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Abstract 
 

 Medical scientists in the field of nanomedicine are exploring novel hybrid 

nanomaterials for efficient designing of multifunctional nanoflotillas. Over the past few years, 

the combination of magnetic and plasmonic nanoparticles have drawn major interest due to 

their unique characteristics. Undoubtedly, iron oxide nanoparticles were considered as an 

efficient flotilla and the engineering of such a biomedical platform with a biocompatible 

surface coating usually gold shell provides stabilization under various physiological conditions. 

This modular design enables these nanoparticles to perform multiple functions 

simultaneously, such as in multimodal imaging, drug delivery and real-time monitoring, as well 

as combined therapeutic approaches which serve as one of the most promising candidate for 

various biological applications. 

 So, in this thesis we have developed a multifunctional magneto-plasmonic core-shell 

nanoparticles by iterative seeding based method. This nanocargo consists of an iron oxide 

nanokernel (Fe3O4, CoFe2O4, MnFe2O4) as a core and multiple layers of gold as a 

functionalizable active stratum. Gold coated iron oxide nanokernel helps in augmenting the 

physiological stability and enhancing surface plasmon resonance property. We have also 

proposed a novel aspect of site-specific targeting of Doxorubicin using iterative core-shell 

nanoparticles as a nanopayload and folic acid as a targeting agent for cancerous cells. The 

multiple gold iterations and difference in shell size and shapes have been well explained using 

XRD and HRTEM. HAADF-STEM and line mapping confirms the formation of core-shell 

structure. One single layer of Au on nanokernel offers the capability of binding drugs, but 

multiple coating further augments the physiological stability and tunes surface plasmon 

resonance as well as dielectrics for proficient loading of drugs as well as pH-dependent release 

in specific microenvironment. The functionalization of folic acid and Doxorubicin was 

confirmed by UV-Visible spectroscopy, FTIR and TGA which confirmed the formation of 

non-covalent interactions. SQUID explained the efficacy of iterative method by confirming 

that even after multiple Au iterations, the core-shell nanoparticles was highly 

superparamagnetic. The stability of nanoparticles was scrutinized by measuring the zeta 

potential measurements, which was found to be in the range of -5 to -40 at different pH. The 

nanoparticle complex was found to be non-toxic for normal cells and considerably toxic for 

Hep2 cells detected by confocal microscopy and MTT assay. The drug loading capacity was
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found to be more than 80%. The targeted delivery of Doxorubicin using gold coated iron 

oxide nanokernel as a nanopayload is demonstrated in this thesis. Drug-release was carried out 

at 3 different pH like 5.4, 6.8 & 7.4 and found that at pH 5.4 the release is maximum which is 

favourable for cancer cell treatment. Doxorubicin release kinetics profile has been fit based 

on Zero-order, First Order, Higuchi and Hixson-Crowell model. MRI showed that the core-

shell possess enhanced T2 contrast for imaging both normal and cancer cells. Microwave based 

magnetic hyperthermia studies exhibited an augmentation in the temperature due to the 

transformation of radiation energy into heat at 2.45 GHz. There was an enhancement in cancer 

cell cytotoxicity when hyperthermia combined with chemotherapy. Hence, this single 

nanoplatform can deliver 3-pronged theranostic applications viz., targeted drug-delivery, MR 

imaging and hyperthermia. This drug delivery system can act as an efficient nanocarrier in the 

cancer micromilieu for synaphic targeting, diagnosing and assassinating of the cancer cells, 

thus rescuing the life of patients. 

Keywords: Iron oxide, Gold, Core-shell nanoparticles, Folic acid, Doxorubicin 
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Resumen 
 

 Los científicos médicos en el campo de la nanomedicina están explorando nuevos 

nanomateriales híbridos para el diseño eficiente de nanoflotillas multifuncionales. En los 

últimos años, la combinación de nanopartículas magnéticas y plasmónicas han dibujado un 

gran interés debido a sus características únicas. Sin lugar a dudas, las nanopartículas de óxido 

de hierro se consideraron como una flotilla eficiente y la ingeniería de una plataforma de este 

tipo biomédico con un revestimiento de la superficie biocompatible generalmente concha de 

oro proporciona estabilización en diversas condiciones fisiológicas. Este diseño modular 

permite que estas nanopartículas para realizar múltiples funciones simultáneamente, como en 

formación de imágenes multimodal, administración de fármacos y monitorización en tiempo 

real, así como enfoques terapéuticos combinados que sirven como uno de los candidatos más 

prometedores para diversas aplicaciones biológicas. 

 Por lo tanto, en esta tesis se ha desarrollado un magneto-plasmónica multifuncionales 

nanopartículas core-shell por método basado en la siembra iterativo. Este nanocargo consiste 

en un nanokernel óxido de hierro (Fe3O4, CoFe2O4, MnFe2O4) como un núcleo y múltiples 

capas de oro como un estrato activo funcionalizable. recubierto de oro nanokernel óxido de 

hierro ayuda en el aumento de la estabilidad fisiológica y la mejora de la propiedad de 

resonancia de plasmón de superficie. También hemos propuesto un nuevo aspecto de la 

orientación específica de sitio de doxorrubicina utilizando nanopartículas core-shell iterativos 

como nanopayload y ácido fólico como agente de dirección para las células cancerosas. Las 

múltiples iteraciones de oro y diferencia en el tamaño de la carcasa y formas han sido bien 

explicada mediante DRX y HRTEM. HAADF-STEM y asignación de las líneas confirma la 

formación de la estructura de núcleo-corteza. Una sola capa de Au en nanokernel ofrece la 

capacidad de unión a las drogas, pero recubrimiento múltiple aumenta aún más la estabilidad 

fisiológica y melodías de resonancia de plasmones, así como dieléctricos para la carga 

competentes de las drogas, así como la liberación dependiente del pH en el microambiente 

específico de la superficie. La funcionalización de ácido fólico y doxorrubicina se confirmó 

por espectroscopía UV-Visible, FTIR y TGA que confirmó la formación de interacciones no 

covalentes. SQUID explica la eficacia del método iterativo mediante la confirmación de que, 

incluso después de múltiples iteraciones Au, las nanopartículas core-shell fue altamente 

superparamagnético. La estabilidad de las nanopartículas fue analizado mediante la medición 
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de las mediciones de potencial zeta, que se encontró a estar en el intervalo de -5 a -40 a 

diferentes pH. Se encontró que el complejo de nanopartículas para ser no tóxicos para las 

células normales y considerablemente tóxica para las células Hep2 detectados por microscopía 

confocal y el ensayo de MTT. Se encontró que la capacidad de carga de fármaco para ser más 

de 80%. La distribución selectiva de doxorrubicina utilizando nanokernel óxido de hierro 

recubierto de oro como nanopayload se demuestra en esta tesis. De liberación de fármaco se 

llevó a cabo en 3 pH diferente, como 5,4, 6,8 y 7,4 y se encontró que a pH 5,4 la liberación es 

máximo, que es favorable para el tratamiento de células de cáncer. Doxorrubicina perfil 

cinética de liberación ha sido adaptarse sobre la base de orden cero, de primer orden, Higuchi 

y el modelo Hixson-Crowell. Resonancia magnética mostró que el core-shell posee contraste 

T2 mejorada para las células de imágenes normales y cancerosas. estudios de hipertermia 

magnética basados microondas exhibieron un aumento en la temperatura debido a la 

transformación de energía de radiación en calor a 2,45 GHz. Hubo una mejora en la 

citotoxicidad de células de cáncer cuando la hipertermia se combina con la quimioterapia. Por 

lo tanto, este único nanoplataforma puede ofrecer aplicaciones teranósticos de 3 puntas a 

saber., Dirigida administración de fármacos, la RM y la hipertermia. Este sistema de 

administración de fármaco puede actuar como un nanotransportador eficiente en el 

micromilieu cáncer para la orientación synaphic, diagnosticar y asesinar de las células 

cancerosas, rescatando así la vida de los pacientes. 

Palabras clave: óxido de hierro, oro, las nanopartículas core-shell, ácido fólico, doxorrubicina 
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Compilation thesis  
 

 This thesis is a compilation of one book chapter and three research articles. The 

contribution of the candidate and co-authors includes chapters 1 & 2, 4, 5, and 6 are hereby 

set forth. 

Chapter 1 & 2: based on published book chapter.  

 Goldie Oza, M. Ravichandran, Pravin Jagadale, S. Velumani, Engineering of Nanobiomaterials, 

Chapter 14: Inorganic nanoflotillas as engineered particles for drug and gene delivery, 1st Edition, Volume 2, 

Applications of Nanobiomaterials, Edited by A. Grumezescu, pages 429-483; 01/2016, Elsevier, ISBN: 

9780323415323. Doi: http://dx.doi.org/10.1016/B978-0-323-41532-3.00014-2  

Chapter 4: based on research article which is under communication. 

 M.Ravichandran, Goldie Oza, S. Velumani, Jose Tapia Ramirez, A. Vera, L. Leija, Designing 

a versatile nanocargo as a tri-pronged kunai for cancer therapy  

Chapter 5: based of published research article.  

 Ravichandran, M. et al. Plasmonic/Magnetic Multifunctional nanoplatform for Cancer 

Theranostics, Sci. Rep. 6, 34874; Doi: 10.1038/srep34874 (2016) 

Chapter 6: based on research article in preparation for communication. 

 Nano-Flotillas MnFe2O4@Au core-shell nanoparticles: An efficient MRI contrast agent, magneto-

hyperthermal and drug-delivery armada for cancer 
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1. Introduction 

1.1 Nanomedicine 

  Nanomedicine, the application of different nanostructures in the field of medicine 

which is aiming to revolutionize the health of humankind by a new developmental sector of 

nanopharmaceuticals1. The rapid evolution of nanomedicines has the huge probability to give 

many benefits when correlated to conventional medicines2. The major advantage of 

nanomedicine is to create a multifunctional platform using one nanostructure. Therefore, the 

various properties of nanostructures/NPs are exploited as tools in all aspect of medicine 

starting from diagnosis to treatment even at a molecular or cellular level for very rare and 

irremediable diseases3. Some of the application of nanomedicine are as follows: drug delivery, 

therapies, in vivo imaging, in vitro diagnostics, biomaterials, active implants, bone substitute 

materials, dental restoratives and antibiotic materials4–6. In the last two decades, significant 

progress has been made in the field of nanomedicine and nanobiotechnology, resulting in an 

enormous number of products. So, by the end of 2020, one-third of research patents and many 

start-up companies in the nanomedicine sector will engage in the biomedical applications7. To 

be specific, as of 2013-1265 molecules are registered for clinical trials in which 789 were for 

nanomedicine applications or products8. Figure 1.1 represents the list of some of the 

important nanomedicine-related search terms in ClinicalTrials.gov9. Therefore this proves the 

field of nanomedicine is booming at a faster rate. The global nanomedicine market was $1 

trillion by 2015 but expected to be 100 fold in just 7 years10. 

 

Figure 1.1. ClinicalTrials.gov search terms with the number of results (Adapted with the 

permission from11) 

 From the growth of nanopharmaceuticals field12 it is expected that the drug 

nanocrystals will majorly contribute in the market by the year 2021, generating ≈ $81.921 



Chapter 1 

 

4 

 

million USD13, which is of 60:40 split in the market between nanocrystals and classic drug 

delivery systems10. It also contributes equally to diagnostics devices based on NPs11 (Figure 

1.2). 

 

Figure 1.2. Graph representing the number of nanostructure based device and therapeutics 

in investigation and commercial product (Adapted with the permission from11) 

 But the application of nanomedicine products will have to pass through different 

developmental stages, from basic research to a commercialized product in the market8 (Figure 

1.3). Most of the nanomedicine which is anticipated in the research will take more years from 

clinical use. 

 

Figure 1.3. Five general stages of nanomedicine development (Adapted with the permission 

from11) 

 Foresight and assessments represent a very bright future for both therapeutic and 

diagnostic uses in nanomedicine. As a matter of fact, nanomedicines sector may excel other 

nanotechnologies because it is one of the few that has a distinct market in healthcare. To prove 

the above statement, Table 1.1, 1.2 & 1.3 represents some of the nano based drugs, devices, 

and implants which are approved by FDA and currently available for clinical use in many 

countries. 
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Table 1.1. Some of the FDA-Approved Agents utilizing Nanomedicine (The table is reproduced 

with permission from reference11) 

 

Table 1.2. Examples of applications of nanomaterials in implants (The table is reproduced with 

permission from reference11) 
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Table 1.3. Medical Devices and Diagnostics utilizing Nanomedicine (The table is reproduced 

with permission from reference14) 

 

 Finally, the unique properties of nanomedicines can effectively provide innovative 

solutions for treating many diseases. And a number of FDA-approved products and devices 

containing nanomaterials have already become available which is advancing the medicine and 

improving health care with a big hit. Even though there are various barriers that interfere the 

designing and availability of nano based medical products, it is expected that various scientific 

research in this operation will continue at a rapid pace, making these products become an 

essential segment of regular medicine in the coming future14. 

1.2 Cancer therapy 

 Currently, cancer is a second leading disease which causes major death in the world 

next to cardiac diseases15. Cancer causing factors include genetic factors; lifestyle factors, some 

types of infections and exposures to types of certain chemicals and radiation. According to 

the expert's prediction, there will be 22 million new cases each year16 (Figure 1.4).  
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Figure 1.4. Predicted global cancer cases from 2012 to 2035 by WHO 

 In the present scenario, the treatment for common types of cancer is surgery, 

chemotherapy, radiation therapy, etc17. Even though these treatments have undoubtedly 

improved the survival of the cancer patients but they are certain drawbacks. For example, in 

case of prevailing cancer chemotherapy, the drugs distribute nonspecifically in the patient 

body, thus affecting both cancerous and normal cells18. Thus causing serious side-effects to 

normal tissues, cells, and organs, leading to a low quality of life for cancer patients19. Cancer 

treatments represent to be the largest therapeutic area for approved many nanomedicines, as 

well as for patents and research publications20. Therefore, many research attempts are made 

worldwide to attack only cancer cells specifically by sparing normal cells. So to accomplish the 

above goals, scientists are now focused to design new and better drugs to treat the cancer cells 

at the molecular level by employing the field of nanomedicine or nanopharmaceuticals13. These 

fields are selected appropriately by considering some of the inevitable characteristics such as  

 biodegradability,  

 biocompatibility,  

 conjugation,  

 Complexation or encapsulation21.  

 Some of the important strategies for designing multifunctional nanostructures for 

cancer theranostics involve:  

(1) Encapsulation and/or  

(2) Covalent or noncovalent binding of components   
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which allows to recognize the cancer; allow tumor imaging, deliver a drug and kill the tumor 

cells22. The nanopharmaceuticals also aims to achieve a drugs with better advantages including,  

 enhancing solubility of drugs,  

 increasing the circulation time,  

 decreasing non-specific uptake,  

 avoiding side effects,  

 intracellular penetration,  

 ultimately aiming for specific cancer cell targeting,  

 designing multifunctional NPs,  

are developed and used for cancer theranostics to overcome the classical cancer treatments23–

28. By achieving these goals there are already more than 20% of the therapeutic nanoparticulate 

systems already in the market for anticancer applications. 

 In cancer treatments, multifunctional nanosystems are completely dependent on the 

enhanced permeability and retention effect (EPR) caused by leaky vasculatures for the better 

accumulation of drug at the tumor sites29,30. But the NP size should be in the range of 20-100 

nm to exploit the EPR effect31. These effect has given a pathway for various therapeutic NPs 

as a promising candidate to take over the traditional chemotherapy by killing or targeting only 

the cancer target site leaving the normal cells with negligible side-effects. 

 Currently, several NP-based chemotherapeutics have emerged in the market, while 

many of them are undergoing various stages of clinical or preclinical development (Table 1.4). 

Some notable examples are Doxil and Abraxane, both are administered as a first-line 

treatments in several types of cancer32–35. 
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Table 1.4 Some of the examples of investigational agents for various types of cancers in U.S. 

(The table is reproduced with permission from reference14) 

 

 Therefore, several NPs are designed in various ways with surface modifications, 

encapsulations etc., which have been widely investigated from diagnosis to therapy for cancer 

applications. This concept is becoming more and more common to many chemotherapies, 

gene therapies including optical, ultrasound, computed tomography (CT), MR imaging and 

nuclear imaging. These nanoparticle based systems are highly efficient to deliver the payload 

to a specific region by which not only treated but also to diagnose using imaging techniques 

with minor side-effects which are the main motto of nanomedicine based therapy for cancer 

treatment. This is achieved even with nanomole and picomole concentration of high 

sensitivity. With these promising advantageous method/techniques, it plays an important role 

for future cancer medicine. 
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1.3 Essential properties of nanoparticles for Therapeutic purpose and their 

applications in cancer 

1.3.1 Essential properties of nanoparticles for Therapeutic purpose 

 The prevalent use of NPs for various biomedical applications continues to grow 

rapidly with high significance because of its unique properties36,37. Some of the basic properties 

plays an important role to make NPs unique which are as follows38: 

 NP as scaffolds, 

 Surface area of NPs,  

 Size matters!, 

 Optical properties, 

 Magnetic properties,  

 NPs platform. 

1.3.1.1 Nanoparticle as scaffolds 

 Metallic NPs act as a platform or scaffold for the assemblage of multifunctional 

structures. They are colloidal suspensions, soluble in complex environments such as blood 

and tissues. They can be efficiently utilized for a plethora of applications such as sensing, 

imaging, and targeting of NPs inside the physiological system. This proficiency is enhanced by 

surface orchestration, ligand binding and slight alterations in the composition of the NP 

assembly39,40. Surface orchestrations such as polymers, lipids, peptides, DNA on the inorganic 

NPs help them to be stable due to electrostatic and steric effects, both. Ligands such as 

antibodies, enzymes bound to the NPs can tether surface receptors or substrates on the cellular 

exterior. Inorganic NPs can be doped by different metals so that there is physiologically 

desirable change in their properties, which helps them to maintain stability, biocompatibility, 

effective biodistribution and clearance capabilities. When the stability of NPs are ensured, then 

they are used for functionalization with drug/genes, fluorescent dyes, targeting ligands, so that 

they act as an efficient theranostic agent41,42. 

1.3.1.2 Surface area of nanoparticles 

 The surface to volume ratio is considered to be one of the important criteria for the 

properties of NPs. For example, the stability and versatility of NPs are completely depend on 

the large surface to volume ratio. This property can be tuned by controlling the size of the 

materials which plays a vital role in optimizing drug payloads and other NP based interactions. 
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And this makes the nanomaterials different from the bulk43. Figure. 1.5 illustrates the high 

surface to volume ratio of the material.  

 

Figure 1.5. Illustration depicting the exponential increase in surface area (Adapted 

from the National Technology Initiative44) 

 The large surface area of NPs is a critical factor which allows different surface 

orchestrations such as drug/gene, peptides, DNA leading to its multifaceted functions of 

biosensing, imaging and synaphic delivery of the drug/genes and gene. Moreover surface 

modification by lipids, polymeric coatings act like a stealth carrier circumventing the problem 

of reticuloendothelial clearance. But the basic requirement is to have a staunch and solid 

inorganic core which can give support for functionalization as well as allows biomolecules to 

interact along with the synaphic ligand. Such a paradigm scaffold helps in eliminating major 

problems arising due to the unfolding and rearrangements taking place when present in 

biological systems, thus leading to enhanced control of the physical chemistry of the surface. 

1.3.1.2 Size matters! 

 Nanoparticles en route to their target in biological systems have to confront many 

barriers such as host immune system, hemodynamic shear force, Oxygen tension, interstitial 

fluid pressure, extracellular matrix. The transportation of a circulating nanoparticle is possible 

due to main reasons 

1) Applied convective forces, 

2) Brownian motion45, 

 The extravasation of NPs is the resultant of the rate of fluid flow as well as filtration 

through the capillary, which completely depends on the hydrostatic pressure gradient (HPG). 

HPG is nothing but the vascular pressure and interstitial fluid pressure (IFP) difference. In 

the case of solid tumors, IFP is very high as compared to normal tumors due to the leaky 
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vasculature and diminished lymphatic drainage. Reduced blood flow and enhanced IFP leads 

to inhibition of transendothelial migration of NPs. Hence, increased NP size requires higher 

hemodynamic shear force to circumvent the higher IFP in tumors. This can be possible either 

by increasing the blood pressure transiently for enhanced drug/gene-delivery or induce 

hyperthermia for increased blood flow. Moreover, the most important step even before 

transvascular transport is their margination, i.e. the radial drift which dictates the 

transportation of a moving NP towards the blood vessel walls. The size of the NP is important 

enough when they have to interact with the vascular bed and have meaningful interactions 

with them. Margination is especially not favored when the NPs are transported in the tumor 

vasculature via convective means46–48. Moreover, the transportation of larger spherical 

nanoparticles is purely driven by convection, resulting in a greater difficulty in breaking away 

and moving towards the vessel wall. In contrast, smaller NPs show relatively higher diffusion 

rate, thus allowing them to travel laterally in the blood vessel easily. This has been reported by 

a study performed on liposomes which showed that liposomes of size 65 nm possess 3.4 times 

more margination rate as compared to a 130 nm liposome49. 

1.3.1.3 Shape of a nanoparticle 

 Shape plays a pivotal role in margination of the NPs towards the blood vessel walls. 

In contrast to spherical NPs, oblate-shaped particles experience torques which cause tumbling 

and rotations, which leads to lateral drift of NPs towards the blood vessel walls48,50. The cellular 

membranous interface interacting with NPs is dominated by its shape. Moreover, the 

reticuloendothelial clearance of the NPs is also dictated by the shape. There are reports which 

say that oblate shaped NPs are more favorable for circulation due to their lower uptake by 

macrophages51,52. This leads to increment in the blood residence time of NPs, thus increasing 

the probability of NPs to reach their destination without being cleared by the immune system. 

