techniques sintered at 

700 ◦C can be observed in SEM images from figure given below. Aggregation of particles 

can be seen due to fine size of nanoparticles and due to fine size, the surface energy increases 

due to which particles tends to agglomerate and forms larger secondary particles as evident 

from the SEM images. The major reason for large aggregation is due to combustion process 

(sintering of particles at 700◦C for 4 hours) which causes interfusion of nanoparticles 

through chemical reaction. Majority of nanoparticles have spherical morphology having size 

below 100 nanometers with moderated size distribution. Similar results can be observed in 

previous research works [153][154]. 

5.2.2.1 Sr0.25Fe2.75O4: 

 

As strontium is added to Iron oxide nanoparticles, we can observe increase in particle size 

and the ratio of spherical particles decreases. Particles are agglomerated due to no use of 

surface coating agent. Majority of nanoparticles can be seen in size range of 30nm to 40nm. 

 

Figure 23: Scanning Electron Microscopy micrographs ofSr0.25 Fe2.75O4 nanoparticles 
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5.2.2.2 Sr0.5Fe2.5O4: 

 

On further addition of strontium, we can see increase in particle size. The particles are 

mostly in spherical morphology and agglomeration and aggregation of particles can be seen 

due to high surface area (high surface energy) and lack of use of surface coating agent. 

 

Figure 24: Scanning Electron Microscopy micrographs ofSr0.5 Fe2.5O4 nanoparticles 
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5.2.2.3 Sr0.75Fe2.25O4: 

 

With the increase of strontium to 0.75 mole we can observe further increase in particle 

size. As the majority of particle size now lies between 50-80 nanometers. Spherical 

morphology can be observed but some particles with wire shape morphology can be 

observed. Particles aggregation is due to high surface energy. 

 

 

Figure 25: Scanning Electron Microscopy micrographs ofSr0.75 Fe2.25O4 nanoparticles 

 

5.2.2.4 SrFe2O4: 

 

With strontium content up to 1 molar we can observe more particles with wire shape 

morphology which is also observed in previous researches. Increase in particles size can be 

overserved and due to sintering at high temperature (700◦C for 4 hours) bigger chunks of 

particles can be seen which is formed by aggregation (joining) of smaller particles Similar 

results can be observed in previous research works [153][154]. 
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Figure 26: Scanning Electron Microscopy micrographs of SrFe2O4 nanoparticles 

 

5.3 Energy Dispersive X-Ray (EDX) Composition Analysis: 
 

Elemental analysis was done using energy dispersive spectroscopy (EDX) for the 

confirmation of doping of strontium to iron oxide nanoparticles. EDX shows SrFe2O4 

prepared at 700 ◦C shows the presence of Strontium (Sr), Iron (Fe) and oxygen (O) as major 

element present in the structure and their atomic ratios were in accordance to given literature 

of SrFe2O4. Impurities peaks that were detected were of gold which is due to gold plating of 

sample to make it conductive and secondary peak of silicon was observed as the sample was 

placed on a glass slide due to which small quantity of silicon was detected carbon content is 

also detected due to powder was place on carbon tape to attach it to sample holder for 

characterization. It can be observed from the results strontium content increases from 7.7 

atomic% to 39.7 atomic% with increase in doping ratio of strontium from 0.25 to 1 mole 

which corresponds to previous research works[154]. 
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Figure 27: EDX graphs of   Fe3O4 (A), Sr0.25Fe2.75O4 (B), Sr0.5Fe2.5O4(C), Sr0.75Fe2.25O4 (D), 

SrFe2O4 (E) 
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5.4 Fourier-Transform Infrared Spectroscopy (FTIR) Analysis: 
 

 

 

Figure 28: FTIR results of Ibuprofen loaded (A) SrFe2O4 (B) Sr0.25Fe2.75O4 (C) Fe3O4 

Figure shows FTIR spectra of Ibuprofen loaded Fe3O4(C) Sr0.25Fe2.75O4(B) and SrFe2O4 (A). 

In   Fe3O4 peak at 544cm-1 can be seen which is associated with Fe-O bond stretching in 

Fe3O4 [165]. Peak at 1640 associates to carboxylic group which is related to presence of 

Ibuprofen on the surface. Absorption band between 900cm-1 to 1100 cm-1 related to 

bending vibrations associated with O-H bonds. In SrFe2O4 (A) and Sr0.25Fe2.75O4 (B) bands 

between 600cm-1 to 400 cm-1 corresponds to formation of tetrahedra and octahedral sites 

confirming the presence of metal-oxygen stretching band in ferrites. Weak band at 

435.12cm-1 associates with octahedral Fe+3-O- 2 group complex.  Bands at 542.16cm-1 (A) 

and 561 cm-1 (B) corresponds to Fe+3/Sr+2–O group [164]. Bands at 1641cm-1, 1550-

1560cm-1,1221-1234cm-1 and 770-900cm-1 are basically foot prints of presence of 

Ibuprofen in samples corresponding to carboxylic group, νC=C, νC..C and δCH2 groups 

[163]. These four bands can be identified in all three spectrums hence showing the presence 

and loading of Ibuprofen molecules. 
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5.5 Magnetic Properties: 
 

 

Figure 29: Room Temperature M-H Curve for Nanoparticles 

Fig shows the hysteresis loops of Fe3O4 nanoparticles and strontium doped (0.25,0.5 &0.75 

molar concentration) Iron oxide nanoparticles, from which magnetic behavior of synthesized 

nanoparticles can be obtained. Magnetic properties like magnetic coercivity (Hc), saturation 

magnetization (Ms), isotropic property or squareness ratio (Mr/Ms) and remanence 

magnetization (Mr), from the hysteresis loops is obtained. It can be observed that with the 

increase in strontium doping content decrease in saturation magnetization (Ms) can be 

observed. Increase in magnetic coercivity (Hc) and remanence magnetization (Mr) can be 

observed which can be associated to shift in magnetic property from soft magnetic material 

to hard magnetic material. With the increase in strontium content it becomes harder to 

magnetize and de-magnetize the material hence enhance coercivity is observed. The trend 

which is observed in previous researches is that up to certain size range (crystallite size) of 

nanoparticles coercivity increases with increase in size of nanoparticles. Hence similar 

results are observed in our case. Increase in remanence magnetization is attributed to 

increase in exchange interaction with increase in strontium content. The squareness ratio of 

our samples ranges from 0.07 to 0.35 which is less than 0.5, confirming formation of single 
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domain structure. Superparamagnetic behavior of synthesized Fe3O4 nanoparticles can also 

be confirmed as squareness ratio is near to zero. 

 

Table 8:  Magnetic parameters of Prepared Nanoparticles 

Material Ms 

(emu/g) 

Mr 

(emu/g) 

 Hc 

(Oe) 

Mr/Ms K 

Fe3O4 34.04 2.25 43.04 0.07 1526.40 

Sr0.25Fe2.75O4 28.19 6.43 187.46 0.23 5504.68 

Sr0.5Fe2.5O4 22.86 7.39 446.58 0.32 10633.72 

Sr0.75Fe2.25O4 14.94 5.20 725.87 0.35 11298.62 

 

 

 

       Figure 30: Variation in Squareness Ratio (Mr/Ms) (A) Remanence Magnetization (Mr) (B)        

Magnetic Coercivity (Hc) (C) Saturation Magnetization (Ms) (D) with increase in Strontium 

content 
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5.6 UV Vis Spectroscopy: 
 

5.6.1   Fe3O4: 

 

Figure 31: UV Vis Spectra of   Fe3O4(A) and SrFe2O4(B) nanoparticles 

Figure shows UV Vis spectra of   Fe3O4 (A) and SrFe2O4(B) nanoparticles. These particles 

were observed by dissolving 4 mg of nanoparticles in 4 ml of deionized water to maker 

1mg/ml solution. The solution was analyzed using quartz cuvettes. characteristic peak of   

Fe3O4 nanoparticles is observed at 220 nanometer which is in accordance to reference 

data[155] confirming the formation of magnetite nanoparticles and revealing optical 

properties having band gap of 5.636 eV. Whereas SrFe2O4 showed characteristic peak at 222 

nanometer which is also in accordance to reference data[154] confirming SrFe2O4 phase 

having band gap of 5.58 eV. 