Immune system itself acts as a major obstacle which needs to be circumvented either by 

capping the NPs using stealth carriers or altering the shape. Moreover, entry of NPs inside 

normal and cancerous cells is also dominated by its geometry and strongly depends on the 

avidity of the NPs. Geometrically enhanced targeting is essential which can efficiently 

counterbalance hemodynamic forces, thus shedding off the NPs from the endothelium53. 
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Figure 1.6. Different shapes available for NPs: triangle prisms, cubes, truncated 

cages, plates, spheres, shells, and nanorods (Reproduced with permission from38) 

 Evasion of NPs especially by the macrophages is possible by two most critical 

parameters, size, and its shape. Spherical shaped NPs are responsible for enhanced rate of 

macrophage uptake. When 6 distinct classes of NPs of different shapes were evaluated, based 

on contact angle parameter, particle internalization velocity can also be deduced. Particles 

which possess high aspect ratios (~20) and if they are aligned with the long axis parallel to the 

cell membrane, it will internalize very slowly as compared to the particles which are aligned 

with its short axis parallel to the cell membrane. There is a discrepancy between the high rate 

of attachment of NPs and their internalization rate, in the sense that it’s not necessary that 

those particles which possess a high rate of attachment will have very high internalization too. 

Previous reports have found that prolate ellipsoids having a major axis of 0.35-2 µm and minor 

axis of 0.2-2 µm had both highest attachment rate and slow internalization rate as compared 

to spherical particles of radius 0.26-1.8 µm and oblate ellipsoidal NPs having a major axis of 

0.35-2.5 µm and a minor axis of 0.2-2 µm54. Moreover, the rate of phagocytosis of NPs 

depends on a particular geometry as well as it is purely organ-dependent. Once this process of 

phagocytosis is evaded by the NPs, the next most important task is to escape the blood vessel 

and traverse it, once it reaches the target site. The margination of NPs is dominated by their 

translational and rotational motion as well as buoyancy, viscous drag, Reynold`s number, 

gravity, Van der Waals forces of interactions, electrostatic double layer, and steric repulsive 

interactions. Spherical NPs follow streamline flow during their travel to balance these 

forces47,55. In contrast to spherical NPs, rod-shaped particles, based on their angle of 

orientation face lateral drift in the blood circulation. This drift occurs due to variable drag 

forces and torques experienced by the rods under blood flow. These dominant forces are 

responsible for their ability to marginate47,56. Furthermore, discoidal shapes (AR=0.5), 

hemispheres and ellipsoidal NPs (AR=0.5) also possess higher drift velocities as compared to 
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spheres46. But out of ellipsoids, hemispheres, and discs, only discoidal particles distinctly move 

in a highly oscillatory trajectories leading to enhanced interaction with the vessel wall. As the 

hemodynamic shear forces are decreased, the spherical NPs marginate almost two-fold. Shape 

readily enhances the process of margination; nanorods of AR~2 exhibited seven-fold more 

accumulation than nano-spheres under the same shear forces. Discs marginate more readily 

as compared to rods. High hemodynamic shear forces are also involved in lower adhesion 

rates of NPs since high shear rates dislodge the adhered particles and prevent any particle 

margination since it is really difficult for NPs to circumvent the problem of rapid flows. 

 

 

 

 

 

 

 

 

Figure 1.7. Effect of shape on NP margination Spherical NPs tend to remain in the 

center of the flow. Variable forces and torques exerted on rods underflow allow 

them to marginate and drift towards the vessel wall, where they are able to bind to 

wall receptors or extravagate through gaps between cells of the endothelium. 

(Reproduced with permission from 57) 

 The geometry of the vessel is also an important criterion to evaluate margination of 

NPs (Figure.1.7). At bifurcation point, particles are more prone to get deposited rather than 

straight vessel58. The shape of the NP further enhances the deposition rate at the vessel 

junction, for instance, spheres display a lower ratio of bifurcation to straight vessel wall 

attachment than the ellipsoidal discs. Moreover, oblate shapes exhibit more advantages 

towards complex vessel geometries. 

1.3.1.4 Optical properties  

 Biomedical Scientists working on inorganic NPs exploit their optical properties for 

sensing59–61 and imaging purposes62,63. There is a very narrow window of light which allows 

penetration through the tissue. But often this narrow window is responsible for the effective 

excitation of organic fluorophores, the use of NPs poses a dynamic opportunity for the 
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exploitation of this spectral regime. Both semiconductors and metallic NPs exhibit optical 

properties. In the case of semiconductors, the physical confinement of the material at the 

nanoscale leads to specific optical properties. This concept of treating excitation of electrons 

as a "particle in a box" is known as quantum confinement effect64. Any alteration in the size 

or shape of a NP leads to changes in its electronic excitation behavior. This change in the 

absorption correspondingly causes a shift in its photoluminescence (PL), thus these 

nanoparticles can be tuned based on their desired applications. 

 

Figure 1.8 CdTe/CdSe QD photoluminescence under UV excitation. The size of 

the QDs increases from left to right, modulating the emission from 520 nm to the 

NIR. (Reproduced with permission from 38) 

 Figure.1.8 shows CdSe QDs series which exhibits different emission wavelengths due 

to alterations in size. They can be exploited in biomedical applications since quantum 

confinement is material specific65. 

 Metallic NPs exhibit a unique phenomenon of SPR66. SPR is defined as collective 

oscillation of conduction electrons at the surface of the metal NPs due to the excitation by the 

corresponding resonant wavelength of light. Hence this consequently causes a strong 

absorption of 109 M-1cm-1 OD for a 40 nm GNPs and ultrafast electronic relaxation. The SPR 

shift towards longer wavelengths is purely dependent on size and shape of the metal NPs. As 

the size of the NP increases, the amount of scattered light also increases as per Mie's theory. 

Furthermore, variations in shape such as nanorods, nanocages and nanoplates also result in 

unique scattering properties. This marriage between unique SPR phenomenon and scattering 

results in the enhancement of scattering properties, which makes them a proficient candidate 

for biomedical imaging applications. 

1.3.1.5 Magnetic Properties 

 An electron is considered to be a point charge which orbits around the nucleus, thus 

rendering it orbital angular momentum and producing a magnetic field. Thus an electron 
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possesses orbital magnetic moment. Another fact that electron has a spin also adds up to the 

total magnetic moment of the electron. The total magnetic moment of the atom, in turn, is 

the vectorial addition of the moments of individual electron of the atom. The net magnetic 

moment of electrons is zero for energy levels filled with even numbered electrons. Hence, 

most of the solids do not possess net magnetic moment. But, there are certain transition metals 

such as iron, manganese, and cobalt, that have partially filled d-orbitals. Hence they have a net 

magnetic moment.  

 Faraday classified different substances to fall into three categories according to their 

behavior in a nonuniform magnetic field viz., diamagnetic, paramagnetic and ferromagnetic 

substances. In diamagnetic substances, the magnetic moments of the electrons in an atom 

cancel out each other. Hence the resultant magnetic moment of the atom is zero. In 

paramagnetic substances, all the magnetic moments of the electrons in an atom do not cancel 

out, so that the atom, as a whole, has a magnetic moment. Suppose that a specimen of a 

paramagnetic substance is placed in a magnetic field. Then each atomic magnet tends to rotate 

and align itself with the direction of the field. Perfect alignment is hindered by thermal 

vibrations of the atoms. If the temperature is kept constant, and the strength of the applied 

magnetic field is increased, then a stage is reached when almost all the elementary dipoles align 

themselves with the direction of the field. However, when the specimen is removed from the 

magnetic field, the alignment is disturbed by thermal vibrations and the specimen gets 

demagnetized. In ferromagnetic substances, individual atoms of ferromagnetic substance also 

behave like magnetic dipoles. A solid specimen of a ferromagnetic substance like iron is 

composed of many microscopic crystals; in each crystal, there are one or more regions, called 

domains within each of which there is an essentially perfect alignment of elementary magnetic 

dipoles. This is due to the special form of interaction, called exchange coupling between 

adjacent atoms. Thus ferromagnetism results not only from a property of an individual atom 

but also from an interaction between neighboring atoms. Now suppose that a specimen of a 

ferromagnetic substance is placed in a magnetic field. Then the domains which are already 

aligned in the direction of the magnetic field grow at the expense of the adjacent domains 

which are not so aligned. The atomic dipoles within some domains suddenly swing around to 

line up with the direction of the external field. As the field grows stronger, more and more 

domains flip around to line up with the direction of the external field, while those already 

aligned continue to grow. Finally, a stage reaches, when all the magnetic moments of all the 
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domains get aligned itself in the direction of the magnetic field. The specimen now becomes 

a permanent magnet and does not lose its magnetic property in spite of the magnetic field 

removal from the vicinity of the specimen67,68. 

 Based on the net magnetic moment ferromagnetism can be distinguished from 

ferrimagnetism and anti-ferromagnetism. Ferrimagnetic materials always possess weak 

magnetic dipoles that are aligned in an antiparallel direction to the proximal strong dipoles in 

the absence of the external magnetic field. In the case of antiferromagnetic material, both the 

proximal dipoles are antiparallel in the absence of the external magnetic field and they are 

responsible for canceling each other69 (Figure 1.9). 

 

 

 

 

 

 

 

 

 

Figure 1.9. Schematic illustrating the arrangements of magnetic dipoles for five 

different types of materials in the absence or presence of H (Reproduced with the 

permission from reference69). 

1.3.1.6 Nanoparticles platform 

  The main strategy for NP use in biomedical applications depends on its 

versatile modifications. Therefore, various nanoparticles act as well-defined multifunctional 

structures. This is achieved by slight variations in composition, surface coating, etc., which can 

lead enormous possibilities for sensing, imaging, and targeting of nanoparticles in biological 

systems39,70,71. 

1.3.2 Applications of nanomaterials in cancer  

 The tremendous advancement in the field of nanotechnology for over two decades 

resulted in a variety of nanostructures with novel properties. Almost all kinds of 

nanostructures are exploited for cancer diagnosis and treatment than any other medicine field. 

Some of the nanomaterials are as follows (Figure 1.10.): 
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Figure 1.10. Classes of nanomaterials for cancer treatment and diagnosing 

 Each NPs have their own functions, so often used to fabricate multifunctional NPs. 

For example,  

 Plasmonic NPs with different size and shape, have greater application in 

cancer for photothermal therapy (PTT)72,  

 Quantum dots (QDs) are useful in labeling and detection73,  

 MNPs are used for MR imaging, drug delivery and hyperthermia therapy74, 

 Polymeric NPs are used for encapsulation of therapeutic agents to increase 

half-life in the biological system75. 

Some of the applications of nanomaterials in the cancer therapy and detection are as 

follows: 

1.3.2.1 Cancer detection 

 The invention of different imaging procedures gives the ability of detecting and 

visualizing tumor which is important before the treatment. Imaging techniques have become 

an important sector for early detection of cancers field. Because with these techniques, the 

early stage of cancer detection is made possible and sometimes even before the appearance of 

symptoms. And also important for evaluating the various stage and the exact locations of 

cancer which is very helpful pre and post-surgery, treatments. 

1.3.2.1.1 MR Imaging 

 MR imaging is a non-invasive imaging procedure which produces three-dimensional 

(3D) detailed images without the use of any damaging radiation76. All the living objects and 

materials surrounded by us are mainly composed of atoms. Atoms consist of 3 particles that 
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are positively charged - protons, negatively charged - electrons, and neutrons with a neutral 

charge. The protons and neutrons are located inside the nucleus and electrons are present 

outside the nucleus as shown in Figure 1.11. These positively charged protons with a spin 

behaves like a mini bar magnet with its own magnetization. The billions of small magnets 

when placed within a large magnetic field, these magnetic vectors start interacting with the 

strong magnetic field and start rotating at a certain speed which is employed for recording the 

image from the scanner. For example, a hydrogen proton can be either parallel or antiparallel 

to the direction of magnetic. Different energy levels of protons determine whether they are 

parallel or antiparallel to the magnetic field. When protons are placed in a strong magnetic 

field it starts rotating around their axis at a frequency which can be determined by a constant 

number and magnetic field strength. This rotational motion is called magnetic resonance and 

defined by Larmor equation, which is as follows: 

𝑤0  =  𝛾 × 𝐵0……………. (1) 

𝛾 - proton-specific constant called gyromagnetic ratio for hydrogen proton, 𝐵0 - Applied 

main static field in the unit of Tesla, 𝑤0 - rotational speed or frequency of the protons placed 

in the magnetic field in the unit of MHz77. 

The MRI scanner is comprised of 3 main components are (Figure 1.12.) superconducting 

primary magnet, 3 magnetic field gradient coils, RF transmitter and receiver. 

 

Figure 1.11. Composition of an atom 

 

Figure 1.12. MRI Scanner cutaway78 



Chapter 1 

 

20 

 

It is widely used in medicine and biology due to its various advantages over other imaging 

methods:  

 versatile contrasts,  

 speed,  

 the best spatial resolution,  

 the possibility of multidimensional imaging,  

 structural information  

 functional information.  

It is widely employed for  

 Detection of diseases,  

 Diagnosis,   

 Treatment monitoring.  

This technology is based on the direction of the rotational axis of protons found in the water 

in the living tissues79. 

Working principle of MRI 

 MR imaging employs strong magnets which are capable of producing a magnetic field 

which forces protons in the human body to align with that field. When an RF current is pulsed 

through the body, the protons are stimulated and spin out of equilibrium, attracted towards 

the pull of the produced magnetic field. When the RF field is off, the sensors in the MRI 

scanner can detect the energy released by the protons which realigned with the magnetic field. 

The time taken for the realignment of protons with the magnetic field, as well as the energy 

released, is purely depend on the changes due to the environment and also chemical nature of 

the molecules. By this measurements, physicians are able to find the difference between 

various tissue types based on the magnetic properties. 

MR Imaging Parameters  

 To obtain an MR image, a patient is placed inside MR scanner and must remain very 

still during the imaging process to avoid blurring of the image. Contrast agents are injected to 

a patient IV either before or during the MRI procedure in order to increase the speed of 

protons to realign with the magnetic field. As the protons realign faster, the resulted image 

will be brighter. 

Relaxations 
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 The two main concepts in MRI are T1 and T2 relaxation80 which can be defined as 

follows:  

  T1 relaxation (spin-lattice relaxation) - interaction of protons with their 

environment (Figure 1.13.) 

 

Figure 1.13. Mechanism of T1 relaxation 

  T2 relaxation (spin-spin relaxation) - interactions of protons among them 

(Figure 1.14.) 

 

Figure 1.14. Mechanism of T2 relaxation 

 MR imaging basically depends on the T1 or T2 times of protons present in various 

microstructures of organs to form a contrast image3. It provides perfect spatial resolution both 

morphologically and functional imaging in order to diagnose and assess the stages of a disease. 

But this is mainly due to the contrast agent which distinguish the normal and cancer cells. 

Nanomaterials with magnetic properties are usually employed either as T1 or T2 contrast 

agents, depending on the change in relaxation times of proton. Magnetic property can be given 

by paramagnetic ions, such as  

 manganese81,  

 iron82, 
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 gadolinium83. 

So, these ions are incorporated as a dopant within a magnetic or nonmagnetic matrix, or 

attached to the surface of a NP. 

 The most commonly used T1 contrast agent is Gd and T2 contrast agent is SPIONs. 

SPIONs usually reduce the spin-spin relaxation time thus decreasing the MRI signal and 

produces negative contrast84. These NPs can also be attached or encapsulated with imaging 

probes like QDs for dual purpose85–88. Recently, novel contrast agents have been designed 

which is based on GNPs for MR imaging89. Because the GNPs increases the MR imaging 

sensitivity which is used for clinical diagnosis90. 

1.3.2.1.2 Computed Tomography (CT) 

 CT is one of the imaging technique which uses computer processed X-ray scans to 

produce tomographic images of a specific site of the body91. These produced images are used 

for diagnostic and therapeutic purposes in medicine. For this technique, it is necessary that 

the contrast agent is specifically injected into the target site to produce effective images. So, 

usually, high atomic weight elements are employed for high X-ray absorption. Some of the 

commonly used contrast agents are iodine, gold, platinum, bismuth and tantalum3. The 

limitations for these agents are their short half-life in the body. 

 Therefore, NPs based contrast agents are developed which can be particularly targeted 

to the site of interest for better imaging. Among them, GNPs are exploited more because of 

high X-ray attenuation coefficient, synthesis, and biocompatibility. These NPs shows 5 times 

X-ray attenuation coefficient in the targeted cells. For example, 30 nm antibody-conjugated 

GNPs were injected intravenously in vivo for tumor targeting and CT imaging92–94. Recently, 

PEG encapsulated GNPs are employed for blood pool and tumor imaging which has 

prolonged half-decay circulation time of 11 h in rats95. Currently, NPs with more than one CT 

contrast elements have also been designed to provide sufficient contrast enhancement. For 

example, BaYbF5 NPs containing two contrast elements have been developed96. 

1.3.2.1.3 Optical Imaging 

 Optical bioimaging employs an optical contrast provided by a change in the optical 

properties, such as light scattering, absorption, and luminescence between the region of the 

interest and the background region. This method enables diagnosis even at cellular or 

molecular level97 and also provides guidance for intraoperative surgical removal of tumors98,99. 
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NPs are used to create luminescence contrast for molecular imaging of cells and tissues, e.g., 

in coherent anti-Stokes Raman scattering (CARS) imaging for label-free detection100.  

 The quantitative nature of the method becomes an additional advantage for tumor 

diagnosis and staging and also to quantify the cancer cells. QDs and GNPs are considered as 

the best agent for this procedure from the commonly used fluorophores101. Because they are 

excellent probes for confocal microscopy and two-photon confocal microscopy102. 

1.3.2.2 Nanopharmacotherapy 

 Nanopharmacotherapy (Figure 1.15.) has an advantage of evaluating significant 

improvements in the pharmacokinetics (PK)/(PD) pharmacodynamics profile of various drug 

moieties. 

 

Figure 1.15. Benefits of nanopharmacotherapy 

 Some of the advantages of nanopharmacotherapy is as follows: 

1.3.2.2.1 Targeted therapy 

 A drug-NP formulation can increase the concentration of drug at a target-specific to 

diseased sites. This depends on the extent of drug localization and targeting is divided into  

(a) 1st order - particular tissue,  

(b) 2nd order - particular cell type, 

(c) 3rd order - particular organelle within a cell.  

 This can be achieved by EPR effect in the tumor tissues based on the formulation 

size32. But, this way of targeting is possible to cancer and inflammatory sites. Another way of 

targeting is usually by surface modified NPs to target cells/tissues103. 

1.3.2.2.2 Controlled Release 

 NPs offers a unique way to release the drugs in a controlled manner104. The types of 

release include as illustrated in Figure 1.16. 
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 Sustained release - it is a time-dependent release of drugs into the surroundings 

with an extended time period, 

 Internal stimuli-sensitive release - the release depends on 

physiological/biochemical processes105, 

 Externally activated release -  the release involves a two-step process,  

 Drug bio-distribute and accumulates at the target site,  

 And activated by external stimuli, to release drug106,107.  

 

Figure 1.16. Types of Controlled release 

1.3.2.3 Nanotherapies 

 NPs offers various types of therapies which are shown in Figure 1.17. Some of them 

are explained are as follows: 

 

Figure 1.17. Types of nanotherapies 

1.3.2.3.1 Drug Delivery 

 The drug delivery approach is a fusion of drug molecules with NPs via encapsulation, 

absorption or conjugation for administration in the body for treatment. Nano based drug 

delivery system provides a platform for attaching cocktail of drugs which can be targeted for 

complex diseases as a combination therapy. Usually for drug delivery systems either lipid or 

polymer based nanosystems are used. But recently, carbon and porous structures have been 

used108. Apart from this, other nanoparticles such as semiconductor NPs109, GNPs and iron 
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oxide NPs110 etc are also used. These nanostructures can be used to co-incorporate many 

therapeutic or diagnostic agents for combination therapy as multifunctional agents. 

1.3.2.3.2 Photothermal therapy (PTT) 

 In PTT therapy, the NP itself serves as a drug for treating cancer cells1. Mostly, in this 

therapy metallic NPs with plasmonic absorption associated has been exploited. These 

plasmonic nanostructures can generate local heating up to 113°F. So, these NPs are targeted 

specifically to cancerous areas and subsequent light irradiation using near-infrared (NIR) laser 

results in cell death by the process of necrosis. This technique is also known as plasmonic 

photothermal therapy (PPTT), this therapy was tried initially by using a core-shell 

nanostructure consisting of a silica core and gold shell72. Furthermore, the gold nanoshells and 

nanorods with tunable SPR are used to treat thick tumor111. 

1.3.2.3.3 Hyperthermia/Magnetocytolytic Therapy 

 Hyperthermia is a technique of heat generation the tumor site112. In cancer treatment, 

hyperthermia is employed as one of the many clinical protocols as a co-adjuvant therapy. The 

raising the temperature in the cancerous environment results in changing the physiology of 

cancer cells leading to apoptosis113. This procedure complements with other available 

treatments like chemotherapy, radiation therapy, surgery, and gene therapy for cancer114. This 

therapy is classified into 3 different types based on the degree of temperature rise in the tumor 

region,  

 Thermoablation – uses higher temperatures of heat >46°C which cause cells to 

undergo directly to tissue necrosis or coagulation,  

 Moderate hyperthermia - <41°C to <46°C is used which effects cellular and tissue 

levels, 

 Diathermia - temperatures above <41°C is employed usually in the treatment of 

rheumatic diseases. 

 During this heat treatment, the cancer cell undergoes irreversible protein damage 

which results in protein aggregation or inhibition affecting all the cellular functions115. The 

hyperthermia treatment purely depends on the  

 Heat generation in the targeted site,  

 Exposure time,  

 Characteristics of cancer cells116. 
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 Depending on the diseased location, hyperthermia is also categorized as follows: 

 Local hyperthermia involves small area of interest (tumor), 

 Regional hyperthermia involves larger areas (whole tissue/organ),  

 Whole body hyperthermia to treat metastatic cancer.  

 The main challenge in this therapy is producing heat to kill tumor cells without 

affecting the healthy cells. Because of this reason, local hyperthermia is considered to gain 

more attention than other types of hyperthermia117,118. Hyperthermia treatment was carried out 

by using external devices for transferring energy to tissues usually by light irradiation or 

electromagnetic waves. Some available techniques are ultrasound, RF, Mw, IR radiation, etc. 

Oncologists use hyperthermia combining with radiotherapy or chemotherapy or sometimes 

both. This approach results in eradicating cancer cells even though they are more vulnerable 

to other treatments. 

 The possibility of converting magnetic into thermal energy made the use of magnetic 

materials for hyperthermia treatment in 1957119. In this therapy, only MNPs are employed 

which can be controlled by magnetic field120. For example, at first, MNPs are injected into the 

body and using an external magnetic field the NPs are guided to the target site and using 

magnetic field the nanoparticles tend to produce heat which can release the drug and also the 

excess local heat (43-45°C) can kill the cancer cells. It is known as magnetically induced 

hyperthermia or magnetocytolysis121. The terms specific absorption rate (SAR) or specific loss 

power (SLP) is usually measured to evaluate the absorption efficiency of material (MNPs) to 

produce heat when exposed to AMF which defines the conversion of magnetic into heat 

energy122. For this applications, MNPs are proving to be a potential candidate because of their 

efficiency of converting magnetic energy into heat even at very less concentrations123. The heat 

generation by MNPs is mainly due to two processes (Figure 1.18.),  

 Néel relaxation (internal) - the magnetic moment rotates within each particle, 

 Brownian relaxation (external) - the particle rotates as a whole124, 

 

Figure 1.18. Two relaxations for heat generation 
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 Brownian 𝜏Β and Néel relaxation 𝜏N times125,126 are calculated using the following 

equations, 

𝜏Β =
3𝜂VH

kT
……………… (2) 

where 𝜂  is the viscosity coefficient of the matrix fluid, k  the Boltzmann constant 

(1.38×10−23 J K−1), and T  the absolute temperature. VH is taken as the hydrodynamic volume 

of the particle which is larger than the magnetic volume for a particle of radius. 

𝜏N = 𝜏0exp (
𝐾𝑉

𝐾𝐵𝑇
)…….. (3) 

where 𝜏0= 10−9 sec, 𝐾is the anisotropy constant, 𝑉is the volume of the magnetic 

particle, 𝐾𝐵 is the Boltzmann constant and 𝑇 is the temperature. 

Combining above two equations, overall effective relaxation time 𝜏 of the particles can be 

obtained, 

𝜏 =
𝜏𝐵𝜏𝑁

𝜏𝐵+𝜏𝑁
………………. (4) 

 The friction source from Néel and Brownian relaxation leads to a phase lag between 

H and the direction of the magnetic moments tends to produce thermal losses. So, by using 

the model of linear response times, it is easy to calculate MNPs SPL values127. SPL values are 

measured in terms of temperature rise per unit time and per gram of MNPs, multiplied by the 

calorific capacity of a sample. Usually, SPL values depend on following parameters:  

 MNPs structure,  

 Magnetic properties, 

 Amplitude,  

 AMF Frequency (f)128–131.  

 A number of factors play a major role in MNPs designing for optimizing their 

hyperthermic effect have been reported which are as follows,  

 Size and size-distribution,  

 Carrier Viscosity,  

 Magnetic Anisotropy,  

 Stabilizing Ligand,  
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 Ability for tumor size reduction,  

 Self-regulated hyperthermia,  

 Multi-functionality. 

 Using MNPs and alternating current (AC) magnetic field, the magnetocytolysis therapy 

was carried out132. Some of the NPs employed in hyperthermia therapy, such as Mn, Fe, Co, 

Mg, and their oxides have been investigated. Generally, MNPs based hyperthermia controlled 

drug delivery, it is two types of mechanisms.  

 Type I – Hyperthermia based controlled drug delivery through bond breaking: MNPs are attached 

with drug molecule through a linker and when AMF is applied, the drug molecule is 

released from the MNPs surface due to heating of the linker molecule133.  

 Type II - Hyperthermia-based controlled drug delivery through enhanced permeability: Drug is 

released from a polymeric matrix encapsulated with MNPs on the application of 

AMF/EMF134,135 due to cracks formation of nm scale within a polymer due to heat 

generated by the MNPs. 

As this thesis is majorly is concentrated on thermal ablation particularly Mw ablation, we are 

giving a brief explanation of the technique and advantages for the treatment of cancer. 

1.3.2.3.3* Thermal ablation therapy 

 The treatment of a tumor by thermal or energy-based ablation is a method of applying 

extreme temperatures, either it can very high or low, to induce irreversible cell injury leading 

to tumor apoptosis and necrosis. Energy-based ablation has been employed for treating many 

tumor types which include liver, kidney, lung, bone as well as breast, adrenal glands especially 

for the patients who are very poor for surgery136. This therapy has several advantages over 

surgical methods:  

 lower morbidity,  

 surrounding tissues are preserved,  

 extremely low cost,  

 less hospitalization times137,  

as well as the therapy can be visually monitored. 

 Currently, the commonly used thermal ablation techniques are  

 high-temperature-based:  

 radiofrequency ablation,   
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 microwave ablation (Mw),  

 low-temperature-based:  

 cryoablation. 

Cell death mechanism by thermal ablation: In this therapy, the cancer cells or tumor region 

is majorly focused which affects the microenvironment of tumor and damages cellular 

membrane and also subcellular organelles either by direct or indirect mechanisms138 (Figure 

1.19.). Usually, the lesions caused by heat ablations are of 3 zones139:  

i. central zone - immediately beyond the application tip which causes necrosis by 

ablation;  

ii. peripheral zone - the region from thermal conduction of the central zone undergoes 

apoptosis; 

iii. surrounding tissue - which is unaffected by ablation. 

 

Figure 1.19. The zones of hyperthermic ablation: The applicator tip is surrounded 

by three zones, a) The central zone undergoes coagulative necrosis at temperatures 

≥50 °C. Cell membrane collapse, protein denaturation, a halt in enzyme activity and 

DNA polymerase function, and mitochondrial dysfunction all occur138, b) The 

peripheral or transitional zone has a steep negative temperature-gradient. At 
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temperatures between 41 °C and 45 °C there is still a heat-induced injury, but it is 

sublethal and reversible. Metabolic functions might be deranged or halted, and cells 

in this zone are vulnerable to further injury; for example, radiation-induced inhibition 

of DNA repair and cell recovery can eliminate already susceptible cells. The 

peripheral zone has increased blood flow, and this results in increased oxygenation 

that sensitizes the tumor tissue to radiation and may increase the formation of 

reactive oxygen species (ROS). Increased blood flow in this area facilitates the 

accumulation of liposomally-delivered chemotherapeutic agents. Damaged local 

tissue exposes hyaluronic acid and markers of endothelial injury, which stimulates the 

expression of vascular adhesion molecules and chemokines that attract immune cells. 

This zone contains the most inflammatory infiltrates, including neutrophils, 

macrophages, natural killer cells, dendritic cells (DCs), as well as CD4+ and CD8+ T 

lymphocytes. Intracellular necrotic debris stimulates phagocytosis, and tumor cells 

are engulfed by antigen-presenting cells (APCs). Heat shock protein 70 (HSP70) can 

chaperone antigens to APCs, c) In the normal surrounding tissues, blood vessels 

cause a heat-sink effect, which dissipates the elevated temperature and decreases the 

ablation efficacy. Tumor antigens that are released after necrosis drain to nearby 

lymph nodes, where they can stimulate immature DCs and naive T cells140 (Reproduced 

with the permission from reference136). 

Microwave ablation (MwA):  

 MwA employs electromagnetic (EM) waves to produce maximum heat to kills cancer 

cells by hyperthermic injury. An EM field usually used is in between 900–2500 MHz, is created 

by using an antenna intratumourally. This EM field forces the polar molecules predominantly 

water within the tumor tissue to realign continuously with that of oscillating electric field141. 

This mechanism is known as rotating dipoles or dielectric hysteresis. The rotation of water 

molecules increases their kinetic energy causing temperature increment in the tissues which 

can be more than 75-80°C without the concern of disrupting therapeutic delivery. MwA is 

more appropriate for tissues with higher impedance like lung and bone, and for tissues 

especially with a high water content like solid tumours141. MwA has several advantages when 

compared to other ablation therapies,  

 ability to heat large tumor volumes,  
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 lower susceptibility to heat-sink effects because Mw systems are more faster and 

efficient142, 

 certain Mw frequencies can heat the cancer tissue up to 2 cm from the antenna139,  

 ability to use multiple antennas to increase the ablative effect, so larger tumors can be 

ablated simultaneously.  

1.4 Motivation and Outline of the thesis  

1.4.1 Motivation 

 The field of nanomedicine is rapidly growing and increasing the market demand to 

improve the public health by providing solutions to various unsolved diseases for many 

decades8. Therefore, this creates a huge demand for designing various nanomaterials for 

biomedical applications. But, the designing of new nanomaterial should meet the below 

criteria. Such as,  

 Preparation of nanomaterials by facile method,  

 Excellent physical property and performances,  

 High stability in physiological environment,  

 To have high biocompatibility and minimal toxicity, 

 Long half-life in the case of in-vivo applications.  

 Even though a range of NPs are exploited with a variety of properties have been 

introduced to the biomedical field, MNPs and GNPs are always accepted to be a potential 

candidate because of their balance between unique properties, stability, and 

biocompatibility143–145. 

 The significant importance of gold-magnetic nanocomposite initiated the main interest 

of the present study. To be very specific, this NPs are useful for numerous applications in 

enhanced computed tomography contrast, targeted drug delivery, contrast agents for MRI, 

diagnostic, treatment, bio-detection of DNA, RNA etc146–148. The main reason for the selection 

of noble metal gold is to achieve colloidal stability and well preserved physical property149. The 

primary criteria to consider a material is chosen for coating is based on its biocompatibility 

and cytotoxicity. This is because this outermost layer has a direct impact on the biological 

environment. As a result, gold becomes a suitable candidate because of its inertness, 

biocompatible, water solubility, and low toxic inorganic materials143.  
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 Gold nanoshell can dramatically prevent aggregation between the NPs by both 

electrostatic and steric repulsion. And also significantly protect the core NPs from the 

physiological environment by providing a compact armor. The gold versatile surface provides 

a platform for bio-conjugation of various functional groups or surface modifications, therefore 

provides a prominent opportunity to develop multifunctional nanocomposites150. The 

challenging part of gold coating is controlling the shell thickness151, but it can be fine-tuned to 

control the size, shape, structure, stability, bio compatibility and molecules attached to the 

NPs. 

 To synthesize gold-magnetic composite NPs150, there are various chemical methods. 

Therefore the main motivation of the work in this thesis is to develop a seed mediated based 

technique for the synthesis of gold-magnetic CSNPs with subsequent surface modifications 

with certain biological moieties and finally designing a multifunctional nanovehicle for cancer 

theranostics. The great importance of synthesized NPs is achieved to have the following 

characteristics:  

 Tunable size and homogeneous size distribution,   

 Stable for longer self-life,  

 Less affected by physical environment leading to oxidation and corrosion,  

 Biocompatible and low toxic,  

 Surface functionalizable for any biomolecules. 

1.4.2 Outline of the thesis 

  This thesis is mainly focused on designing a multifunctional CSNPs by seed mediated 

approach, employing superparamagnetic (magnetite, cobalt ferrite and manganese ferrite) NPs 

as a core with high magnetization synthesized by co-precipitation method and biocompatible 

monodispersed GNPs as a shell by citrate reduction method with tunable shell thickness. 

Surface modifications using FA and Dox has been carried out. To enhance the specificity of 

the CSNPs to cancer cells the surface has been modified with FA and Dox has been used as 

a chemotherapeutic agent because it acts against a range of tumor types either a single or multi-

agent therapy (Figure 1.20.).  
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Figure 1.20. Schematic representation of core synthesis and Au iterations from 1-5 to 

enhance the SPR property. The surface is modified by attaching activated folic acid for 

specific targeting of cancer cells and also binding with anti-cancer drug doxorubicin for 

efficient chemotherapy. Finally, the whole complex is employed as MRI contrast agent and 

microwave based hyperthermal cargo at 2.45 GHz to track and treat cancer cells with high 

localization. 

 Subsequent characterization of their physical properties (structural, optical, magnetic) 

and evaluating their cytotoxicity, these NPs are finally exploited for various objectives in the 

field of cancer nanotheranostics as tripronged applications from tracking, diagnosing to 

therapeutics. Therefore this study can provide a much useful platform for future studies on 

the synthesis, surface modifications and nanomedicine especially in the cancer therapy field. 

Therefore, based on the objectives thesis is composed of 7 chapters and the chapter wise brief 

description is provided as follows: 

 First chapter: Provides a brief introduction to nanomedicine and cancer therapy with 

some important properties and its biomedical applications. 

 Second chapter: In this part of thesis, a literature survey of important concepts 

behind the whole work will be discussed in detail,  

 Synthesis techniques, properties, various surface modifications and the 

importance of magnetic nanoparticles, gold nanoparticles. Finally, this part is 
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concluded with demand, various forms and multifunctional applications of 

core-shell nanoparticles in nanomedicine. 

 Third chapter: This chapter describes different characterization techniques, the 

experimental setup used for various application studies, materials and methods employed for 

nanoparticles synthesis, surface modification techniques and finally cell cultivation techniques 

for in-vitro studies. 

Fourth chapter: Describes the background, characterizations, and applications of 

multifunctional magnetite coated gold core-shell nanoparticles. 

Fifth chapter: Describes the background, doping of cobalt to magnetite 

nanoparticles, characterizations and applications of multifunctional cobalt ferrite coated gold 

core-shell nanoparticles. 

Sixth chapter: Describes the background, doping of manganese to magnetite 

nanoparticles, characterizations, and applications of multifunctional manganese ferrite coated 

gold core-shell nanoparticles. 

Seventh chapter: Finally, summary of the whole work and its output will be discussed 

in this chapter. 
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2.1 Synthesis, Properties, Surface functionalization and applications of 

Nanoparticles  

2.1.1 Magnetic nanoparticles (MNPs) 

2.1.1.1 Synthesis and properties 

 Magnetic materials at nanoscale possess various biomedical applications due to their 

unique physical properties at the cellular and molecular levels of the biological interface. They 

are an efficient theranostic agent since they are considered to be good for therapeutic 

purposes, as well as for MR contrast imaging1,2. They have been exploited for the diagnosis 

and treatment of cancer3, cardiovascular diseases4 and neurological diseases5. The size, shape, 

surface charge, surface chemistries, and composition can be tailored for such NPs so that their 

magnetic properties are improved and hence can be used proficiently for the theranostic 

purpose, both in vivo as well as in vitro6. 

 As a contrast agent, such MNPs have been commercially used since they enhance the 

proton relaxation of specific tissues, serving as MR contrast imaging agents. The commercially 

available materials are Lumiren® and Gastromark® for bowel contrast imaging, Endorem® 

and Ferridex IV® for liver/spleen imaging, etc7. As a treatment agent, these NPs have been 

utilized as a magnetic drug-targeting agent8 as well as an active targeting agent9,10. Other NPs 

possess the defect of lack of targeting strategies, hence, when they are biodistributed 

systemically after conjugating with drugs, they are intrinsically inefficient to reach towards their 

target. But MNPs can be targeted towards cancer cells due to the external magnetic field. This 

reduces the deleterious side-effects and drug dosage due to the synaphic delivery of drugs. 

 Magnetic nanomaterials possess the ability to penetrate the magnetic field through 

human tissue and manipulate in such a way that they can be exploited for medicinal purposes11. 

The material’s magnetic property is symbolized by its magnetic susceptibility (χ) that is the 

ratio of induced magnetization (M) to the applied magnetic field (H). At a nanoscale of the 

order of tens of nanometers, ferri or ferromagnetic materials possess a large single magnetic 

domain having a large magnetic moment. In the presence of an external magnetic field, this 

single magnetic domain having a magnetic moment is aligned parallel to H. But at high 

temperatures (blocking temperature TB) (37°C) and in the absence of an external magnetic 
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field, thermal fluctuations can stimulate free rotation of the particles, thus leading to a loss in 

net magnetization. Hence this superparamagnetic property, which renders NPs without any 

remnant magnetization after the removal of external fields, helps them to maintain their 

colloidal stability and prevents any agglomeration with the vascular proteins. Moreover, these 

superparamagnetic particles possess individual magnetic domains and their coupling 

interactions lead to higher magnetic susceptibilities. 

 Superparamagnetism is a favorable property but the reduction of size also comes with 

a disadvantage, that as the size of the particle decreases, the surface-to-volume ratio increases 

leading to manifestations of surface effects, that is, spin canting, noncollinear spins, that affect 

the overall magnetic properties12. Recently, there have been reports in which magnetization of 

iron oxide NPs (Fe3O4 and Fe2O3) have been increased by doping them with ions such as 

cobalt, manganese, zinc, nickel, and iron itself. MnFe2O4 is nontoxic in vitro and has higher 

magnetic susceptibility than iron oxide NPs. Both cobalt and nickel ferrites, though they 

possess in vivo toxicities, possess unique MR imaging properties. Furthermore, iron oxide NPs 

are also coated with Fe, where iron oxide acts as a core and Fe as a shell so that the 

magnetization value increases from 30 to 50 emu/g for plain iron oxide NPs to Fe/Fe3O4 

CSNPs having 102 emu/g. In another instance, Pt, Au, and Ag have been used for coating the 

surface of iron oxide NPs. FePt has been used to bind DNA and protein on its surface13,14, 

while Au/Fe3O4 CSNPs have been utilized to improve the biocompatibility of iron oxide NPs 

and bind anticancer drugs for delivery inside cancer cells15 (Figure 2.1). 

 

Figure 2.1. A) Schematic illustration of the growth of metal-oxides dumbbell MNPs on pre-

made noble metal NPs and HRTEM) images of a) Au-Fe3O4, b) Ag-Fe3O4, and c) Au, Ag-

Fe3O4 MNPs. (Reproduced with permission from16 Copyright 2010 American Chemical Society) B) 
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Schematic illustration of the growth of Ag-hollow Fe3O4 dumbbell MNPs in the aqueous 

phase. (Reproduced with permission from17 Copyright 2010 American Chemical Society) C) Schematic 

illustration of the growth of Ag-hollow Fe3O4 dumbbell MNPs in organic phase (Reproduced 

with permission from18) D) Schematic illustration of the growth of FePt–CdS dumbbell MNPs 

(Reproduced with permission from19 Copyright 2004 American Chemical Society). 

2.1.1.2 Surface functionalization 

 MNPs need to be functionalized by surface ligands such as polymeric coatings, metallic 

coats such as silica or gold, liposomes, and micelles since individually they are toxic and tend 

to be easily recognized and cleared out by the reticuloendothelial system (RES) before reaching 

their target. The effectiveness of MNPs is increased by improving their steathiness by surface 

functionalization, thus increasing their retention time in blood circulation, so that there is the 

maximum probability of MNPs reaching their target20–22. 

2.1.1.3 Applications 

2.1.1.3.1 Delivery of siRNA/DNA 

 The delivery of genes is unfavorable due to inefficiencies in their transfection, short 

half-life in blood, being nonspecific, as well as deprived diffusion through cell membranes23,24. 

This can be overcome by conjugating MNPs with antisense oligodioxynucleotides (ODNs), 

which is also known as magnetofection. This has been successfully optimized for in vitro 

applications and now is being tested for in vivo applications25,26. A dendrimer-tethered MNPs 

has been used to transport antisense surviving ODNs to breast and liver cancer cells27. 

Researchers have demonstrated that positively charged polyamide amine-coated MNPs, when 

complexed with ODNs, can downregulate the surviving gene, as well as protein, in 15 min. 

This consequently led to the inhibition of cellular growth. 

 MNPs after surface functionalization act as an important vehicle for delivery of small 

interfering RNA (siRNA)28. There are a plethora of cationic polymers which are coated onto 

the surfaces of MNPs, along with polyethyleneimine-coated MNPs which have been utilized 

for the delivery of siRNA. There are reports on NIFR-labeled MNPs, which are covalently 

bound with siRNA, that can silent GFP production in a GFP-expressed xenograft in a tumor 

mouse model. The report confirms the in vivo tumor uptake of such MNPs conjugates due to 

EPR effect, which can be used for MR imaging purposes. The future endeavor is to exploit 

such conjugates for therapeutic purposes29,30. 
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2.1.1.3.2 Delivery of drugs 

 Chemotherapeutic agents possess the most disadvantageous effects of nonspecificity 

and augmented side-effects to healthy tissues. This can be circumvented by utilizing MNPs 

due to magnetic targeting and site-specific delivery of therapeutic cargoes31–33. To make it 

simple, the process involves attachment of an anticancer drug on to prefunctionalized MNPs. 

This conjugate on intravenous injection was followed by application of an external magnetic 

field gradient to target the NPs on the pathological site. Due to a hyperthermal effect, the 

drugs are released onto the desired site. But the execution of such a simple process has been 

complicated by physicochemical parameters such as field strength and geometry, 

hemodynamic shear force, depth of the tumor tissue, which play a pivotal role in drug 

delivery34. MNPs attached to epirubicin have reached early clinical trials which have been 

targeted to tumors. Patients tolerate such conjugates, but the most challenging task is the 

occurrence of embolization of blood vessels, due to limited field penetration into tissues, such 

conjugates cannot be used in vivo. There is no proper control of drug diffusion after release 

and toxicity of MNPs. For the comprehension of the effects of MNPs, there is a creation of 

a mathematical model, which takes care of the hydrodynamics of the blood vessels, particle 

volumes, magnetic field strength, etc. This model proves that magnetic drug targeting could 

be useful only on the targets which are close to the surface of the body35–37. This study inspired 

attachment of mitoxantrone on the surface of starch-coated MNPs in VX2 squamous cell 

carcinomas on the hind limbs of New Zealand White rabbits. It was demonstrated that such 

conjugates could completely eradicate tumors after 35 days of treatment38,39. In other instances, 

traditional drugs such as etoposide, doxorubicin, methotrexate, and cisplatin have been either 

attached to MNPs or encapsulated inside polymer functionalized MNPs for the treatment of 

malignant prostate and breast tumors40–42. Moreover, there are reports in which poly(ethyl-2-

cyanoacrylate) (PECA)-coated MNPs are attached to two different types of drugs, that is, 

hydrophobic cisplatin and hydrophilic gemcitabine. This helps in controlled release of cisplatin 

due to its hydrophobicity and rapid release of gemcitabine due to its hydrophilicity43. 