5.6.2 Strontium Doped Iron Oxide: 

 

figure below shows the effect of strontium doping on magnetite nanoparticles. The amount 

strontium doped varies from 0.25 moles ,0.5moles to 0.75 moles. The characteristics peaks 

of these doped nanoparticles changes as the amount of doping changes. For 0.25 moles of 

Strontium characteristic peak lies at 223 nanometer and a smaller peak lies at 257 nanometer 

corresponding to band gap of 5.56eV and 4.82eV. For 0.5 mole of strontium doped 

nanoparticles, characteristic peak lies at 246 nanometer corresponding to band gap of 

5.04ev. and for 0.75 moles of strontium doped nanoparticles characteristic peak is observed 

at 235 nanometer corresponding to band gap of 5.27eV. Change in particle size can be 

observed as the smaller the particle sizes the more absorption is toward lower wavelength. 

Wavelength (nm) Wavelength (nm) 

Fe3O4  
SrFe2O4  
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      Figure 32: Combined UV Vis spectra of Sr0.25Fe2.75O4, Sr0.5Fe2.5O4 and Sr0.75Fe2.25O4 

 

5.7 Drug Loading of Nanoparticles: 

Iron oxide nanoparticle and strontium doped nanoparticles with strontium content .25, .5, 

.75 and 1 molar were loaded with ibuprofen. the sample were prepared by loading 15 mg of 

drug in 10 ml ethanol to make 1.5mg/ml solution. the solution was stirred for 24 hours and 

then centrifuged. The amount of drug remaining in the solution was detected at 264 nm 

wavelength us uv- vis spectrophotometer.  

5.7.1 Standard Curve of Ibuprofen: 

 

To find the standard curve of Ibuprofen different dilutions were prepared and the graph was 

plotted between Absorbance and concentration. 0.2mg/ml, 0.3mg/ml, 0.5mg/ml and 0.9 

mg/ml solutions were prepared in ethanol to find the standard curve of Ibuprofen. 

Absorbance was measured at 264 nanometers to detect the amount of drug in terms of 

absorbance at different dilutions.  

Table 9: Absorbance values of Ibuprofen with difference concentration 

Concentration Absorbance 
mean 

mg/ml 1 2 

0.2 0.4125 0.352 0.38225 

0.3 0.5825 0.5423 0.5624 

0.5 0.9399 0.879 0.90945 

0.9 1.5139 1.66 1.58695 

Wavelength (nm) 

---Sr0.25Fe2.75O4       

---Sr0.5Fe2.5O4                  

---Sr0.75Fe2.25O4  
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Figure 33: Standard Curve of Ibuprofen 

5.7.2 Drug Loading on Nanoparticles: 

 

Encapsulation efficiency of nanoparticles were determined by following formula. 

 

Equation 6: Formula for calculating Encapsulation Efficiency[156] 

The amount of drug remaining in the supernatant was calculated using absorbance value at 

264 nanometer which was then compared to standard curve of Ibuprofen to calculate the 

amount of drug relative to that absorbance value. The absorbance value of samples at 264 

nanometers determine by uv-vis spectrophotometer are shown in the image below.   
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Figure 34: Absorbance of Ibuprofen remaining in the supernatant of different samples 

 

Table 10: Encapsulation Efficiency of   Fe3O4 and Strontium doped Iron Oxide with 

Ibuprofen 

Sample Absorbance 

value 

Relative 

drug weight 

(mg/ml) 

Initial 

drug 

weight 

(mg/ml) 

Encapsulation 

efficiency 

  Fe3O4 1.7266 0.985309427 1.5 34.31% 

SrO.25Fe2.75O4 1.475 0.839791787 1.5 44.01% 

Sr0.5Fe2.5O4 1.684 0.960670908 1.5 35.96% 

Sr0.75Fe2.25O4 1.6744 0.955118566 1.5 36.33% 

SrFe2O4 1.8527 1.058241758 1.5 29.45% 

 