2.1.1.3.3 MR imaging 

 MR imaging is a significant technique which employs contrast agents like SPIONs to 

clearly distinguish between healthy and pathologically different tissues/cells. Recently the 

various developments in MR imaging have implemented in vivo scanning even at a very high 

resolution44. To visualize and track cells by MR imaging, it is vital to magnetically tag cells. 
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Recently, Tat protein-derived peptide sequences have been used for internalizing a various 

marked proteins into cells45. The tagging of MNPs with cells does not affect its normal 

mechanisms like viability, differentiation, or even the proliferation of CD34+ cells. The 

research evidence shows that the transgene expression can be envisaged by MRI in vivo46. The 

researchers have attached human holo-transferrin to MNPs and demonstrated the receptor 

level increment on the surface of the cell which causes noticeable changes in MR imaging 

signals. These SPIONs are almost non-toxic when administered IV, which is confirmed from 

various clinical use47, and as the MNPs has highly biodegradable, which allows multiple 

imaging of transgene expression for a prolonged time. Therefore, this new field in MR imaging 

opens a provocative area for establishing additional and innovative strategies for imaging the 

different gene expressions in deep organs48. 

 MNPs have been widely employed to reveal apoptosis by MR imaging49. The post-

treatment of tumor cells in vivo shows changes in MR image contrast which reflect the cell 

morphological appearance due to apoptosis50. The C2 domain - synaptotagmin I, binds to cell 

membranes (especially to anionic phospholipids), which binds to the apoptotic cells plasma 

membrane this can be evaluated by both confocal microscopy and flow cytometry. Therefore, 

the administration of C2-SPIONs can significantly increase the image contrast of a tumor 

where apoptotic cells are high in number. This method paved the way for both in vitro and in 

vivo detection of apoptotic cells after the chemotherapy51.  

 Thus, this MR imaging technique can detect apoptosis at an early stage after the post-

treatment which is advantageous over other methods like magnetic resonance spectroscopy 

(MRS) and radionuclide method with high spatial resolution. Due to various advantages over 

other contrast agents, recently SPIONs has been clinically approved by FDA as a MR imaging 

blood pool agent52. 

2.1.1.3.4 Hyperthermia 

 Magnetic hyperthermia is one of the currently employed therapy for treatment of 

cancer by exposing cancer cells/tissues under alternating magnetic field (AMF). It is due to 

the production of heat caused due to magnetic hysteresis loss by MNPs when subjected to 

AMF. The heat generation completely depends on the MNPs nature and AMF parameters. 

MNPs are injected in the tumor region and placed within an AMF which will heat up to a 

certain temperature depending on the various parameters like magnetization of MNPs and 

AMF strength. Cancer cells are prone to die/damage when the temperature is as high as 43°C, 



Chapter 2 

 

49 

 

but the normal cells can survive even at higher temperatures. The size of the MNPs plays an 

important role in producing heat inside the cancer cells53. 

 Many research work using MNPs for hyperthermia has already been carried out as a 

therapeutic agent for various types of cancers by evaluating with animal models54 or using in 

vitro cancer cell lines55. Choosing optimum AMF and MNPs size even very small quantity is 

enough to produce required amount (order of a tenth of milligram) of heat in a specific site 

which leads up to cell necrosis/apoptosis. The research has shown that hyperthermia 

augments cell cytotoxicity by chemotherapy and chemo hyperthermia with brain tumor cell 

lines, which were confirmed by various hyperthermia studies with multimodel rat, rabbits, and 

dogs56. Using interstitial microwave antennas, it is evaluated that a maximum tolerable dose 

for dog’s normal brain is around 44°C for 30 min. 

 Modified aminosilan MNPs showed increased differential endocytosis specifically into 

glioblastoma cells in vitro57. This study shows a 10-fold increased uptake by glioblastoma cells. 

And these modified aminosilan-type NPs were also taken up by cancer cells lines like prostate 

carcinoma cells in vitro. This shows that the MNPs size and surface is very important for the 

endocytosis process into the cancer cells. And also dextran coated magnetite (DM) are 

employed for hyperthermia of oral cancer hyperthermia. This NPs suspension was injected 

into the tumor and heated upto 43-45°C by an AMF of 500 kHz. The results suggested that 

the growth inhibition of tongue carcinoma in the 4 time heating group when compared to the 

control group. And also, the survival rate was higher in the heated groups than in the control58. 

 Furthermore, combined therapies of hyperthermia and gene may be possible in the 

near future. For example, using magnetite cationic liposomes (MCLs) combined with TNF-α 

gene therapy driven by the stress-inducible promoter was employed for hyperthermia for the 

first time. In nude mice, MCLs induced cell necrosis in the tumor area on heating under an 

AMF. The produced heat stress resulted in an increase of TNF-α gene expression when 

compared with that of the non-heated tumor. This combinational treatment completely 

arrested the growth of tumor in an animal model over a month period, proving it to be a 

potential candidate for future cancer treatment59. 

2.1.2 Gold nanoparticles (GNPs) 

2.1.2.1 Synthesis and properties  

 GNPs have been exploited as a theranostic agent as they possess unique capability of 

binding amine (-NH2) as well as thiol (-SH) functional groups60–63. They act as a paradigm for 
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drug or gene delivery vehicles since they can synaphically interact with miscreant cells and 

possess decreased systemic toxicity, improved efficacy, effective biodistribution and clearance 

of therapeutics64. They have attracted biomedical scientists for synthesizing different sizes (in 

the range of 1-100 nm) and shapes (including spherical, rods, cuboids, CSNPs, and much 

more)65–67 of GNPs. The biomedical applications of such NPs are size as well as shape-

dependent as gold nanorods, gold nanoshells, and other gold nanostructures, when injected 

into the body, can absorb NIR light since the body tissues possess high transparency towards 

NIR light. Gold nanostructures aid in drug/gene release as well as PTT when exposed to NIR. 

There are different strategies for binding drugs or genes to drug-delivery vehicles, but GNPs 

efficiently tether via covalent linking. This is possible either by amino linkage or thiol linkage 

between GNPs and therapeutic agents. Smaller-sized GNPs (5 nm) exhibit large optical 

absorption due to SPR, while larger NPs (10-100 nm) scatter exorbitantly, but they can absorb 

light only in the visible region. The biological tissues are less transparent to visible light as 

compared to near-infrared light, hence gold nanorods and nanoshells are synthesized which 

possess strong SPR in the near IR region. Gold nanorods are synthesized using a surfactant 

known as CTAB as a capping agent. But due to the inherent toxicity of CTAB, several groups 

are exchanging it with controlled surface chemistries. Gold nanoshells possess a spherical 

dielectric core having a thin gold layer acting like a shell68. 

2.1.2.2 Surface functionalization 

 GNPs are functionalized via thiol moiety, but this proves to be conditionally 

advantageous. Thiol groups have the tendency to be exchanged with the solution, which is a 

limitation, but in certain cases when inside the cells due to high levels of glutathione in the 

cytoplasm it can also be useful for drug release by means of exchange reaction69. Glutathione 

partially displaces the thiol group on the surface of NPs, thus causing the release of covalently 

bound drugs. The stability of NPs can be enhanced if the system is made more complex, in 

the sense that multiple thiols can be grafted onto the single NP, making it more stable70,71. A 

cyclical disulfide can also be used for multiple binding points in a multidentate fashion with 

GNPs increasing the binding energies. Hence exploiting 1,2-dithiane end group, thioctic acid, 

and in situ dithiocarbamate has shown an efficient way of grafting onto a GNPs surface72,73. 

This refers to thiol groups which are considered to be covalently stronger as compared to 

amine groups. In cases where weaker binding forces are needed, such as noncovalent ones 

especially for drug release purposes, NPs can attach or trap molecules via amine groups. If 
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efficient drug release is the desire of a biomedical scientist, then only GNPs tethered to amines 

can accomplish this role since bond strength between gold and the amino group is B6 

kcal/mol as compared to 47 kcal/mol for thiols74. GNPs are proficient vehicles for delivery 

of DNA/RNA or drugs for traversing through the cell membrane. The entry of nucleotide 

inside the cell is restricted due to its negative charge, hence through thiol linkage, they can 

interact with GNPs and traverse through the membrane via the above-explained mechanisms. 

There are certain drugs which are toxic to normal cells and cannot enter the miscreant culprits, 

such as bacteria or cancer cells, due to resistance against them. GNPs, nanorods, or nanoshells 

can tether such drugs and then via a targeted mechanism using antibodies or certain molecules, 

they can enter inside the cells synaphically. 

2.1.2.3 Applications 

2.1.2.3.1 Delivery of siRNA/DNA 

 GNPs are considered to be an efficient system for delivery of either DNA or RNA 

for gene silencing and consequently for therapeutic purposes. Mirkin et al75 demonstrated that 

a dense layer of ssDNA molecules can coat the surface of citrate stabilized spherical NPs via 

thiol linkers and hence can be exploited for gene silencing. Though ssDNA possess high 

negative charge density, the NP-ssDNA conjugate could not prevent the internalization into 

the cells. Moreover, the conjugates are protease and nuclease-resistant. The tethering of 

complementary DNA to the ssDNA immobilized NPs becomes stronger since there is a 

staunch dense packing of DNA around the NPs leading to increased efficiency for gene 

silencing applications70. In another instance, instead of regular DNA, chemically modified 

nucleic acids, known as locked nucleic acids (LNA), were used which have the advantage of 

being more stable and enhanced complementary DNA binding capacities. They also efficiently 

tether GNPs. Hence, tailor-made DNA for desirable functions is the requirement so that we 

can apprehend and predict the NP conjugate structures and their functions76. The stability of 

such DNA functionalized GNPs can be correlated to the salt concentration and curvature of 

the NP surface77. DNA packing density decreases as the size of the NPs increases to 60 nm, 

reaching a plateau near the packing density of ssDNA on a flat substrate. Spherical NPs acted 

like a paradigm based on which ssDNA attachment on rod-shaped NPs was possible with 

complete accuracy. 

 Furthermore, similar to ssDNA, even RNA attachment was possible and was then 

demonstrated by Mirkin et al78. Anti-firefly luciferase siRNA was conjugated to GNPs and 
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their gene knockout potential was noted and compared with the regularly used cationic lipid 

transfection agents79. Nuclease-free synthesis of GNPs was possible through diethyl pyro- 

carbonate treatment and autoclaving since RNA is highly susceptible to nucleases. This 

treatment is possible only for the citrate-capped spherical GNPs and not for gold nanorods 

since at high temperatures they tend to reshape into spherical ones. This kind of coupling 

between GNPs and siRNA is considered to enhance the stability of such conjugates in serum 

eight-fold as compared to bare siRNA. Such conjugates are resistant to degradation from many 

physiological RNA cleavers. 

2.1.2.3.2 Delivery of drugs 

 Controlled release of drugs is an important criterion for designing a good drug delivery 

system. Other parameters, such as high surface area, tunability, and decreased physiological 

side-effects, are playing a critical role in deciding whether the delivery system can be used for 

delivering the drugs. There are many antibiotics which have gained resistance against 

microorganisms and are sometimes toxic to host cells. GNPs have come to the rescue of such 

drugs and have been conjugated with them for transforming resistant bacterial cells to sensitive 

ones. Moreover, this conjugation has also led to a reduction in the toxicity of host cells. 

Notably, vancomycin is the antibiotic to which Enterococci and Gram-negative bacteria such 

as Escherichia coli have become resistant (Figure 2.2.). Such strains have been tested after 

conjugating vancomycin with GNPs via thiol linkage which showed very good activity against 

both bacterial strains. The modus operandi of such particles is due to multivalency since 

multiple drug molecules on a single NP led to the increased binding to the D-Ala-D-Ala 

moieties at the terminal position80–82. 

 

Figure 2.2. Illustration of a possible multivalent interaction between a Van-capped Au 

nanoparticle (2) and a VanA genotype VRE strain (hexagons: glycosides; ellipses represent 

the amino acid residues of the glycanpeptidyl precursor with different colors: L-Ala (yellow), 

D-Glu (orange), L-Lys (green), D-Ala (blue), and D-Lac (purple) (Reprinted with permission 

from82 Copyright 2003 American Chemical Society). 
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 The orientation of vancomycin is very critical for enhancing the binding with bacteria. 

Hence covalent tethering between GNPs and vancomycin is an important method to be 

exploited. Moreover, bis(vancomycin) cystamide has been exploited to surface functionalize 

NPs since they can absorb near-IR wavelengths of light maximally83,84. GNPs can also be 

utilized for binding a variety of bacterial types such as vancomycin-resistant Enterococci 

(VRE) and meticillin-resistant staphylococcus aureus (MRSA) strains. Once such NPs are 

bound to resistant strains, they can cause photothermal destruction with maximal efficiency. 

This method is even nontoxic for nonbacterial cells, which was determined by the MTT assays 

with human epidermoid carcinoma epithelial cells. Instead of antibiotics, photosensitizers such 

as toluidine blue O (TBO) were also covalently attached to tiopronin-functionalized GNPs, 

that were highly stable85. There was a four-fold decrease in the minimal inhibitory 

concentration (MIC) when irradiated with white light or laser light when TBO-functionalized 

GNPs are used in comparison with free TBO. In another instance, many anticancer drugs 

have been utilized for their attachment with GNPs, since they tend to exhibit systemic side-

effects and are nonspecific, affecting normal cells too. The chemotherapeutic drugs such as 

cisplatin, paclitaxel, tamoxifen and doxorubicin are a few examples of this class. GNPs have 

proved to be advantageous in the sense that after their attachment with anticancer drugs, the 

conjugate is less toxic with increased specificity towards cancer cells as compared to free drug. 

Table 2.1 summarizes GNP-drug conjugates for bactericidal applications. 

Table 2.1. Summary of gold nanoparticle–drug conjugates for bactericidal applications 

showing the drugs which have been studied, any extra treatment which is required, the 

attachment chemistry to the gold surface, the type of bacteria tested, and the corresponding 

references (Adapted from the reference86) 
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2.1.2.3.3 Plasmonic photothermal therapy (PPTT) 

 Currently, the most widely employed technique to treat cancer and some infectious 

disease are Photothermal therapy (PTT) which can damage the cells87. The main principle 

behind this method is as follows: GNPs have a capability of maximum absorption in the visible 

or near-IR region, so when it is excited with the corresponding light source which causes 

vibrations of atoms in GNPs and produces enough heat. So, when GNPs are injected into the 

human body to treat cancer cells the NPs produce heat which kills or damage the cells. This 

thermal treatment can be produced both local heating (with Mw, ultrasonic) and general 

hyperthermia88. Therefore, both local and general hyperthermia leads to irreversible damage 

to the cells. The thermal cancer treatment is a big revolution, which enabled controlled injury 

to tumor region to be achieved. 

 GNPs were started for PTT use in 200389,90. Afterward, it was called as plasmonic 

photothermal therapy (PPTT)88. In the beginning for selective damage to target cells researcher 

employed 20 and 30 nm GNPs irradiated with a laser pulse to produce local heating91. The 

unique GNPs are able to hold their optical properties inside the cells for quite a long time 

under certain conditions. So, successive irradiation with pulsed laser controls the cell 

inactivation by means of non-traumatic mode. Specifically, a cluster of small 30 nm GNPs 

produces more heat at low laser power than the free individual particles92. Usually, the gold 

nanoshell and nanorod are best suited for PPTT93. In the recent years, the number of research 

publications dealing with the application in PPTT is increasing especially of gold nanorods94–

96; nanoshells97–100.  

 But to avoid GNPs toxicity in the liver, spleen and its side-effects in other organs, the 

surface functionalization is carried out. Usually, there are two delivery strategies,  

 conjugation of GNPs to polymer coating, 

 conjugation with antibodies to target only cancer cells  

The commonly used polymer for drug delivery is PEG, this is because it acts to increase the 

bioavailability, NPs stability and prolonging the circulation time in the bloodstream by less 

accessible to the immune system. This method is called passive and in the active version where 

antibodies are used101,102. The active delivery method is more reliable and effective, because of 

employing antibodies to a specific tumor, most commonly used antibodies are epidermal 

growth factor receptor (EGFR) and its types103,104 as well as tumor necrosis factor (TNF)105. 

Because of this multifunctionality, the GNP conjugated with antibody can be used for both 
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diagnosis and PPTT106,107. For example, liposomes functionalized GNPs labeled with anti-

Her2108 and transferrin109, shows increased penetration of NPs into cancer cells. Finally, GNPs 

with SPR property shows a promising candidate for PPTT of cancer and other diseases. 

2.1.2.3.4 Photodynamic therapy (PDT) 

 To treat cancer using photosensitizers at a specific wavelength of visible light is known 

PDT method110. Usually, photosensitizers are injected into the human body intravenously, but 

sometimes contact and oral administration are also done which will accumulate in tumors 

regions. Then the tumor region is irradiated using laser light at a specific wavelength of which 

dye can absorb. Therefore, the substance produces highly active radicals which will induce 

necrosis and apoptise the tumor cells or tissues111. The major drawbacks of using 

photosensitizer in PDT is that they remain in the human body for a longer time, thus leaving 

the patient tissues highly sensitive to light. It is notable112 that some of the metallic NPs can 

be employed as an effective fluorescence quenchers. Recently113,114 it is shown that the 

plasmonic particle can enhance the fluorescence intensity by placing at an optimal distance 

from the metal. This concept improved the efficiency of PDT. Therefore, several 

investigations have been carried out for drug delivery by coating GNPs with a layer of 

polymer115–118. And to improve the entry of photoactive material, the surface of GNPs have 

been modified using peptides and proteins119,120. Recently, composite NPs made of MNPs with 

gold nanoshell (CSNPs) with PEG coating along with impregnation of photodynamic dye and 

antibodies has been employed for effective PDT121. Finally, GNPs attached with 

photodynamic dyes can also be used as an antimicrobial effect has been reported122–124. 

2.1.3 Core-shell nanoparticles (CSNPs) 

 Core-shell nanoparticles are captivating huge attention than other NPs because it 

comprises more than one material which exhibited new and improved properties (Figure. 

2.4.)125–127. Since these NPs have emerged at the verge between materials chemistry and other 

fields, such as biomedical, pharmaceutical, optics and catalysis128. CSNPs are highly functional 

materials with modified properties. The fascinating properties arising either from core or shell 

can be ultimately different. The properties can also be modified by altering the constituting 

materials of core and shell or their ratios129. These CSNPs are widely explored especially 

because it can be manipulated easily to meet the requirements of different application130,131. 

The true goal of designing CSNPs is for following possibilities, 

 Surface modification, 
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 Increase the functionality,  

 Stability.  

 CSNPs are widely used in different fields like biomedical132,133 and pharmaceutical 

applications131. In case of biomedical field, CSNPs are majorly used for  

 bioimaging134,135,  

 controlled drug release136,137,  

 targeted drug delivery6,136,138,  

 cell labeling139,140, 

 tissue engineering applications141. 

 The CSNPs are classified into three types (Figure 2.3.), such as:  

(a) core–shell,  

(b) hollow core–shell, 

(c) rattle core–shell nanostructures. 

 

Figure 2.3. Types of Multifunctional nanomaterials (Reproduced with permission 

from reference142) 

 

Figure. 2.4. General classification of CSNPs based on material-type and 

properties of their shells 
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But, as this thesis is purely concentrated only on CSNPs. So, the various synthesis methods, 

characterization techniques, and applications will be discussed in detail below. 

2.1.3.1 Design of Core-shell nanomaterials 

 The CSNPs are a class of nanocomposite which contains an inner core shielded with 

one or more shells of different other materials. Therefore, CSNPs can exist in different 

amalgamations128. The properties of CSNPs are mainly correlated with the materials used for 

the synthesis of core, shell, and also related to the interface layer. Thus, it offers potential 

opportunities and capabilities for manipulating properties by controlling the chemical 

compositions and sizes of the core and shell144,145. 

 The synthesis and selection of the material for CSNPs are completely depended on 

the application type. Therefore, designing CSNPs are generally depended on the final 

application. For example in the case of drug delivery application, the core material could 

possess magnetic property, and the shell can be made of either polymer or porous silica146. 

Similarly, for nanocatalysts, the core is comprised of Fe3O4 or Fe2O3, while the shell is a metal 

nanocluster147. The morphology, size etc. of a core material predicts the architecture of CSNPs. 

For designing a multifunctional system for performing various therapies and imaging of cancer 

cells148, the magnetic core with a porous silica shell can be encapsulated. Finally, GNPs can be 

formed as a subsequent shell around the silica shell, which can be employed as a 

multifunctional structure for imaging, drug delivery, and photothermal therapy. 

 As a matter of fact, the design of CSNPs is merely depend on the type of core and its 

size. For example, a multifunctional CSNPs were MNPs are used as core for MR imaging in 

which the core size is a deciding factor because when the magnetic core size is lesser than 50 

nm it will possess weak magnetic forces in the scanner and MNPs larger than 300 nm will 

obviously get trapped in the lungs and liver causing side-effects or toxicity149. Therefore, in 

most of the cases, functionalization are considered to be a crucial process for designing the 

shell. Commonly, the gold shell is fabricated around the magnetic cores using thiol groups as 

functional linkers which aid for attaching gold nanoclusters for the formation of shell150. Thus 

using above strategies various CSNPs architectures are constructed using the nature of the 

core and shell materials (Figure. 2.5.)151. 
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Figure 2.5. Different CSNPs structures with (a) 

porous core and shell, (b) different core-multiple shell structures 

2.1.3.2 Fabrication techniques of Core-shell nanomaterials 

2.1.3.2.1 Core materials  

 The applications of CSNPs is dependent on the material selection of core and shell. 

Usually, the core is composed of metals, metal oxides, QDs, and polymer. Many types of 

research have been carried out for synthesizing CSNPs using metal oxides152, Au153, Ag154, 

Co155, Fe, and polymer cores156 for various applications. For example, metal oxide NPs used 

for photocatalytic, drug control release and delivery applications. Additionally, Au noble metal 

nanocores have been used for nanocatalysis and PTT. QDs for bio-imaging and diagnostics. 

Iron, cobalt, manganese, and gadolinium157 core NPs play important roles in MR imaging158. 

Furthermore, Fe-based MNPs exhibiting as a potential candidate as a multifunctional 

nanosystem for therapy, imaging, and diagnosing159. 

2.1.3.2.2 Shell fabrication  

 There are several synthesis approaches for forming nanoshell on the core NPs. Mostly, 

core NPs are synthesized first and then shell NPs are made. This is because the core NPs 

(substrate/matrix) surfaces provide nucleation sites for the shell atoms to nucleate on it.  

Various techniques for coating different types of shell materials are as follows: 

2.1.3.2.2.1 Metal-oxide shell 

 Formation of metal-oxide shell on the core materials lead to produce a wide spectrum 

of properties. For example, metal-oxide shell on MNPs generates interesting semiconducting 

and magneto-optical properties. Although the various types of metal-oxides are used for shell 

formation, silicon dioxide (SiO2) is still widely employed for shell formation using sol–gel 

approach, which involves hydrolysis and condensation of the tetraethyl orthosilicate (TEOS). 
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Some of the examples are Au@SiO2
160, Ag@SiO2

161 (Figure. 2.6.), and Pd@SiO2. However, 

a much understanding of the shell formation process is necessary for controlling the size or 

thickness of metal-oxides on to the cores NPs162. 

 

Figure. 2.6. Scheme of the proposed formation process and TEM images of a SiO2 

shell around a Ag nanocore (Reprinted with permission from reference161 Copyright 2013, 

American Chemical Society) 

2.1.3.2.2.2 Noble metal shells  

 Noble metal shells coating onto NPs has gained its strong place in the research topic 

as it results in peculiar characteristics and versatile applications. Currently, the most important 

synthesis methods for coating noble metal is the reverse micelle technique which is usually 

carried out by varying the metal salt ratio to the amount of reducing agent. This method has 

been widely used to form metal shells around MNPs such as Co and Fe NPs163–165. Another 

method is the thermal decomposition method at high temperatures166. For example, Pd shell 

coating onto Ni Core using oleylamine at an elevated temperature167. In the case of Au coated 

MNPs by thermal decomposition, MNPs were synthesized first in the presence of oleic acid 

and oleylamine mixture. After that, Au shell was introduced by chloroauric acid (HAuCl4) 

reduction. Additionally, silver (Ag) shell was constructed around the CSNPs by adding silver 

nitrate (AgNO3) in the presence of reducing agent. Au coated MNPs not only provide the dual 

functionality of the magnetic and plasmonic properties but also long-term stability. So, it 

possesses great platform for both therapeutic and diagnostic applications168. 

2.1.3.2.2.3 Dense shells  

 The shell formation on the core is usually dense or solid. This type of dense shell is 

usually made of silica or alumina, and sometimes with carbon. The silica or alumina shell will 

show a hydrophilic character and carbon shows a hydrophobic character. These dense shells 

are widely used for coating MNPs which can be utilized for biological applications. However, 

in the recent years, polymer shells are coated homogeneously on the core NPs which provides 

stealth mechanism to the core and found to be more suitable candidates. 
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2.1.3.2.2.4 Mesoporous shells  

 The formation of dense shells around NPs provides protecting, insulating and multi-

functionality. But, the novel opportunities can be obtained using the mesoporous shell as 

because it can hold different moieties and dissipates it in and out from the core. This 

mesoporous shell diameter ranges from 2 to 15 nm, depending on the surfactant used. CTAB 

has been widely employed to form mesoporous silica shells around different types of cores. 

For instance, amino functionalized Si shell has been fabricated around silica cores169, and 

MNPs170 using anionic surfactants. Mesoporous shells with a pore size of 7 nm have also been 

fabricated using a Pluronic P123 surfactant171. 

2.1.3.3 Characterization techniques for core-shell nanoparticles143  

 Here, some of the important characterization techniques employed for CSNPs are 

discussed in brief: In the case of CSNPs, the combination of the core, shell, surface 

functionalization plays crucial effects on their properties and applications. So, in order to 

describe the properties of CSNPs, it is mandatory to elucidate, i.e., the size, shape, surface 

characteristics and existence of dopants. 

 XRD is a method used for evaluating the crystal phases of various materials, including 

CSNPs. Particularly for CSNPs, it is an important tool which can shed light on the presence 

of CSNPs. This can even detect the separated phases of core and shell simultaneously.  

 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

analysis were usually carried out to determine the size, shape, and homogeneity of the CSNPs. 

But, in the case of SEM, it uses only secondary electrons so it generates only a surface image, 

which is very difficult to distinguish the CSNPs structure with SEM analysis.  

 HRTEM aids in the simultaneous analysis of both lattice fringes and interplanar atomic 

spacings of CSNPs which clearly distinguish the core and shell. Additionally, EDS (accessory 

to TEM instruments), can serve as a powerful technique for determining the elemental 

distribution in a specified region. In the case of HAADF-STEM, which in one of the most 

important analytical method to confirm the formation of CSNPs were regions with a larger 

atomic number are determined by brighter contrast in images. Therefore, using this Z-contrast 

images one can analyze the element distribution visually.  

 The unique optical properties are exploited which is exhibited by noble metals. So, 

plasmonic, and absorption properties of various NPs used to synthesize CSNPs are 

characterized directly or indirectly by several spectroscopic methods. UV-Vis spectroscopy is 
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the most widely used spectroscopic methods for the analysis of different NP types. In the case 

of, organic type CSNPs, IR spectroscopy was used for the identification of the various organic 

moieties present in the CSNPs. 

 Another most important technique for studying the CSNPs surface characteristics is 

Raman spectroscopy. And also, surface enhanced Raman spectroscopy (SERS) is used for 

investigating CSNPs incorporated with SERS active metals like Cu, Au, and Ag. 

2.1.3.4 Applications of core-shell nanoparticles 

 CSNPs have major advantages in the field of biomedical and electronics. Some of the 

different applications are as follows: 

2.1.3.4.1. Biomedical applications 

 CSNPs has got a variety of exciting applications in the field of biomedicine which have 

been developed by researchers over the past few decades. Some of them are mentioned below: 

2.1.3.4.1.1. Drug targeting and delivery  

 For drug delivery and targeting, CSNPs are designed with exceptional properties,  

 At first, the drug is encapsulated with the help of surface functionalization 

along with a linker for specific targeting to cancer cell,  

 Then these CSNPs will reach the target cell site and disintegrate the drugs 

which are attached on to the surface acting like a drug cargo. 

 The drug release from the CSNPs will be triggered heat, light, pH or ion concentration. 

By further attaching the fluorescent material, these CSNPs, which can be considered either as 

sensors or to track the drug delivery to a specific site. Generally, MNPs made of 

superparamagnetic Fe, Ni, Co are often used to design the core with suitable shell coatings for 

in vivo drug release and sensor applications172,173. Presently, MNPs with polymer CSNPs are 

typically employed for drug delivery, cell labeling, separation174,175, and tumor delineation176. 

This is due to their biocompatibility with living cells, so, MNPs@polymer and MNPs@SiO2 

are often used over bare MNPs for drug delivery applications177,178. 

2.1.3.4.1.2. Bioimaging  

 There are different types of molecular bioimaging techniques used for both in vivo and 

in vitro specimens. But, CSNPs comprising of both QDs and MNPs are synthesized for dual-

mode of optical and MR imaging simultaneously176,179,180. These CSNPs use either QDs or dye-

doped QDs. However, QDs shows a high level of toxicity which can be minimized by coating 
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them with appropriate materials to form a CSNPs for utilizing in vivo optical imaging 

applications181,182. 

 For bioimaging, both fluorescence and photoluminescence properties are also used by 

incorporating lanthanide metal group. Usually, lanthanide metals show good luminescence, so 

with well-designed biocompatible shell, these materials can be possibly utilized for the imaging 

and detection. By choosing right lanthanide dopants such as Er, Yb or Tm, the emission 

spectra can be shifted to green, blue or red wavelengths with increased intensity183–185. 

2.1.3.4.1.3. Sensors  

 Sensors are compact devices which assess and quantify a physical property and transfer 

it into a signal, which can be interpreted by a different instrument. The biomacromolecules 

like DNA, RNA, glucose, cholesterol, etc., can be detected using NPs based sensors for in vivo 

applications. Currently, MNPs coated with metal, silica, polymers, are used for bioanalytical 

sensors186–188. One of the big research breakthroughs is the detection of tumor cells in in vivo 

using Au/Ag CSNPs189. And damaged DNA can be detected using MNPs based sensors such 

as Fe/Fe2O3 CSNPs190, where the MNPs surface is functionalized with cytochrome P450, 

myoglobin (Mb) and hemoglobin (Hb) to mimic in vivo toxicity191. 

2.1.3.4.2. Catalytic applications 

 The MNPs properties are greatly influenced by surface coating with functional 

materials like noble metals, semiconductors, etc192,193. For example, MNPs based catalyst has 

been fabricated Fe3O4@SiO2-Au@m-SiO2 double CSNPs considered as integrated catalysts 

for the catalytic reduction of 4-nitrophenol and styrene epoxidation (Figure 2.7.). 

Furthermore, Au@Fe2O3 with SiO2 was employed for the catalytic conversion of CO to CO2 

whose conversion is more efficient when compared to uncoated Au@SiO2
194. This proves that 

MNPs incorporation plays a vital role in conversion efficiency in catalysis. And bimetallic 

CSNPs195, such as Au/Pd196 and Au/Ag197, are currently employed majorly in catalytic 

reactions. 
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Figure. 2.7. (a) TEM image and (b) the conversion of styrene and selectivity of styrene 

oxide over multifunctional Fe3O4@SiO2-Au@mSiO2 double CSNPs as a highly integrated 

catalyst system (Reprinted with permission from reference147 Copyright 2010, American Chemical Society) 

2.1.3* Gold coated magnetic nanoparticles (MNPs@Au) 

 Gold coated magnetic nanoparticles (MNPs@Au) have been highly recognized by 

material scientists and efficiently used in various fields. To be specific, effectively employed in 

biomedicine, including MR imaging198, targeted drug-delivery199, etc. The main reason behind 

the usage of MNPs@Au in many sectors is because these CSNPs are highly versatile; both 

magnetic and plasmonic properties can be highly tuned/tailored depending on the applications 

by modifying CSNPs size, shell, morphology, and surface functionalization. This thesis is 

completely devoted to MNPs@Au so it is necessary for us to discuss various synthesis 

methods, surface modification, and finally some of the biomedical applications which are 

represented as follows: 

Synthesis of MNPs@Au 

 As discussed earlier, the MNPs@Au synthesis involves two main processes,  

1. Iron/iron oxide core is synthesized first,  

2. then subsequent of Au shell coating is done  

The previous sections explain the various methods and surface functionalization of MNPs and 

GNPs. So, we have discussed some of the major challenges involved in the synthesis of 

MNPs@Au below. 

Challenges in Au shell formation 

 Some of the challenges faced by researchers in the formation of Au shell around the 

iron oxide core are as follows200: 

 when MNPs are coated with Au layer it is necessary to ensure that the NPs are 

completely protected without exposing the core NPs,  

 to accurately control the thickness of the Au shell,  

 to characterize the synthesized MNPs@Au morphologically. 

Formation mechanism of MNP@Au 

 The formation of MNP@Au using Au shell can be of 2 types (Figure 2.8.), which is 

as follows: 

 Direct coating - Au shell is formed directly on the MNP surface 

 Indirect coating - glue material is used onto MNP surface and then Au shell is formed 
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Figure 2.8. Illustration representing direct and indirect routes for gold shell coating 

Direct Au coating  

 In the case of direct Au coating, sodium citrate method is widely used technique for 

the synthesis of Au shell onto the surface of MNP core. In this technique, the Au seeds are 

prepared by using HAuCl4 precursor solution in the presence of sodium citrate, by mixing 

with MNPs under vigorous stirring201,202. Here, sodium citrate acts as a both reducing agent 

and also as a capping agent, so it provides NPs stability by preventing MNPs aggregation. The 

formation MNP@Au is confirmed by a change of reaction solution color from faint brown 

to burgundy203,204. 

 For instance, when the MNPs are synthesized using thermal decomposition at high 

temperatures using organic compounds such as oleic acid and oleylamine, the gold shell is 

formed by reduction of HAuCl4 in the presence of chloroform. This technique produces thick 

Au shell and to make it water-soluble, sodium citrate and CTAB is employed. To increase the 

Au shell size, gold precursor along with ascorbic acid and CTAB is used. This direct coating 

provides a fine control of both shell thickness and smoothness205,206. 

Indirect Au coating 

 MNP@Au CSNPs can be obtained by indirect Au coating by employing a glue layer 

in between the MNPs core and the outer GNPs shell which provides enough stability during 

the formation of CSNPs and also for other biomolecule functionalization. 

 Researchers developed poly-L-histidine as the glue material for CSNPs synthesis. The 

MNPs were synthesized using oleic acid capping and were dispersed in chloroform. So, to 

make MNPs water-soluble their surface was modified using an amphiphilic polymer with a 

carboxylic acid. The pol-L-histidine was added to the reaction mixture which adsorbs onto the 
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amphiphilic polymer via electrostatic interactions. Finally, HAuCl4 is reduced onto the 

chelating agent with hydroxylamine forming the Au shell207. 

 In a different study, a polymer poly(cyclotriphosphazene-co-4,4′-sulfonyldiphenol) 

(PZS) was used as the glue material. The MNPs were coated with PZS layer and then Au seeds 

were added which get adsorbs on the PZS surface by reduction of HAuCl4 by sodium 

borohydride (NaBH4)
208.  

 Silica has been widely used as a glue material for CSNPs synthesis209. Firstly, the MNPs 

were synthesized by co-precipitation method, then it is coated with a silica shell through the 

sol–gel technique. Secondly, Si coated MNPs were formed with three layers of positively 

charged polyelectrolytes, to ensure a smooth and uniform NPs surface. Later, negatively 

charged Au seeds using HAuCl4 and ascorbic acid as the reducing agent was formed. The 

finally formed Au shell was about 30 nm thick by this process210. 

Surface functionalization of MNPs@Au 

 The surface modification/functionalization of MNPs@Au is a crucial step which plays 

an important for their use in various fields like analytical chemistry and biomedicine. The 

functionalized MNPs@Au has the ability to express very high sensitivity, specificity, and 

biocompatibility in vitro or in vivo. For example, in the biosensor, drug delivery nanocargo 

development of where the functionalized MNPs@Au act as an active element. The process of 

functionalization on the surface of Au nanoshell behaves as a bridge between the molecules 

for targeting or delivery in the specific site. The great advantage of nanoshell is its versatility, 

so any kind of biomolecules can be attached to enzymes, proteins, DNA, RNA, drugs etc. 

Additionally, the Au shell coating results in protecting the inner core from various 

environmental factors and also in the case of MNPs it prevents the aggregation which is the 

major drawbacks by means of electrostatic charge usually causing repulsion between MNPs. 

Applications of MNPs@Au 

 Some of the potential applications of MNPs@Au ranging from biosensing to medical 

imaging and therapies are discussed. 

Imaging 

 Some of the investigations compare MRI contrast agents like as-synthesized 

Au@MNPs, Feridex, dextran-MNPs which revealed similar r2 values which confirm that the 

Au shell has no detrimental effect on the internal magnetic properties of the MNPs. But, 

Au@MNPs increase biocompatibility and long blood circulation time16. Other combination 
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diagnostic techniques like MRI-CT, MRI-ultrasound imaging, and MRI-photoacoustic 

imaging employs Au@MNPs probes. 

 CT relies on the attenuation of X-rays211. MRI-CT-ultrasound imaging probe was 

designed based on 6.1 nm Au@MNPs with a sugar-coating. The results showed that the Au 

shell enhances CT contrast, MNP core showed high T2-weighted MR imaging and also allowed 

the imaging extravascular regions using ultrasound, which was not achievable with the 

microbubbles which are currently in clinical use212. 

 Photoacoustic imaging where contrast is dependent on the absorption of light with 

the presence of contrast agents191. Au@MNPs nanoroses was synthesized which was found to 

possess a high r2 relaxivity of 219 mM-1s-1 when compared to commercially available Feridex. 

Therefore, Au@MNPs offers a solid platform to be used in imaging technologies as a 

diagnostic tool adding several benefits to patients213. 

Hyperthermia 

 Hyperthermia therapy is used to treat superficial tumors by heat. This therapy offers 

an advantage of treating in a specific region or a whole body. MNPs and GNPs are commonly 

used candidates for hyperthermia to generate a cytotoxic environment to attack cancer cells214. 

 For the MNPs based hyperthermia, the AMF with the frequencies of kHz - MHz is 

applied. Heat would be produced by MNPs due to the Brownian and the Neél modes. For 

GNPs based hyperthermia, the characteristic plasmon absorption in the NIR region which 

convert 100% absorbed NIR light into heat. But, the photo-induced hyperthermia can only 

treat shallow cancer but not in deeper tissues215. 

 The Au-FexOy CSNPs possess both magnetic and photo induced hyperthermia 

properties with many advantages:  

(1) this CSNPs can be used both for therapy and also for imaging at once,  

(2) as it is a combination of two different kinds of NPs, it can enhance tumor cell killing even 

at very small concentrations in the body. 

Magnetic-induced hyperthermia  

 The magnetic-induced hyperthermia for Au-Fe3O4 CSNPs can be achieved even with 

the smaller oscillating magnetic field frequencies with 44 Hz - 430 Hz. The heat generated by 

CSNPs are much higher when compared to MNPs alone under the same condition. This high 

heat generation purely depends on the higher magnetic anisotropy with the Au shell. Even 

though both Au-FexOy CSNPs and MNPs can be used for magnetic-induced hyperthermia for 
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cancer therapy, but Au-FexOy CSNPs will drastically reduce the aggregation of MNPs under 

magnetic field216. 

Photo-induced hyperthermia  

 Au-Fe3O4 CSNPs are widely employed for combination therapy in photo-induced 

hyperthermia using Au NPs and for MR imaging using MNPs in several literatures217–219. The 

CSNPs are immobilized with an antibody which could specifically target cancer cells, and when 

NIR laser is applied which could cause the cancer cell death. Au-Fe3O4 NPs can absorb in the 

NIR region, through which photo-induced hyperthermia can be achieved. Core/cluster/shell: 

Au@Fe3O4@SiO2 NPs with anti-HER2 was designed. These NPs binds only to the HER2+ 

to target SKBR3 cells. Then, NIR laser is applied which will initiate cell death. The 

fluorescence images observed that the cells upon NIR laser irradiation were dead220.  

Drug delivery 

 Functionalized Au-Fe3O4 dumbbell shaped NPs with herceptin attached on MNPs 

and the cisplatin attached on the GNPs were used as a drug nanocargo. This multifunctional 

nanocargo can do multi-tasking work during therapy without disturbing each other. It is due 

to the difference in length, size and ligand thickness is quite large which may interfere with the 

each other's performance. The drug release profile was studied using dialysis tube at pH 7, in 

comparison to cisplatin release. There is a very low percentage of cisplatin is released in just 2 

hours. But the release has been increased when the pH is lowered which is close to endosomal 

pH. The viability of cells was evaluated with control and cisplatin, which indicated that the 

viability of the nanocomplexes was negligible for its therapeutic effect221. 

Gene delivery 

 Gene therapy has become one of the great potential therapy for treating many diseases 

including cancer. But due to the low efficiencies of nonviral gene vectors, currently, this 

therapy is still limited26. MNPs based ‘Magnetofection’ has been used to overcome this 

drawback by associating gene vectors with the aid of a magnetic field222. Several research 

reports prove that MNPs improves the efficiency of viral and nonviral gene vectors up to 

several folds under the influence of magnetic field. 

 Usually, adenovirus and its linked viruses are the most efficiently tested for cancer gene 

therapy223. This vector is efficacy is highly dependent upon the coxsackie and adenovirus 

receptor (CAR) expression level of the target/cancer cell. If CAR level is low then it leads to 

poor gene transduction occurs. To overcome this, γ-Fe2O3@Au CSNPs is conjugated with 
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adenovirus and introduced into the cells which increased the adenovirus gene expression over 

1000 times. Furthermore, these CSNPs entered the cell directly, independent of any pathways. 

Thus, the γ-Fe2O3@Au CSNPs have a huge potential to increase adenovirus tropism and also 

enhances gene transduction efficiency224. 

DNA-based biosensors  

 Functionalized Au NPs are effectively employed for various DNA based sensors. Au 

NPs are functionalized with thiolated oligonucleotides to recognize complementary DNA 

targets225. A 3-layer sandwich nanocomposite structure was designed based on 

SiO2@Fe3O4@Au core/cluster/shell particles for sensing DNA226. These NPs were 

functionalized with 3′ and 5′ thiol-modified DNA strands, which were responsible for 

complementary hybridization with a target oligonucleotide of base pair mismatch. Usual 

aptamers are either DNA or RNA with specific identification of target biomolecules. But 

recently, due to the convenience of oligonucleotide functionalization via Au–S bonds an 

ultrasensitive aptasensor for thrombin was designed using Fe3O4@Au cluster/shell NPs227.  

Enzyme-based biosensors  

 The enzyme-based sensor combines the enzyme specificity and electrochemical 

techniques to be potentially used in diagnostics and monitoring. Au NPs have been extensively 

employed in modified electrodes because of their  

 electrical conductivity,  

 biocompatibility,  

 enzyme immobilization on Au NPs surface via Au-S bonds.  

 Currently, Au@FexOy NPs were used to design enzyme-based sensors. Au@FexOy 

NPs can easily be immobilized onto the electrode surface under magnetic field. The 

Fe3O4@Au CSNPs is attached to the surface of a magnetic glassy carbon electrode (MGCE). 

Horse heart Mb was immobilized on CSNPs using cysteine. This modified electrode Mb-

Fe3O4@Au-MGCE showed a good reduction performance of H2O2
191. 

 And also, when Au NPs are attached with a fluorescence marker, the light emitted 

from dye will be quenched by Au NPs. So, this property is utilized for developing enzyme. 

For instance, flower-shaped Au@Fe3O4 CSNPs used as a template to design an optical probe 

containing a fluorescent dye Cy5.5-GPLGVRG-TDOPA on the MNPs surface and SH-

PEG5000 onto Au NPs surface. This complex is quite efficient for in vivo tumor imaging213. 
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Cell sorting and separation 

 MNPs based separation has become the most widely employed techniques 

for biomarker purification, separation, and sorting. The usage of Au@MNPs efficiently 

improve the separation. For example, two hybrid Fe3O4@Au@Fe3O4 nanodumbbells and 

Fe3O4@Au necklace-like structures proved improved sorting and separation with tunable 

properties of both magnetic and optical228. Fe3O4@Au CSNPs are used for the purification of 

CD4+ lymphocytes from the spleen of mice229. Another investigation also used 

poly(diallyldimethylammonium chloride) coated Fe3O4 (PDDA@Fe3O4) NPs by the 

coprecipitation method for cell purification230. The 4-mercaptophenylboronic acid-modified 

Fe3O4@C@Au CSNPs were synthesized and used for selective enrichment and separation 

of glycoproteins and glycopeptides231. 