Ibuprofen at 1.5 mg/ml have absorbance value 2.6201 which was calculated from standard 

curve of Ibuprofen shown above. The remaining drug content, detected at 264 nanometers 

from uv-vis spectrophotometer, was measure by standard cure of Ibuprofen. The relative 

drug weight was calculated against absorbance values. Fe3O4 nanoparticles showed 

encapsulation efficiency of 34.31% whereas 0.25 moles strontium doped iron oxide 

nanoparticles showed encapsulation efficiency of 44.01% which is calculated to be highest 

among all sample’s encapsulation efficiencies. The Increase drug loading can be attributed 

to the fact that strontium is an alkaline earth metal and it creates more basic sites on 

nanoparticles hence creating enhanced bonding with carboxylic group present in Ibuprofen. 

Other samples with strontium content 0.5 and 0.75 moles showed encapsulation efficiency 
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of 35.96% and 36.33% which was better than encapsulation efficiency of   Fe3O4 alone. The 

encapsulation efficiency of 0.5 and 0.75 moles doped iron oxide nanoparticles is less than 

0.25 moles doped Iron oxide nanoparticles which could be attributed to the fact that particle 

size increased with the increase in strontium content hence reducing Specific surface area 

hence reducing the content of drug loaded[157]. In previous studies it has been observed 

that drug loading depends on many factors including textural properties like pore volume 

and pore size. Smaller the pore size smaller is the release rate, higher the pore volume, higher 

will be the amount of drug gets encapsulated. Secondly specific surface area plays an 

important role in drug loading phenomenon. It has been observed that higher the specific 

surface area higher will be the amount of drug loaded. Functionalization also enhance the 

drug loading capabilities. In our case our samples were non-porous and there is no coating 

or functionalization element, therefore Specific Surface area plays major role in determining 

drug loading capabilities of these nanoparticulate samples[158][159][160]. Increase in 

particle size can be observed from SEM results and from crystallite size calculated from 

XRD results with the help of Scherrer equation. For SEM result it can be observed, with the 

increase in strontium content increase in overall particle size can be observed and a shift 

from spherical to rod shape morphology can be seen which is larger in size hence having 

low specific surface area. It is also observed with increase in strontium content crystallite 

size increases from 6nm to 13 nm, showing increase in particle size hence decreasing overall 

specific surface area.           

  

5.7.3 Drug Release Studies of Nanoparticles: 
 

In vitro drug release profile was studied for all drug loaded samples performed for a period 

of 48h in pH 7.4 phosphate buffer held at 37 °C. The cumulative Concentration (CC) of drug 

released was calculated with the help of UV vis absorption spectra at 264 nm is shown in 

table below. It can be observed that for sample Sr0.25Fe2.75O4 maximum amount of drug (0.58 

mg/ml) was released with respect to all other samples which is evident from the previous 

results that Sr0.25Fe2.75O4 showed the maximum encapsulation efficiency among all samples. 

Sr0.75Fe2.25O4 showed the maximum release percentage of drug of 97.5% with respect to 

amount of drug loaded on these sample within in the period of 48 hrs.   Fe3O4 showed 

minimum percentage of drug released of about 63.15% within 48 hours.  
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                    Table 11: Cumulative and percentage drug release data of drug loaded nanoparticles 

Time 
(hrs)  

  Fe3O4 Sr0.25Fe2.75O4 Sr0.5Fe2.5O4 Sr0.75Fe2.25O4 SrFe2O4 

CC 
(mg/ml) 

% 
Released 

CC 
(mg/ml) 

% 
Released 

CC 
(mg/ml) 

% 
Released 

CC 
(mg/ml) 

% 
Released 

CC 
(mg/ml) 

% 
Released 

3 0.095142 18.48129 0.276403 41.87917 0.148641 27.5567 0.238924 43.9199 0.111047 25.06135 

6 0.128282 24.91885 0.348253 52.76566 0.192435 35.67574 0.301093 55.348 0.152134 34.33405 