Catalysis 

 Au NPs plays an important role in several catalytic processes232–234. Recently, 

Au@MNPs CSNPs were popularized to successfully demonstrate many catalytic effects for 

carbon-monoxide oxidation235, hydrogen peroxide (H2O2)
236, 

reduction of nitrophenols237 and H2O2
238. The Au@FexOy NPs enables good separation for 

recycling the nanocatalysts from the reaction mixture using an external magnet. Also, the 

Au@Fe3O4 nanocatalysts can be easily recycled and reused with a conversion efficiency of 

around 100%. 
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3. Characterization Techniques  

 The as-prepared NPs samples were characterized by a series of instruments to 

investigate their structure, morphology, magnetic and optical properties.  

3.1 Structural Characterization 

Table 3.1 List of instruments used for various characterizations 

 

3.1.1 X-ray Diffraction (XRD) 

 XRD is a basic method for determining the atomic position within a crystal. This 

technique uses a beam of x-rays which interacts with the crystal powders and causes 

diffraction. From the angles and intensities of these diffracted beams, the atomic positions of 

the sample can be analyzed, as well as their chemical bonds, disorder, average size and various 

other information1. 

 The obtained peaks are indicative of a particular phase and material which can be 

compared with the database of Joint Committee on Powder Diffraction Standards (JCPDS) 

to confirm the phase of the synthesized material. 
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 XRD patterns of the NPs samples were obtained using a X'Pert PRO XRD 

spectrometer (PANalytical B.V., Holland) from 10 to 90° (2θ value) using Cu K-α radiation 

(0.15418 nm). 

3.1.2 Transmission Electron Microscopy (TEM) 

 TEM is one of the widely used microscopy technique which is based on an electron 

beam transmitted through a sample. To make it simple, the transmitted electrons interact with 

the sample as they pass through it and an image is formed. Then the image is magnified and 

focused in an imaging device usually in a digital camera. TEMs are usually capable of imaging 

at a very high resolution than other microscopes. At smaller magnifications TEM image 

contrast is due to absorption of electrons by the material, depending on the thickness and 

constituents of the sample. At higher magnifications (HRTEM), complex wave interactions 

modulate the image intensity. And using the alternate modes of TEM, it allows identifying 

chemical elements, crystal orientation, and electronic structure as well as the imaging2. 

 The high-angle annular dark field scanning transmission electron microscopy 

(HAADF-STEM) is one of the high-resolution microscopy techniques that benefits most 

from the most recent improvement of the aberration corrector3. Therefore, the HAADF-

STEM technique has attracted enormous attention for its various applications such as 

tomography4, size and thickness measurement usually at atomic scale, structure 

characterization5 and composition measurement. This technique uses a sharply focused beam 

to scan across the sample and the annular dark field (ADF) detector collects only the scattered 

electrons from the sample. Thus the  resulting image contrast is always referred as Z-contrast6. 

 TEM images (Figure 3.1) were taken on a HRTEM (JEOL, JEM-ARM200F) 

equipped with HAADF-STEM detector and Oxford XMax 80 Energy Dispersive X-Ray 

Spectrometer (EDS). The sample was prepared in such a way that aggregation in the grid was 

avoided. Then, 10 µl of the sample were dispersed in 100 µl of isopropanol, which was 

sonicated for 30 mins; then a drop of sonicated NPs dispersion was placed onto the 

amorphous carbon-coated 200 mesh copper grid (Ted Pella, Inc.). Finally, the sample was 

allowed to dry at ambient temperature before it was loaded into the microscope. 
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Figure 3.1. TEM instrument for morphology analysis, EDS and HAADF-STEM techniques 

(Laboratorio Avanzado de Nanoscopía Electrónica - LANE, CINVESTAV-IPN, Mexico city) 

3.1.3 Cryo Electron Microscopy (CryoEM) 

CryoEM is a technique for studying a wide range of biologically interesting samples, 

ranging from the structure and dynamics to study cellular morphology7. In a typical analysis, 

samples are imaged in a hydrated, native state without the use of stains. 

The internalization of NPs inside the cells was confirmed by CryoEM analysis. 5µl of 

CSNPs suspensions were made into a thin liquid film which was prepared on lacy carbon grid 

(Pelco, USA) and then quenched into liquid ethane to freeze the sample using a Leica EM-

CPC chamber. Tecnai F20 (FEI) operated at 200kV to obtain the images which were recorded 

with a USC1000 slow scan CCD camera (Gatan) at 50000x. 

3.1.4 Fourier Transform Infrared Spectroscopy (FTIR) 

 The main aim of infrared (IR) absorption spectroscopy is to measure the absorption 

of light at different wavelength by the samples. At specific frequencies, chemical bonds tend 

to vibrate corresponding to energy levels. Resonant frequencies can be related to the strength 

of the bond and the mass of the atoms. Thus the frequency of such vibrations can be 

associated with a particular bond type8.  

 FTIR is a less intuitive way to obtain information. This technique is based on the 

impact of a beam containing different frequencies of light at once to the sample and measures 

how much of that beam is absorbed by it. Then, the beam is modified to contain a different 

combination of frequencies, giving a second data point. This process is repeated many times. 
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Afterward, a computer takes all these data and gives the absorption at each wavelength. The 

samples were measured in a Nicolet iS50 FTIR Spectrometer (Thermo Scientific). This system 

enables to collect data over a range of 4000 to 400 cm-1 with a resolution of 0.5 cm-1.  

3.1.5 Zeta (ζ) potential Analysis 

 Zeta potential is a measure of the electrostatic or charges repulsion/attraction between 

particles, to understand the fundamental parameters which affect NPs stability9. The zeta 

potential values were determined by using a Zetasizer Nano ZS90 (Malvern instruments) 

(Figure 3.2) at 25°C at a wavelength of He-Ne laser 633 nm, Max 4 mW at a scattering angle 

of 90° using a Universal 'dip' cell kit. Data were obtained using a monomodal acquisition 

according to the Smoluchowski theory. The measurements were repeated 3 times. Before the 

analysis, the samples were well sonicated for 1 h to avoid aggregation. 

 

Figure 3.2. Zeta potential instrument setup (Department of Toxicology, CINVESTAV-IPN, 

Mexico city) 

3.1.6 X-ray Photoelectron Spectroscopy (XPS) 

 XPS is used to study the composition and electronic state of the surface of a NPs by 

employing photon-ionization and energy-dispersive analysis of the emitted photoelectrons. 

And also it allows calculating the concentrations of different elements in the sample 

quantitatively by comparing the peak area of respective elements10.  

 In this thesis, the XPS analysis was performed using a K-Alpha X-ray Photoelectron 

Spectrometer (XPS) System (Surface Analysis, Thermo Scientific). Monochromated, Micro-

focused Al Kα was used as an X-ray source type. The binding energy of C1s carbon was used 

for calibration. The spectrum was obtained via collecting electrons ejected from core level by 

incident X-ray photons. This technique has been used to characterize the electron states of 

the various elements of CSNPs. 
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3.1.7 Thermogravimetric Analysis (TGA) 

 TGA is an analytical method which measures the amount and rate of weight change 

of a sample in a controlled atmosphere. It offers enough information about the weight change 

of a material due to dehydration, oxidation, and decomposition11.  

 Thermal analysis was carried out for liquid samples using a TGA Q50 (TA 

Instruments) from 30 to 900°C under nitrogen flow with a heating rate of 10°C/min. 

3.2 Magnetic Characterization  

3.2.1 Superconducting Quantum Interference Device (SQUID) 

 Magnetization versus applied field was measured at a fixed temperature which 

provides the CSNPs response to a magnetic gradient. The magnetic measurement allows us 

to calculate the size of the particles when the temperature is increased and also to estimate the 

temperature above which the NPs becomes superparamagnetic12. 

 The magnetic properties of NPs were determined with a superconducting quantum 

interference device SQUID magnetometer (MPMS, Quantum Design). The magnetization 

hysteresis of the samples was obtained by changing H between +70 to -70 kOe at 3 different 

temperatures like 5 K, 300 K and 312 K. The hysteresis of the samples was also obtained at 

100 kOe using a temperature interval from 1.8 to 312 K. The measurements were performed 

on NPs in powder form. The NPs samples are dried in an oven at 90°C for 3 h and used to 

measure the magnetization of NPs. 

3.3 Optical characterization  

3.3.1 UV-Visible Spectroscopy 

The absorption spectrum of a compound is one of its most useful and unique physical 

characteristics13, which gives an advantage of both  

i) Identification (qualitative analysis) and  

ii) Estimation (quantitative analysis).  

 The surface plasmon resonance (SPR) of gold can be characterized by UV-Vis 

spectrometer. As for gold NPs, absorption in UV-Vis spectrum is a reflection of the resonant 

oscillation frequency of collective free electrons in gold nanocrystal14.  

UV-Vis spectra were performed by UV-Vis spectra was obtained using Shimadzu 

Corporation UV-2401PC UV-Vis spectrometer. The Samples were dispersed in a polar solvent 

such as DI water. Baseline was obtained using standard solution and measured in the range of 
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200-1000 nm at 1 nm sensitivity. This technique has been used to characterize the absorption 

spectra of NPs. 

3.4 Experimental set-up for applications studies 

3.4.1 In-vitro drug release studies 

 The process of drug release in which a drug molecule is converted into suitable product 

form when it is subjected to absorption, distribution, metabolism and excretion (ADME) for 

showing Pharmacological activity. 

 Drug release from CSNPs was studied using a dialysis method15. Dialysis bags were 

soaked before use in DI water at room temperature for 12 h to remove the preservative, 

followed by rinsing thoroughly with distilled water. In-vitro release of Dox from CSNPs was 

conducted by dialysis in a dialysis sac with 50 ml of PBS. Three sacs were prepared to contain 

Dox-FA-CSNPs for cumulative release (pH 5.3, 6.8 and 7.4) with continuous stirring to 

simulate the intercellular, intracellular and external environment of cancer cells16. To carry out 

this study, 2 ml of dialyzed Dox-FA-CSNPs complex was used. Two ends of the dialysis sac 

were tightly bound with threads. The sac was hung inside a beaker with the help of a glass rod 

so that the portion of the dialysis sac with the formulation dipped into the buffer solution. 

The flask was kept on a magnetic stirrer and stirring was maintained at 100 rpm at 37°C with 

a thermostatic control. Then, 1 ml of sample was withdrawn from the system at a known time 

period to determine the drug content. To compensate the PBS solution as soon as 1 ml was 

drawn, it was replaced with the same equivalent volume. The amount of Dox released was 

determined using UV-Vis spectrophotometer at 485 nm which was the signature absorbance 

of Dox. All the experiments were repeated thrice for all the samples. This drug release study 

was also explained with different drug kinetics models in order to explain the release 

mechanism. 

3.4.2 Drug kinetics models 

 The mechanism of drug release from the optimized formulation of CSNPs was studied 

using various model dependent kinetics by correlating the cumulative in-vitro release profiles 

at various pH. The various kinetic models are as follows:  

i) Zero order (cumulative amount of drug released vs. time),  

ii) First order (log cumulative percentage of drug remaining vs. time),  
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iii) Higuchi model (cumulative percentage of drug released vs. square root of time) 

& 

iv) Hixson-Crowell model (cumulative percentage drug release vs. square root of 

time). 

 The use of above drug kinetic modeling turns out to be very useful as it predicts the 

release kinetics before the drug release systems are realized. Using cumulative in-vitro release 

values in the below formulas we calculated the drug kinetics. 

3.4.2.1 Zero-order 

 Zero order determines the drug delivery system where the release of the drug is 

completely independent of its drug concentration17. The equation is, 

𝓠t  =  𝓠0 + 𝓚0𝒕…………………………………….. (1) 

Where 𝓠t  is the amount of drug dissolved in time 𝒕, 𝓠0  is the initial amount of drug in the 

solution (mostly 𝓠0 =0) and 𝓚0 is the zero order release constant expressed in units of 

concentration/time. 

3.4.2.2 First order 

 This model describes the absorption and elimination of drugs, even though it is quite 

difficult to understand the mechanism17,18 and it is completely dependent on drug 

concentration The equation can be expressed as, 

log 𝓠t = log 𝓠0 +  𝓚1𝒕………………………. (2) 

Where 𝓠t is the amount of drug dissolved in time𝒕, 𝓠0 is the initial amount of drug in the 

solution (mostly 𝓠0 =0) and 𝓚1 is the first-order release constant.  

3.4.2.3 Higuchi model 

 This model is probably the most used mathematical equation which is purely based on 

the drug release from matrix system18. It is often applicable to the different geometrics and 

porous system. The equation is as follows: 

𝓠t = 𝓠0 = 𝓚H𝒕𝟏/𝟐
……………………………... (3) 

Where 𝓠t  is the amount of drug dissolved in time 𝒕, 𝓠0  is the initial amount of drug in the 

solution (mostly 𝓠0 =0) and 𝓚H is the Higuchi release constant. 
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3.4.2.4 Hixson-Crowell model 

 This mathematical modelling describe the drug release based on the change in surface 

area and also diameter of particle19,20. The equation is, 

√𝓠0
𝟑

− √𝓠t
𝟑

 = 𝓚HC𝒕………………………….. (4) 

Where 𝓠t is the amount of drug dissolved in time𝒕, 𝓠0 is the initial amount of drug in the 

solution (mostly 𝓠0 =0) and 𝓚HC is the Hixson Crowell constant. 

Table 3.2 Applications of different kinetic mathematical modelling 

 

3.4.3 Magnetic Resonance (MR) Imaging experiments 

 MR imaging was performed with a 7 T clinical Signa HDxt scanner (Varian) (Figure 

3.3). T2-weighted images were acquired using the following parameters: 7 T, Repetition time 

TR=2000 msec, fast spin echo, FOV=3*3 cm, Echo time TE=15-250 msec, slice thickness=4 

mm and resolution 256×256 points. For T1 measurements, coronal spin-echo sequences with 

fixed echo time (TE)=24 msec and varying repetition time (TR) (25 msec to 4 sec) were used. 

CSNPs suspensions was taken at varying concentrations. 
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Figure 3.3 Varian 7 T MR Scanner used for the imaging study (Centro nacional de 

investigación en imagenología e instrumentación médica – ci3m, Universidad Autónoma 

Metropolitana, Iztapalapa) 

3.4.3.1 Phantom preparation for MR Imaging  

 A pellet containing CSNPs labelled with L6 and Hep2 cells was mixed with 1.5 ml of 

preheated 0.5% agarose gel at 40°C. Then the labeled cells are incorporated with agar phantom 

which is cooled down to room temperature to solidify and stored at 4°C. The agar gel with 

the cells are considered as a control for phantom MR imaging studies. 

3.4.4 Hyperthermia experiment setup 

 The setup (Figure 3.4) used to apply the Mw electromagnetic field to perform the 

experiments consisted of a generator (SML 03, Rhode & Schwarz, Germany) set to a frequency 

of 2.45 GHz. This signal was then amplified using an RF & Mw module power amplifier 

(1164-BBM3Q6AHM, Empower, USA). The output power was then monitored through the 

use of a dual direct coupler (DC7154M, Amplifier Research, USA) and a power meter 

(PM2002, Amplifier Research, USA) to ensure an output power of 6 W and to monitor the 

reflected power of the system. To adjust the standing wave ratio (SWR) to an optimal value, a 

coaxial stub tuner (1878C, Maury Microwave Corp., USA) was used along a network analyzer 

(E5071B, Agilent Technologies, USA) to measure and reduce the SWR to a minimum prior 

to each experiment21. 

 

Figure 3.4. Experiment set-up used for Mw based hyperthermia studies (Department of 

Electrical Engineering - Bioelectronics section, CINVESTAV-IPN, Mexico city) 
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3.4.4.1 Temperature Measurements 

 Non electromagnetic interfering optical fiber probes temperature sensors (M3300, 

Luxtron, USA) were used to record temperature increment. The temperature was measured 

inside the PBS. Each test lasted 150 sec in order to study the temperature response as a 

function of time. The temperatures were recorded every sec during the experiments using True 

Temp software (Luxtron, USA). 

3.4.4.2 Hyperthermia measurements  

 The heating effect of CSNPs was studied using Mw based hyperthermia at 2.45 GHz. 

The aqueous sample of various CSNPs concentrations was taken and well dispersed with PBS 

(volume is made upto 1 ml). Then the applicator was placed in the sample and the temperature 

is measured. The samples were exposed to Mw for 150 sec at 6 W.  

3.5 Materials 

 Ferric (III) chloride hexahydrate (FeCl3•6H2O, 97%), Ferrous (II) chloride 

tetrahydrate (FeCl2•4H2O, ≥99%), Cobalt (II) nitrate hexahydrate (CoN2O6•6H2O, 99.999%), 

Manganese (II) chloride tetrahydrate (MnCl2•4H2O, 99.99%), sodium hydroxide (NaOH, 

>98%), Gold (III) chloride trihydrate (HAuCl4•3H2O, ≥99.9%), L-Ascorbic acid (AA) 

(C6H8O6, ≥99.0%), Dimethyl sulfoxide (DMSO) (CH3SOCH3, ≥99.9%), Sodium chloride 

(NaCl, ≥99.5%), Hexadecyltrimethylammonium bromide (CTAB) (CH3(CH2)15N(Br)(CH3)3, 

≥99.0%), Folic acid (FA) (C19H19N7O6, ≥97%), N-Hydroxysuccinimide (NHS) (C4H5NO3, 

98%), N,N′-Dicyclohexylcarbodiimide (DCC) (C6H11N=C=NC6H11, 99%), Triethylamine 

(TEA) ((C2H5)3N, ≥99%), Doxorubicin hydrochloride (Dox) (C27H29NO11•HCl),  MTT [3-

(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide], Hoechst Stain solution, 

Phalloidin–Tetramethylrhodamine B isothiocyanate, paraformaldehyde, ethanol 

(CH3CH2OH, ≥99.8%) and Dialysis sacks (MW 12,000 Da) were purchased from Sigma-

Aldrich (Mexico). Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS), 

Phosphate buffer saline (PBS) and streptomycin were obtained from Gibco, Life 

Technologies. Agarose (UltraPure, Agarose) was purchased from Invitrogen, Thermo 

scientific. Deionized water (DI) was used for all experiments. All chemicals were used directly 

without any further purification. 
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3.6 Synthesis Methods 

3.6.1 Synthesis of core nanoparticles 

 Magnetic core (Fe3O4, CoFe2O4 & MnFe2O4) NPs were synthesized using co-

precipitation method. The precursors 0.5 M of ferric (III) chloride and 0.25 M of  

i) Ferrous (II) chloride, 

ii) Cobalt (II) nitrate, 

iii) Manganese (II) chloride,  

were taken in the ratio of 1:0.5 and in order to avoid the precipitation of the salts, they were 

initially dissolved separately in 10 ml of nitrogen (N2) degassed DI water and mixed with 1.5 

M solution of 40 ml NaOH, which was used as a reducing agent. The entire synthesis process 

was carried out under N2 atmosphere for 1.5 h at 80°C (pH 12). The black resultant precipitate 

(Figure 3.5) was separated using an NdFeB strong magnet and it was washed 3 times with DI 

water. This pure NPs were further used for CSNPs formation. The reaction is as follows: 

𝟐𝐅𝐞3+ + Fe2+∕ Co2+∕ Mn2+ + 8OH- ⟶ 𝐅𝐞3𝐎4 𝐂𝐨𝐅𝐞2𝐎4⁄ 𝐌𝐧𝐅𝐞2𝐎4⁄  + 𝟒𝐇2𝐎 ……….. (5) 

 

Figure 3.5. As-synthesized black core NPs separated using strong magnet 

3.6.2 Core seed preparation  

 200 µl of as-synthesized NPs was centrifuged and dispersed in 1 ml of DI water (pH 

adjusted to 7). Then, 400 µl of DMSO was added and the mixture was stirred continuously 

under N2 atmosphere at 75°C for 3 h to reduce the aggregation of NPs.  

3.6.3 Synthesis of gold nanoshell 

 Au coating was carried out using gold seed solution which were prepared freshly by 

mixing 0.5 ml (1 M) of CTAB, 1 ml (50 mM) of ascorbic acid (AA) and 100 µl (1 M) of 

HAuCl4•3H2O solution. This solution complex mixture was sonicated for 30 mins. The golden 

yellow color immediately changed to a milky orange color and then to a milky white color 

(Figure 3.6). 
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Figure 3.6. Gold seed solution from milky orange (a) to milky white colour (a*) 

3.6.4 Synthesis of core-shell nanoparticles (CSNPs) 

 The seed solution of core (Fe3O4 & MnFe2O4) and gold were used to synthesize 

CSNPs. In this case, the ratio of 1:5 was taken. This was because we had already optimized 

the ratio with 1:5, 1:7, and 1:9 and found that 1:5 was appropriate for the CSNPs. Initially, 1 

part of milky-white colored gold seed solution was added dropwise to the faint brown-colored 

core seed solution. This solution mixture was stirred for 4 h continuously until the brown 

colored solution turned into purple (Figure 3.7).  

Au iterations  

 Then, with the above gold seed solution, the gold iteration was continued for 5 times 

for every 2 h with CoFe2O4 core. Finally, a dark purple color CSNPs solution was obtained.  

 

Figure 3.7. Dark purple color CSNPs solution 

 Then, these CSNPs were magnetically separated by magnetic separation technique 

using NdFeB block magnet and they were washed twice with a mixture of hexane and ethanol 

(1:1 ratio) to obtain high purity NPs excluding excess gold NPs. The washed NPs were 

centrifuged again twice to remove excess CTAB from the solution which was confirmed using 

FTIR. 
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3.6.5 Folic acid activation and attachment onto CSNPs 

 Folic Acid (MW = 441 Da) (Figure 3.8) has been used as a targeting agent to actively 

target cancer cells. This is because, FA is a vitamin whose receptor is frequently overexpressed 

on the surface of human cancer cells22 but it is highly restricted in normal tissues. In addition, 

the folate receptor is efficiently cell internalized after binding with its ligand23,24. The cell-

surface receptor has a very high affinity for FA which makes it to move into the cell 

cytoplasm25,26. This provides a huge platform for efficient intracellular delivery of anticancer 

agents. 