12 0.161735 31.41708 0.423939 64.23314 0.239335 44.37057 0.350561 64.44136 0.208855 47.13492 

24 0.238028 46.23694 0.494002 74.84884 0.293366 54.38749 0.418907 77.00494 0.276125 62.31662 

36 0.293916 57.09315 0.54963 83.27725 0.350642 65.00593 0.480052 88.24486 0.341625 77.0989 

48 0.325147 63.15996 0.580428 87.94364 0.394757 73.18448 0.530717 97.5583 0.399526 90.16604 

 

Graphs below shows Ibuprofen release profile of all samples. In first 6 hours we can see 

burst release of drug for all samples. For Sr0.75Fe2.25O4 and Sr0.25Fe2.75O4, 55.3% and 52.76% 

of loaded drug was released and after that for period of 42 hours, steady amount of drug 

release is observed for all samples. Graph A shows Cumulative drug release percentage for 

every samples calculated on the basis of amount of drug loaded on each nanoparticulate 

samples. It can be observed that during first 3 hours burst release of drug occurred from all 

samples. Table A shows the drug release percentage of these samples which in basically the 

ratio of amount of drug released to the amount of drug which actually gets loaded on these 

samples. Graph B shows the actual cumulative amount of drug released by all samples for 

the period of 48 hours. In which it can be observed that Sr0.25Fe2.75O4 show highest amount 

of drug released within the period of 48 hours. It can be observed the release profile of all 

sample showed better performance with respect to   Fe3O4 drug release profile. 

 

Figure 35: (A) % Cumulative drug release profile of all samples (B) Cummulative Drug Release 

concentration(mg/ml) for all samples 
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5.8 Cytotoxicity Results: 
 

To examine the cytotoxic effect of nanoparticles MTT Assay was used. Hep-2 cell line was 

used to examine cytotoxic effect of magnetite nanoparticles, strontium doped iron oxide 

nanoparticles and Ibuprofen loaded nanoparticles. Hep-2 cell line was treated with different 

concentration (300, 400 and 500 µg/ml) of nanoparticles and were incubated for 24 hours to 

see the cytotoxic effect of these nanoparticles. Decrease in cell viability can be seen with 

the increase in concentration of nanoparticles. Table show the average values that were 

obtained by repeating experiment two times. The absorbance values from each well was 

taken by BioTek Microplate reader. The Cell viability was calculated by comparing values 

of each cell by the absorbance values of control. The formula used for calculating % cell 

viability is: 

 

Equation 7: Percentage cell viability (%) of different concentrations of nanoparticles 

 

For 10,000 cells per well, Cell viability was calculated. Results showed increasing trend in 

cytotoxic effect as the concentration of the particles increases for all samples which is in 

agreement to previous researches [161][162]. At higher concentration significant reduction in 

cell viability can be seen for both magnetite and strontium doped Iron oxide nanoparticles. It 

can be seen from the results that cell viability of SrFe2O4 nanoparticles at 300 µg/ml 

concentration shows maximum cell viability of 112.4% and ibuprofen loaded Sr0.5Fe2.5O4 

showed minimum cell viability of 52.9% and maximum cytotoxic effect. As the 

concentration of nanoparticles increases, increase in cytotoxic effect can be seen and 

decrease in % cell viability can be observed for both magnetite and strontium doped iron 

oxide nanoparticles.  
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Table 12: Percentage cell viability (%) of different concentrations of nanoparticles and 

Ibuprofen loaded nanoparticle 

Material 

Concentration (µg/ml) 

C
el

l 
V

ia
b

il
it

y
 %

 300 400 500 

300 

(Ibuprofen 

loaded) 

   Fe3O4 105.7 70.3 54.1 60.8 

Sr0.25Fe2.75O4 86.7 89.8 69.9 54.4 

Sr0.5Fe2.5O4 109.0 84.2 69.6 52.9 

Sr0.75Fe2.25O4 108.1 91.6 83.5 74.5 

SrFe2O4 112.4 89.5 61.9 81.6 

 