 Activated FA was used for the attachment onto the surface of CSNPs. The reason 

behind the activation of FA was to activate the carboxylate group. This was carried out by 

dissolving FA (0.25 gm) into 20 ml of DMSO which was subjected for 1 h sonication to ensure 

complete dispersion. Later, carboxylate group present in FA was activated by mixing 0.125 gm 

of DCC and 0.225 gm of NHS. The complete reaction was carried out under N2 atmosphere 

at 30°C for 12 h (FA/DCC/NHS molar ratio 2:1:2)27. The resultant product was filtered using 

Whatman filter paper; then it was further used for attach onto CSNPs. 

 

Figure 3.8. Structure of Folic acid 

 The attachment was carried out by mixing 1 ml of activated FA and 10 ml of CSNPs 

under N2 atmosphere, stirring the mixture continuously for 5 h. Then, N2 atmosphere was 

detached and the reaction was continuously stirred for 24 h. Finally, this reaction mixture was 

filtered using Whatman filter paper. Then the process of dialysis was carried out to eliminate 

unreacted FA using a 3000 kDa dialysis membrane in PBS (pH 7.4). After centrifugation, the 

pellet was again dialyzed in DI water for a period of 24 h. The activated FA binding onto the 

surface of CSNPs was studied using UV-Vis spectroscopy analysis. 
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3.6.6 Surface functionalization of doxorubicin 

 Anthracycline antibiotic Dox (Figure 3.9) has shown great treatment potential which 

has the ability to combat rapidly dividing cells leading to slow disease progression which made 

it to use as a one of the important chemotherapeutic agent for various cancer types. But 

showing a high toxicity on noncancerous cells in the human body28. It acts by binding to DNA-

associated enzymes, it can intercalate the base pairs of the DNA's double helix29 and also binds 

to multiple molecular targets like topoisomerase enzymes I and II causing various cytotoxic 

effects occur in conjunction leading to DNA damage30.  

 Dox was used to kill cancerous cells using FA attached CSNPs. Activated FA 

functionalization on CSNPs acted as an anchor for the binding of Dox. To bind Dox, 5 ml 

FA-CSNPs was mixed with 1 ml of TEA and 5 ml of DMSO as a solvent; finally, 400 µl of 5 

mM Dox solution were added. This mixture was purged using N2 gas under continuous stirring 

at 60°C for 5 h. The final complex solution was dialyzed to remove the unbound or excess of 

Dox. The Dox binding was studied by characterization techniques like FTIR and UV-Vis 

spectroscopy. 

 

Figure 3.9. Structure of Doxorubicin hydrochloride 

3.7 Doxorubicin loading and loading efficiency  

 Before initiating the drug release studies, it was very significant to determine the Dox 

loading to ensure the exact amount of Dox bound onto FA-CSNPs complex was so decisive 

to calculate the proper drug delivery study. It can be calculated using the below formula: 

𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒍𝒐𝒂𝒅𝒆𝒅 = 𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒊𝒏𝒊𝒕𝒊𝒂𝒍𝒍𝒚 𝒍𝒐𝒂𝒅𝒆𝒅 −

𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒐𝒇 𝒖𝒏𝒃𝒐𝒖𝒏𝒅 𝒅𝒓𝒖𝒈 …………………………………………… (6) 
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 Loading efficiency of drug is an important aspect, because this should be relatively 

higher to avoid loss of drugs during the production and also to minimize the use of high drug 

concentration. Thus the drug loading efficiency was determined by the following equation31: 

𝑫𝒓𝒖𝒈 𝒍𝒐𝒂𝒅𝒊𝒏𝒈 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒚 (%)  =
𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒇𝒊𝒏𝒂𝒍𝒍𝒚 𝒍𝒐𝒂𝒅𝒆𝒅

𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒊𝒏𝒊𝒕𝒊𝒂𝒍𝒍𝒚 𝒍𝒐𝒂𝒅𝒆𝒅
 × 𝟏𝟎𝟎 ………….. (7) 

3.8 Cell studies 

3.8.1 Cell Culture Preparation 

 L6 (skeletal muscle cell line) and Hep2 cells (laryngeal carcinoma cell line) were 

cultured in DMEM supplemented with 100 U/ml penicillin, 10% FBS and 100 µg/ml 

streptomycin with a 5% CO2 atmosphere in a humidified incubator at 37°C.  

3.8.2 Cytotoxicity Assay 

 The MTT tetrazolium assay has been widely used technique to evaluate the number 

of  viable cells in multi-well culture plates. Viable cells with active metabolism convert MTT 

dye into a purple colored formazan product. But the dead cells lose the ability to convert MTT 

into formazan, thus color transformation serves as a useful marker to detect only the viable 

cells32.  

 To carry out MTT assay, L6 and Hep2 cells were seeded into a 24-well plate with a cell 

density of  1×105 cells/plate and suspended in DMEM for 24 h at 37°C in a 5% CO2 

atmosphere. Later, the medium was replaced containing different concentrations of  NPs in 

the range of  10-50 µg/ml. Then plates were placed at 37°C in a humidified 5% CO2 incubator 

and after 24 h MTT-assay was performed. 

 For MTT assay, 10 μl of  MTT (5 mg/ml) in DMEM was added to each well and 

incubated for 3 h under same conditions. After incubation, removal of  MTT solution was 

done and DMSO (100 μl) was added to dissolve formazan crystals. The plates were kept on a 

shaker for 10 min and then absorbance was recorded at 490 nm using a micro plate reader 

(Figure 3.10). The absorbance was recorded in triplicate and cell viability was calculated from 

their average values. 
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Figure 3.10. Bio-Rad micro plate reader used for MTT assay (Department of  Cell Biology, 

CINVESTAV-IPN, Mexico city) 

3.8.3 Cell Labelling 

 Cells were incubated with different NPs to analyze the impact of  viability caused by 

NPs. L6 and Hep2 were seeded on 13 mm glass coverslips positioned inside a 12-well culture 

plate with a seeding density of  1x103 cells/coverslip. After 24 h, the adherent cells were washed 

with PBS then media was replaced and incubated for 24 h at 37°C. To remove the loosely 

bound and free NPs the cells were washed with PBS. Using 2% paraformaldehyde the cells 

are fixed. After washing, the cells are permeabilized with 500 µl of  PBS-triton 0.1% and again 

washed with PBS. Then the cells are stained with 300 µl of  Hoechst of  1:4000 dilution in 1x 

PBS. Later again stained with 300 µl of  Phalloidin/Rhodamine dye. Finally after washing, 

vectashield was used to seal the coverslip on the glass slide to observe under confocal 

microscopy. 

3.8.4 Confocal Imaging 

 Confocal microscopy was employed to visualize the cellular and nuclear morphology 

caused by NPs. Z-series confocal images were collected using Carl Zeiss LSCM 700 confocal 

microscope fitted with a 40x oil-immersion lens. Images were processed using Carl Zeiss ZEN 

2.1 (black edition) software. 

3.9 Software for data processing 

 In this thesis, origin software platform (OriginPro 8.5) was used to analyze and process 

the data for plotting various graph. 
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4.1 Introduction 

 Cancer, considered as a hallmark of diseases which is responsible for second most 

mortality and morbidity rates. The greatest discovery in the fundamental cancer biology has 

not been transformed into clinical therapeutics. There is a vast incongruity existing due to lack 

of translational medicine targeting towards the cancerous cells both temporally and spatially. 

Moreover, the drugs available possess a plethora of side-effects and are incapable of 

circumventing the biophysical barriers posed by tumor microphysiology. The two nano-

vectors viz., drug-delivery and imaging have come to the rescue in such a debilitating condition 

of cancer therapeutics.  

 The recent upsurge of interest in medical nanotechnology has significantly expanded 

the breadth and depth of magnetic nanoparticle (MNPs) research. MNPs are exploited for 

various applications in biomedicine, such as Magnetic Resonance Imaging (MRI), drug-

delivery and hyperthermia. But the biggest flaw in using MNPs is that they are highly reactive 

in nature, and moreover, they have the tendency to transform their oxidation states drastically. 

To circumvent this problem, there was a need of coating such particles with an inert transition 

metal i.e.gold (GNPs). This coating leads to stabilization of the particles, thus enhancing the 

biocompatibility as well as biodistribution in physiological conditions. Such a design of 

nanoparticles comprising of SPIONic core and gold shell can perform multi-functions 
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concomitantly such as imaging, drug-delivery and hyperthermia. Such a nanomedicinal model 

containing MNPs can perform two functions:  

1) enhance proton relaxation of specific tissues,  

2) serve as MR imaging contrast agents.  

 The nanoshell made up of GNPs is surface plasmon resonance (SPR) active 

substance, which can interact with a linker and then orchestrate anti-cancer drugs1–6. 

 Such a targeted drug delivery cargo can be accrued within the tumor site by different 

mechanisms such as externally applied magnetic field7, enhanced permeation and retention of 

small nanoparticles (NPs) due to the leaky vasculature8 and folate receptor-based temporal and 

synaphic targeting. Once collated at the tumor site, such nanoflotillas are incorporated via 

receptor-mediated endocytosis and then release the active drug moiety in the intracellular 

compartment. This leads to induction of cellular apoptosis, thus reducing systemic side 

effects9,10.  

 The most important criteria for any drug-delivery vehicle for in vivo applications are 

that, they must be stable to overcome the hydrodynamic fluid pressure as well as endothelial 

surface charges. These properties prevents undue accumulation and interaction with the 

physiological milieu which hinders the nanocargo to reach towards its destined cells. 

Nevertheless, these properties are important but they are not sufficient to exhibit antitumor 

action. The intracellular drug-delivery is possible only through various stimuli such as pH, 

temperature or ligand-receptor interaction11–13. For example, certain cancer cells overexpress 

folate receptors on their surface, hence using folic acid (Fa) moieties on the surface of the 

vehicle can help in synaphic delivery14–16. Moreover, Fa is non-toxic, non-immunogenic in 

nature and stable and finally imparts negative charge on the surface, thus leading to reduced 

agglomeration with endothelial cells which are also negatively charged17,18. Apart from Fa, large 

number of ligands can be exploited such as antibodies, peptides and aptamers19–22.  

 In this research, we have reported a synthesis of gold coated magnetic NPs (Fe@A) 

for their applications in drug-delivery, MRI and microwave (MW) based hyperthermia (Figure 

4.1). The cytotoxicity assays of such NPs were performed on both L6 and Hep2 cells. These 

particles were also used for the attachment of Fa & Doxorubicin (Dox) and the drug release 

studies were done at different pH 5.4, 6.8 and 7.4. The stability of these NPs were also studied 

using zeta (ζ) potential. MR Imaging and Hyperthermia studies of such particles were done 

and was analyzed in details. 
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Figure 4.1. Schematic representation of CSNPs tri-pronged applications 

4.2 Results and Discussions 

4.2.1 Mechanism involved in the synthesis of core/shell nanoparticles (CSNPs) 

 MNPs synthesis (core) occurs when Fe3+ and Fe2+ reaches its critical supersaturation 

value causing short burst of nucleation. The reaction kinetics of such nuclei formation at 80°C 

is purely a temperature-dependent mechanism, in which the diffusion of ions takes place from 

the bulk phase to the surface of nuclei23. This growth step is followed by agglomeration due to 

Ostwald ripening which finally leads to reduction of overall energy of the system. Dimethyl 

sulfoxide (DMSO) stabilizes MNPs due to surface negative charge on them causing repulsion, 

thus preventing agglomeration of the particles24. To circumvent the problem of oxidation in 

air, an inert layer of Au nanoshell is encapsulated on the surface of MNPs. MNPs exhibit 

misalignment of spins on the surface. When gold interfacial layer is overlayed on such a 

disordered surface, there is further increment in the spin disorderness thus influencing the 

magnetic properties of MNPs25. 

 The CSNPs synthesis involves a seed mediated approach constituting CTAB, Au ions 

and a mild reducing agent, AA. The reaction sequence involves metallomicelle formation by 

AuCl4
- with CTAB to form CTA+AuBr4, which is orange coloured solution. As AuBr4

- has 

lower potential as compared to AuCl4
- it is difficult for weak reducing agent such as AA to 

reduce AuBr4
- to form Au atoms. AA can only reduce AuBr4

- in the metallomicelle to form 

AuBr2
-, which is light violet coloured solution. The first reduction reaction occurs in the 
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metallomicelles within the Au seed solution, while the second reduction reaction occurs on 

the surface of MNPs. At room temperature, the second reduction reaction cannot form a 

uniform shell on the surface of MNPs core hence a mild temperature of 80°C is required to 

form a uniform outer layer. Brown coloured magnetic particles became dark purplish when 

light violet coloured Au seed solution was mixed with it. The Au seeds supply large number 

of small randomly oriented crystalline domains along with particle mediated electron transfer, 

thus facilitating the Au shell on the surface of MNPs26. 

𝐅𝐢𝐫𝐬𝐭 𝐑𝐞𝐝𝐮𝐜𝐭𝐢𝐨𝐧: 𝑨𝒖𝟑+  → 𝑨𝒖𝟏+ 

𝐶𝑇𝐴 − 𝐴𝑢𝐵𝑟4 + 𝐶6𝐻8𝑂6 → 𝐶𝑇𝐴 − 𝐴𝑢𝐵𝑟2 +  𝐶6𝐻6𝑂6 + 2𝐻+ + 2𝐵𝑟−……………… (1) 

𝐒𝐞𝐜𝐨𝐧𝐝 𝐑𝐞𝐝𝐮𝐜𝐭𝐢𝐨𝐧: 𝑨𝒖𝟏+  → 𝑨𝒖𝟎 

2𝐶𝑇𝐴 − 𝐴𝑢𝐵𝑟4 + 𝐶6𝐻8𝑂6 → 2𝐴𝑢 + 𝐶6𝐻6𝑂6 + 2𝐶𝑇𝐴+ + 2𝐻+ + 4𝐵𝑟−……………. (2) 

4.2.2 Structural characterizations of CSNPs 

 XRD patterns of CSNPs is displayed in Figure 4.2. The characteristic peaks of pure 

GNPs (JCPDS file numbers: 004-0784) were compared with the CSNPs27. The XRD pattern 

demonstrated a strong peak at 2θ=38°, which is a signature marker for Au, which correspond 

to Miller Index (111) respectively. The Au peaks were dominant in XRD due to the heavy 

atom effect. Since Au is heavier than iron, all the other peaks of MNPs were suppressed28–30. 

From the XRD data, we also calculated the size of the NPs using the Scherrer formula31: 

𝑫𝒑 =  0.94𝜆
𝛽1/2𝐶𝑜𝑠𝜃⁄ ……………………. (3) 

 The average diameter of the NPs calculated using the above formula was estimated to 

be 14 nm, which was corroborated by TEM. In order to confirm the gold shell formation, the 

absorption spectra of SPR peak was monitored using UV-Vis spectroscopy. The deposition 

of Au seeds onto the metallic Fe core leads to a red-shift of the SPR peak to 581.5nm (Figure 

4.2. inset) which proves the CSNPs32.  
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Figure 4.2. XRD pattern for the CSNPs showing characteristic peaks at (111), (200) and 

(311) for Au, inset represents the SPR peak of CSNPs 

 Transmission electron microscopy (TEM) of Fe@A demonstrated an average size of 

the particles in the range of 11 nm (Figure 4.3a, Histogram subset). The particles were nearly 

monodisperse and spherical. CSNPs typically exhibit no agglomerations due to very low free 

surface energy33. HRTEM of the Fe@A CSNPs revealed discrete separation between the Fe 

and Au phases, which is a clear indication of unique incorporation of Au shells on the surface 

of MNPs, as reported previously34. The diffusion of Au into Fe leads to the formation of 

metastable Au-Fe phase35. Due to the curvature effect, there is distortion in the crystal lattice 

on the surface of the NPs. The average diameter of CSNPs was increased to 11 nm from 6 

nm of iron oxide seeds when gold chloride was reduced on its surface. Hence, the average 

thickness of the gold nano-shell was 5 nm, suggesting that the addition of Au on the surface 

of the NPs consequently increased the diameter of the NPs.  

 The number of shells of gold formed on iron oxide was calculated using the following 

formula: 

𝑵𝒐. 𝒐𝒇 𝒔𝒉𝒆𝒍𝒍𝒔 𝒇𝒐𝒓𝒎𝒆𝒅 =
𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝐴𝑢 𝑠ℎ𝑒𝑙𝑙

𝐴𝑡𝑜𝑚𝑖𝑐 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑔𝑜𝑙𝑑
………… (4) 

      = 5/0.2 = 25 shells 

 Thus, around 25 shells of Au on average encapsulate each MNPs. These shells 

stabilized by CTAB confer a positive charge on the particles depicted from the Zeta potential 

values in Table 4.2. 
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Figure 4.3. a) TEM micrograph of CSNPs exhibiting monodisperse NPs of size 5-20 nm 

(Histogram in subset), b) EDAX showing the presence of Au, Fe and O (Inset: SAED 

pattern from CSNPs, showing a superposition of Au and Fe lattices), c), d) HAADF 

imaging, maps the CSNPs Gold/Iron oxide NPs (Inset: RGB colour display clearly 

indicates the formation of CSNPs based on the difference in the colour contrast), e) 

measurement of the lattice distances 

 This leads to further enhancement of the stability of NPs due to the electrostatic force 

of repulsion existing between the particles. EDAX results shown in Figure 4.3b indicated 

particles comprised mainly three atoms: Fe (39.63%), Au (37.57%) and O (22.80%). Figure 

3b inset represents the SAED pattern of Fe@A which is an overlapping of both Au and Fe 

lattices with distinguishable planes of majorly Au36. The HAADF imaging of CSNPs using 

STEM mode in Figure 4.3c and d demonstrated the intertwined MNPs, which were overlayed 

by Au nanoshells. The HAADF image was highly sensitive to the changes in the atomic 

number of atoms in the sample (Z-contrast images) due to very high angle, incoherently 

scattered electrons. The dark inner core as compared to lighter outer shell (Figure 4.3c) was 

due to the dominating mass contrast over diffraction contrast, thus making the shell lighter 
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even if Au had a higher electron density than Fe. The red-green-blue (RGB) colour display 

shown in Figure 4.3d inset clearly indicated the formation of CSNPs based on the difference 

in the colour contrast. The measurement of the lattice distances in Figure 4.3e revealed the 

evidence of the crystal plane (311) inside the core, thus indicating the presence of magnetite 

as well as planes (316) and (209), thus indicating the presence of maghemite. The presence of 

maghemite indicates that there is partial transformation of magnetite, resulting in the change 

in oxidation states of Fe. Furthermore, the shell constituted of (111) crystal plane which is a 

signature marker of Au. Figure 4.4. also shows line mapping of CSNPs, which confirmed 

the core of iron and shell of Au. 

 

Figure 4.4. Line mapping of CSNPs indicating the core of iron and shell of gold 

4.2.3 Magnetic characterizations 

 Figure 4.5. displays the plots of magnetization versus magnetic field at 5, 300 and 312 

K for the Fe@A CSNPs. Saturation magnetization of CSNPs was 80.9 emu/g at 5 K and 

53.2 emu/g at 312 K. These values were markedly lower than the saturation magnetization of 

bulk Fe NPs (92 emu/gm)37,38. The reduction in the saturation magnetization may be due to 

the decreased particle size39. The overall magnetism of the CSNPs displayed decreased 

saturation magnetization due to the incorporation of non-magnetic Au shell to the inner core. 

Furthermore, decrement in coercivity (Hc) also resulted due to the decrease in magnetic 

surface anisotropy as a consequence of Au shell formation40. 
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Figure 4.5. Magnetization of the Fe@A using SQUID at 5k, 300k & 312k 

4.2.4 Surface composition of Fe@A 

 The important criteria for the synthesis of CSNPs is usually the completeness of shell 

onto the surface of core NPs41. Therefore, to confirm this criteria XPS was employed for 

evaluating the surface composition of Fe@A as shown in Figure 4.6a*. Analysis of the 

individual elemental XPS spectrum confirmed the oxidation states of each elements in the 

solution. Figure 4.6a shows two dominant peaks at 710.8 eV and 724.5 eV which is a signature 

marker of Fe (2p3/2) and Fe (2p1/2), respectively. These two peaks consist of Fe2+ and Fe3+ 

of FeO and Fe2O3 peaks respectively of Fe3O4 NPs42. And the satellite peak at 718.9 eV was 

ascribed to Fe3+ ions. There is a minor blue-shift of Fe (2p3/2) peak from 711.2 to 710.8 eV 

which confirms a very strong electronic interface between Fe core and Au shell43. Figure 4.6b 

represents the XPS of Au spectra of the CSNPs. The two peaks at 83.99 eV and 87.65 eV 

relates to Au (4f7/2) and Au (4f5/2), respectively. These results confirms that the emission of 

4f photoelectrons from Au044, which suggest the presence of Au0 atoms on the Fe core NPs45 

also with the absence of Cl 2p ions (Figure 4.6c) confirming the deposition of Au onto the 

Fe NPs. Even after the coating of Au onto the Fe, detection of Fe atoms is possible it may be 

due to thin Au coating of 5-10 nm46, or Fe atomic surface were exposed during the analysis41. 

The C 1s binding energy was used as an internal reference for the analysis (Figure 4.6d). The 

O 1s peaks is can be deconvoluted into two peaks at 530.1 and 532.7 eV which corresponds 

to O–Fe of Fe47, and O–C of carboxyl group48,49 (Figure 4.6e). 
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Figure 4.6a*. Scan survey of Fe@A 

 

Figure 4.6. Elemental analysis of Fe@A by XPS which clearly shows the presence of 

elements such as a) Fe, b) Au, c) absence of Cl,  d)C, and e) O  

4.2.5 Surface modification using Fa and Dox onto the Fe@A surface 

 The efficiency of NPs based targeting or therapy depends on the efficacy of drug 

released in the specific target tissue which is purely based on the surface functionalization of 

NPs. These modifications aids in receptor mediated targeting which is a common strategy to 

increase the efficacy of drug50,51. The receptor mediated is majorly contributed by folic acid 

(Fa) to target cancer cells/tissue for specific delivery. Fa is a vitamin52 which is very essential 

for the nucleoside synthesis53,54. So cancer cells overexpress the folate receptors55, which has 
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high affinity towards Fa on the cell surface56. Additionally, these Fa is non-immunogenic, 

stable, and has small molecular size which can easily internalize the NPs through cellular 

membrane57. Thus we developed an efficient NPs-Fa conjugate complex for the following 

applications. 