Graph below shows the comparison of cytotoxicity of all samples at 300, 400 and 500 µg/ml 

concentration. At 300 µg/ml all SrFe2O4 showed maximum cell viability of 112.4% whereas 

Sr0.25Fe2.75O4 showed minimum cell viability of 86.7 %. At 400 µg/ml all Sr0.75Fe2.25O4 

showed maximum cell viability of 91.6% whereas   Fe3O4 showed minimum cell viability of 

70.3 %. At 500 µg/ml all Sr0.75Fe2.25O4 showed maximum cell viability of 83.5% whereas   

Fe3O4 showed minimum cell viability of 54.1 %. So, from the following results it can be 

observed that by doping of strontium to Iron oxide nanoparticle, reduction of cytotoxic effect 

can be seen at all concentration. Which is due to biocompatible nature of strontium. 

 

 

Figure 36: The viability of Hep-2 cells after 24 h incubation with nanoparticles of different 

concentrations according to MTT Assay 
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The graph below shows comparison of  cytotoxic effect of nanoparticles and Ibuprofen 

loaded nanoparticles at 300 µg/ml concentration. It can be observed that Ibuprofen Loaded 

nanoparticles have higher cytotoxic effect with respect to non-loaded nanoparticles at same 

concentration. For each sample it can be seen that Ibuprofen loaded nanoparticles shows 

higher cytotoxicity. Ibuprofen loaded Sr0.75Fe2.25O4 nanoparticles showed maximum 

cytotoxic effect and minimum cell viability of 52.9%. So, it can be observed from the results 

that Ibuprofen loaded nanoparticles are effective against Hep-2 cancer cell line. 

 

Figure 37: Cell viability of Hep-2 cells when treated with nanoparticles and Ibuprofen loaded 
nanoparticles at 300 µg/ml  
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Conclusion 
 

In this study Iron oxide (Fe3O4) and Strontium doped (0.25,0.5,0.75 and 1 moles) Iron oxide 

were developed via coprecipitation method. XRD, EDS results confirmed the formation of 

strontium doped Iron oxide nanoparticles by showing relevant peaks and confirming 

different percentages of strontium doped to iron oxide nanoparticles. Nanoparticles 

synthesized had crystallite sizes ranges from 6-13 nanometer and majority of synthesized 

nanoparticles were spherical in nature observed by SEM. Ibuprofen was loaded on these 

nanoparticles in which Sr0.25Fe2.75O4 showed maximum encapsulation efficiency of 44.01%. 

Result showed by increasing strontium concentration from 0.25 to 1 molar decrease in 

encapsulation efficiency was observed which was due to reduction in specific surface area 

due to increase in strontium content. Overall strontium doped Iron oxide nanoparticles 

showed better drug loading capabilities that Iron oxide nanoparticles. The results of in vitro 

drug release showed that Sr0.25Fe2.75O4 showed maximum amount of drug released (0.58 

mg/ml) in 48 hours, releasing 87% of its loaded drug which was better compared to other 

nanoparticulate samples. Cytotoxicity (MTT) results showed increase in cytotoxicity with 

the increase in concentration of nanoparticles. It was observed that with strontium doping, 

overall cytotoxicity of samples reduces for every concentration. It was also observed 

Ibuprofen loaded nanoparticles were more cytotoxic to Hep-2 cancer cells with respect to 

un-loaded nanoparticles. Sr0.25Fe2.75O4 and Sr0.5Fe2.5O4, both loaded with Ibuprofen, showed 

maximum cytotoxic effect, reducing cell viability to 54.2% and 52.9% of Hep-2 cancer cell 

line at 300 µg/ml concentration. From Results it can be observed that strontium doped to 

Iron oxide nanoparticles up to 0.25 molar concentration, improved drug loading capabilities 

of Iron oxide nanoparticles, showed better drug release profile and higher cytotoxic effects. 

So strontium doped up to 0.25molar to iron oxide nanoparticle, enhances the properties of 

Iron oxide nanoparticles for biomedical application, especially in drug delivery applications.  
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