 The UV-Vis absorption spectra of the Fa-Fe@A in aqueous solution is shown in 

Figure 4.7a. The SPR peak of the Fe@A and peak of Fa are observed. The absorption 

spectrum of Fa-Fe@A displayed the characteristic absorption peaks of the Fa (273.74 and 

373.8 nm)58, indicating the conjugation of Fa onto the surface of the Au shell. And due to 

SPR property the Au expresses the peak at 543.8 nm. This confirms the formation of Fa 

complex. 

 The attachment of Dox onto Fa-Fe@A was confirmed by UV-Vis spectra which is 

represented in Figure 4.7b. In this spectrum, the three major peaks are observed. In case of 

Fa, the weak hump is seen at 373.8 nm and the signature marker at 273.74 nm disappears 

because of the binding of Dox. For, Fe@A the absorption is seen at 546.4 nm showing minor 

red-shift from the previous spectrum and finally we have employed origin software to carry 

out the peak fitting (blue hexagon) for Dox which is observed at 494.5 nm with slight red-

shift from 485 nm59 due to the conjugation with Fa by amide bond60 which is confirmed by 

FTIR. Therefore, this spectrum confirms the complex formation is successful which can be 

employed for further applications. 

 
 

Figure 4.7. a) UV-Vis spectra of Fa functionalization and b) encapsulation of Dox onto 

Fa-Fe@A 
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Figure 4.8. FTIR spectra showing the attachment of a) Fa and b) Dox onto Fe@A 

 Chemical structures of Fa and Dox attachment onto Fe@A CSNPs were investigated 

by FTIR spectroscopy. Figure 4.8a represents the FTIR bands of CTAB and Fa binding on 

the surface of Fe@A. The intensity of CTAB peaks are clearly shown because in most of the 

cases the peak intensities are purely depend on the metal NPs shape and size61. The peaks are 

shifted from the standard FTIR peaks of CTAB62 which is compared in Table 4.1. This 

confirms that the CTAB aids in capping of Au NPs. 

Table 4.1. FTIR peaks for CTAB (standard and observed) and its assignment 

 

 The Fa attachment was confirmed by comparing with the characteristic peaks of pure 

Fa63. From the spectra, 5 major bands are obtained which is slightly shifted form the standard 

Fa. These proves that Fa has been successfully attached onto the surface of NPs forming a 

complex of Fa-Fe@A. In particular, the 3 significant peaks of Fa at 1456 (–NH2), 1560 (–

NH), and 1652 cm-1 (–CONH) were seen64. 

 Figure 8b shows the FTIR spectra of Dox immobilization onto Fa-Fe@A. The 

spectra is plotted separately to avoid the overlapping of Dox peaks [1438 cm−1 (=CO 

anhydride stretch), 1659.8 cm−1 (=CO of amide stretching), 2916.5 cm−1 (–NH2 bending)] with 
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the peaks of CTAB and Fa. It is inferred that the intensity of CTAB peaks has been reduced 

majorly proving that the exposure is less due to immobilization of more Dox. The Dox binds 

with Fa by means of –CONH bond by the conjugation between –NH2 of Fa attached Fe@A 

and –COOH of Dox65. 

4.2.6 Stability and zeta potential studies of NPs 

 TGA was performed to confirm the thermal stability and step by step surface 

modification of the NPs under N2 atmosphere is shown in Figure 4.9a. The NPs samples 

were heated upto 900°C, and the % weight loss of Fe, Fe@A, Fa-Fe@A, and Dox-Fa-Fe@A 

were 56%, 11.06%, 9.7%, and 0.9%, respectively. In TGA analysis, the curves are majorly 

divided into two segments: initial weight loss is due to dehydration, and later is produced by 

decomposition of organic/metal complexes66. From the thermograms figure, the initial weight 

loss for all samples of less than 200 °C is ascribed to water, precursors and solvent residues67 

from the particle synthesis are removed. 

 In case of Fe, a thermo-magnetometric study shows that at 270 °C maghemite is 

formed, and above 320 °C hematite is formed due to high temperature68. But the oxidation of 

Fe at higher temperature is prevented by coating with Au shell forming Fe@A. So eventually 

for Fe@A, initially all the water and unreacted precursors are degraded69 and maintains a 

plateau until 760 °C and after that the surfactant (CTAB) and ascorbic acid (AA) are 

decomposed completely70. This proves that a large amount of CTAB and AA were employed 

in the reduction and protection of Au ions. 

 After the attachment of Fa, there is a drastic drop in the curve due to the loss of 

surface moisture and followed by a continuous decrement with a weight loss which could be 

assigned to Fa molecule loss on the surface71. Finally, the TGA curve of Dox-Fa-Fe@A 

shows a sudden drop from 50 to 106 °C which retains the same upto 785 °C and finally 

degraded completely. It is due to the complete organic nature of the NPs complex which is 

majorly exposed to Fa and Dox at high temperatures. 
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Figure 4.9. a) TGA analysis of all complexes to study the stability at higher temperatures, b) 

Zeta potential of Fe, Fe@A, Fa functionalized Fe@A and Dox encapsulated Fa-Fe@A 

 The zeta potential of the NPs were examined as because the stability and 

biocompatibility is purely depend on the NPs surface charges72. Figure 4.9b and Table 4.2. 

shows zeta potential measurements as a function of pH (5.4, 6.8 & 7.4) for the Fe, Fe@A, 

Fa-Fe@A, and Dox-Fa-Fe@A. The core Fe NPs synthesized by co-precipitation showed a 

ζ potential of +8.8 to +14.5 mV through DMSO modification; the S=O bond in DMSO 

forms a strong H bonds with H atoms of the NaOH (OH groups)73,74. In case of the Au coated 

Fe NPs, showed ζ potential value of +34.3 to +39 mV as the consequence of positive charge 

imposed by CTAB capping on AuNPs75,76. The Fa-Fe@A NPs expresses a negative charge (-

32.9 to -40.4 mV) which is due to Fa –COOH groups deprotonation77 on the NPs and the ζ 

potential value is more than -32.0 mV which indicates that the NPs are very stable. Finally, the 

ζ potential value of the Dox-Fa-Fe@A was noticed to be +14.3 to +20.8 mV as pH increases 

which is because of the inherent positive charge of Dox78. 

Table 4.2. Surface Zeta potential of NPs 
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4.2.7 Fa-Fe@A NPs internalization in cells 

 The Fa attached NPs has high affinity towards overexpressed folate receptors (FR) on 

the cancer cells9. Therefore, the trafficking of the Fa-Fe@A NPs inside the Hep2 cell lines 

was examined by cryoEM analysis by incubating NPs with the media (Figure 4.10a & b). The 

Fa-Fe@A complex entered the cells by receptor-mediated endocytosis pathway79,80. NPs 

cluster shown in Figure 4.10b which is high magnification cryoEM represents the 

internalization within the cell by vesicles formation in the cytoplasm. And also observed that 

there is no entry of NPs in the nuclei and cytoplasmic organelles was unaffected. This confirms 

that the Fa functionalized NPs are acting as an efficient nanocargo to deliver the drugs inside 

the cells. 

 

Figure 4.10. a) CryoEM image showing the entry of Fe@A and b) High magnification 

CryoEM image showing the cluster of Fe@A entry by the process of endocytosis 

4.2.8 Evaluating cytocompatibility in L6 & Hep2 cells 

 The free drug - Dox, synthesized and functionalized NPs like Fe, Fe@A, Fa-Fe@A, 

and Dox-Fa-Fe@A were tested in a various range of concentrations (50-250 µg/ml) to 

evaluate their cytotoxic effects on the cell lines of L6 and Hep2 which is shown in Figure 

4.11a & b. The cells were incubated with drug and NPs for a period of 24 h and then MTT 

assay was carried out to evaluate the cell viability. Both L6 and Hep2 exhibited more than 70% 

viability when exposed to Fe, Fe@A, Fa-Fe@A NPs showing minor toxicity even after 

exposure to high concentrations of NPs. This indicates that these NPs does not affect both 

the cell lines.  

 In case of free Dox, when exposed to L6 cells, shows minor killing but the same 

concentration of Dox with Hep2 cells showed 40% cell viability. And finally, the designed 

nanocargo Dox-Fa-Fe@A with L6 cells showing 25% of cell death and with Hep2 it carried 
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out its function by delivering the Dox effectively and killing the cancer cells upto 91% within 

24 h. This proves that the nanocargo acts as an efficient system as an anti-cancer agent. 

 

Figure 4.11. MTT assay of a) L6 cells with Fe, Fe@A, Fa-Fe@A, Dox and Dox-Fa-

Fe@A showing no apoptosis at even at higher concentrations b) Hep2 cells with only Dox 

and Dox-Fa-Fe@A showing around 91% cell death at high conc. 

 After MTT testing, the morphological observation of both L6 and Hep2 cells were 

demonstrated. Figure 11A & B shows the confocal laser scanning microscopy (CLSM) of the 

cells incubated with Fe, Fe@A, Fa-Fe@A, and Dox-Fa-Fe@A for 24 h. The cellular uptake 

and cytotoxic effects of the NPs on the cells were studied.  

L6 cells: 

 In case of L6 cells, the NPs complex does not shows any cytotoxic effect which can 

be seen by retaining the normal cytoplasmic and nuclear morphology (Figure 4.12A-a, b & 

c). While, the Dox-Fa-Fe@A treated cells show a minor nuclear disruption due to side-effects 

of drug Dox (Figure 4.12A-d). These results confirm that the NPs shows high permeability 

and biocompatibility so they are suitable as a nanocargos for cancer cell drug delivery. 
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Figure 4.12A. L6 Cell morphology analysis by confocal microscopy study treated a) Fe, b) 

Fe@A, c) Fa-Fe@A, d) Dox-Fa-Fe@A (Scale bar is 20 μm) 

Hep2 cells: 

 Meanwhile, with Hep2 cells there was major difference in the viability incubated with 

hybrid NPs confirmed by CLSM experiments. Similar results like L6 cells are seen that the Fe, 

Fe@A, and Fa-Fe@A (Figure 4.12B-a, b & c) does not affect the cells. But, the huge 

variation is seen with Dox-Fa-Fe@A, (Figure 4.12B-d) the Hep2 cells undergoes for 

apoptosis with the clear disruption of cellular and nuclear contents. This proves that the Dox 

is delivered in the nucleus and the drug does its function of initiating apoptosis and leading to 

cell death. Thus, the results obviously proves that the cargo can be a potential candidate for 

the drug delivery. 
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Figure 4.12B. Hep2 Cell morphology analysis by confocal microscopy study treated a) Fe, 

b) Fe@A, c) Fa-Fe@A, d) Dox-Fa-Fe@A (Scale bar is 20 μm) 

4.3 Applications of Fe@A 

 There are many applications of the Fe@A complex, such as drug-delivery, MRI and 

hyperthermia. This multifunctional cargo can tether Dox and Fa making them more targeted 

and cancer cell cytotoxic. MNPs though in the core of the complex can exhibit T2 contrast 

MR imaging. They are emerging as a nanoplatform for multimodal imaging. Such particles 

have finally led to diagnostic as well as therapeutics. Moreover, such MNPs also possess 

hyperthermal property. This has led to combination therapy, where the cytotoxicity of cells 

are due to both drug as well as heat generated by hyperthermia. This heat also enhances the 

drug release and furthermore causes enhanced killing. 

4.3.1 Drug release and kinetics studies at different pH 

Drug loading Efficiency: 

Concentration of drug initially loaded= 0.079 mM 

Concentration of unbound drug= 0.004 mM 

[Concentration of drug is calculated using the standard calibration curve of Dox (Straight line 

equation: y=6.72x)] 
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𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒍𝒐𝒂𝒅𝒆𝒅 = 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛𝑡𝑖𝑎𝑙𝑙𝑦 𝑙𝑜𝑎𝑑𝑒𝑑 −

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑢𝑛𝑏𝑜𝑢𝑛𝑑 𝑑𝑟𝑢𝑔……………………………………………... (1) 

= 0.079 mM – 0.004 mM = 0.0588 mM 

𝑫𝒓𝒖𝒈 𝒍𝒐𝒂𝒅𝒊𝒏𝒈 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒚 (%) =  
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑒𝑑 𝑓𝑖𝑛𝑎𝑙𝑙𝑦

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑎𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦 𝑙𝑜𝑎𝑑𝑒𝑑
 × 100 ….. (2) 

= 0.075/0.079*100 = 94.93 % 

 Tumor microenvironment possess lower pH as compared to the normal tissue milieu81. 

The normal physiological pH is 7.4, but due to anoxic microenvironment in tumor region, 

there is enhanced glucose uptake and its rapid breakdown into acid leads to the decrement of 

the pH of such regions to 6.8. A paradigm drug-delivery model needs to be designed in such 

a way that, there is maximal release at lower pH in comparison to physiological pH. Moreover, 

drugs like Dox becomes active in acidic environment, hence there must be maximum release 

in intracellular compartments, such as endosome, where pH becomes 5.482. Keeping these 

points into consideration, the in vitro drug release of Dox-Fa-Fe@A was investigated by 

employing 3 PBS buffers at different pH (5.4, 6.8 & 7.4) at room temperature for 24 h. We 

determined that our NPs system is pH dependent. As the pH decreases in the cellular 

organelles thereby increasing the release of drugs. The Dox cumulative release at 3 different 

pH after 24 h was found to be 74.73% at pH 5.4, 71.74% at pH 6.8 and 59.99% at pH 7.4 

(Figure 4.13a). At pH 5.4 it shows the maximum amount of drug release when compared to 

pH 6.8 & 7.4. This difference is due to pH decrement inside the endosomes which lead to 

detachment of drug by breaking the bond between the molecules. The obtained results were 

put into discrete drug kinetics model (Figure 4.13b) and realized that they followed first order 

rate kinetics from the high regression coefficient value (R2 = 0.9755). 
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Figure 4.13. a) Cumulative release of Dox released at 3 different pH, b) plot representing 

various kinetic models of drug release kinetics 

4.3.2 MR imaging using Fe@A in L6 & Hep2 cells 

 MR Imaging is a non-invasive method in which the active nuclei excited by radio-

frequency pulse will be relaxing back to the initial ground state. This process is constituted of 

two components,  

 longitudinal relaxation time (T1), and  

 transverse relaxation time (T2),  

which can be used to get an MR image83. This technique helps in diagnosis of pathologies 

based on the positive contrast enhancement as in T1 or negative contrast enhancement as in 

T2. MNPs become highly magnetized under magnetic field and possess induced magnetic 

fields that can lead to perturbation of the relaxation processes of the protons in the 

surrounding water molecules84. This causes shortening of the spin-spin relaxation time (T2) of 

the proton, thus resulting in the darkening of the MR images. Such particles even after gold 

coating, do not lose their characteristics and exhibit T2 contrast image, which is evident in the 

Figure 4.14a. As the concentration is increasing, the NPs show increased darkening of the 

images in both L6 and Hep2 cell lines as compared to the controls. Moreover, the relaxivity 

measurements showed r2 higher than r1 for both L6 and Hep2 (Table 4.3). The r1 and r2 values 

for L6 and Hep2 were represented in Figure 4.14b & c. The r2 values are 130.13 mM-1s-1 and 

182 mM-1s-1 respectively, while r1 values were 6.94 mM-1s-1 and 8.81 mM-1s-1 respectively. The 

enhanced r2 values confirmed that these NPs are an efficient T2 contrast agents. 
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Figure 4.14. a) T2 contrast image of Fe@A as the concentrations increases the darkening 

also increases b) r1 relaxivity of Fe@A incubated with L6 and Hep2 cells c) r2 relaxivity 

values of Fe@A incubated with L6 and Hep2 cells 

Table 4.3. Relaxivity values calculation 

 

4.3.3 Hyperthermal studies of Fe@A at 2.45GHz 

 In general, when the MNPs core diameter is less than 20 nm it behaves as a single 

domain and exhibit superparamagnetism nature85,86. These characteristics of NPs generates 

heating effect under alternating magnetic field (AMF) due to  

 Brownian relaxation and/or  
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 Néel relaxation87.  

Therefore, the hyperthermic performance of Fe@A CSNPs at different concentrations (100-

500 µg/ml) were scientifically studied under microwave (MW) at 2.45 GHz for a time span of 

120 sec at 6W. 

 To conduct this studies, the CSNPs were suspended in an agar phantom and 

surrounded by a muscle equivalent phantom. The coaxial antenna was introduced at the agar 

phantom sphere center along with a temperature sensor and MW was irradiated. From the 

result it is inferred that the temperature to induce apoptosis in cancer cells (44-45°C)88 was 

produced in around 42.7 sec and temperature responsible for causing necrosis (45-50°C)89 was 

reached within 45-48 sec which is shown in (Figure 4.15). We believe that the rapid increment 

of temperature within a short span of time was purely dependent on the GNPs shell onto Fe 

core by retaining the superparamagnetic integrity of core intact within the gold shell. 

 

Figure 4.15. Plot showing increment of temperature as a function of time with the increased 

conc. of Fe@A 

4.4 Conclusion  
 In summary, we have designed a synthetic route to obtain a gold coated magnetite 

core@shell (Fe@A) nanoparticles using seed-mediated technique along with functional 

linkers such as Fa and Dox (Dox-Fa-Fe@A). The bimetallic nature of the CSNPs was 

demonstrated using HRTEM and line-mapping techniques. The amalgamation of Fe core and 

the gold shell coating works in a collaborative approach by providing both magnetic properties 

and biocompatibility. The gold coating not only offers enough protection to Fe from 

oxidation and also the possibility of surface functionalizations.  
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 Therefore, exploiting the core property and the surface capping we have employed it 

for 3 assorted applications. We inferred that the drug loading efficiency was 94.93% with the 

cumulative Dox release is around 74.73% at pH 5.4 due to acidic environment which 

simulated the cancer cell endosomic pH. And from the fitting, we found it pursued a first 

order rate kinetics with high R2 = 0.9755 values. As these CSNPs were superparamagnetic, in 

MR imaging it expressed high r2 values especially with Hep2 cells (182 mM-1s-1) due to Fa 

targeting and confirmed to be T2 weighted contrast agents. Finally, under MW based 

hyperthermia, CSNPs produced suitable therapeutic temperature which is necessary to induce 

both apoptosis (42.7 sec) and necrosis (45-48 sec) rapidly with less concentrations. We confirm 

that the above versatile applications is solely on the multiple coating of gold layer by 

maintaining the core property and also providing enough platform for the surface 

functionalizations. From the above results, currently the CSNPs are further studied in vivo in 

our laboratory. 
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5.1 Introduction 

 Cancer is the second leading disease which causes major mortality and morbidity 

worldwide1. In cancer therapy, it is crucial to increase the drug specificity and drug efficacy to 

minimise or completely eradicate significant side-effects on patients2. Cancer nanotherapeutics 

overcome many serious drawbacks of chemotherapy such as non-specific targeting, lower 
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efficacy, insolubility of drug moieties in water and oral bioavailability3. Accordingly, 

Superparamagnetic Iron Oxide Nanoparticles (SPIONs) are exploited as an important 

nanomaterial for cancer detection as well as therapeutics4. Such magnetic nanoparticles (NPs) 

gained its momentum because of their single-domain ordering along with their large surface 

to volume ratio (providing large surface area for attachment of biological entities). Hence, this 

property makes them a suitable candidate as a contrast agent, drug-carrying cargo and 

hyperthermal agent5. The doping of SPIONs with cobalt ions further enhances their magnetic 

property, thus forming CoFe2O4 nanokernels (Nks). These spinel ferrite Nks possess ca.20-

30 times higher magneto-crystalline anisotropy as compared to SPIONs; this increases the 

performance of materials for biomedical applications6–8. Specifically, these Nks are mostly 

used in biomedicine than any other spinel structure because of their enhanced magnetic 

property and large anisotropy9. The increased superparamagnetism makes them an efficient 

system for theranostics10–12. 

 Such superparamagnetic Nks are reactive and toxic to cells; hence, gold NPs are used 

for creating a shell on the magnetic core. This architecture is biocompatible and chemically 

inert in the physiological system13. The core-shell nanoparticles (CSNPs) possesses unique 

optical and magnetic properties, thus creating an efficient platform for nanomedicine14. The 

significant benefit of the gold nanoshell is to provide complete protection to the inner 

magnetic core from a plethora of environmental factors15. This coat also acts as an excellent 

platform for surface modifications,16,17 real-time imaging and drug carrying cargos18,19.  

 The major hurdle in synthesising CSNPs is that there is no uniform coating of gold 

shell on the surface of the iron oxide core, even though the ratio between iron and gold is 

1:720,21. Therefore, gold iteration is a method that improves the formation of CSNPs and 

controls precisely the thickness of Au shell22,23 on the magnetic core. Even though iron oxide 

and gold CSNPs have been explored extensively24,25 for more than two decades, there are very 

few reports about CoFe2O4@Au nanoparticles21,26.  

 Doxorubicin (Dox) is one of the potential and most widely used anti-cancer agents 

for various types of cancers. This drug has shown inimical side effects on healthy cells such as 

cardiotoxicity, mucositis and myelosuppression27–29. These adverse effects are minimised by 

targeted drug delivery which uses specific molecules such as folic acid (FA) since cancerous 
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cells overexpress folate receptors on their surface30. Apart from synaphic delivery of drugs, 

the most crucial parameter is its actual release for killing the cancerous cells. The effective 

release is dependent on different types of stimuli such as internal (alterations in pH, 

temperature, redox condition as well as the enzyme activities) or external (such as a magnetic 

field, radiations and ultrasound)31.  

 Hyperthermia induced by external magnetic field is the most celebrated mechanism 

that enhances drug release efficiency of the system and are easiest to be used32. The synergistic 

action of hyperthermia and chemotherapy induces apoptosis as well as necrosis in the cancer 

cells followed by an enhanced immune response. There is a huge impact of hyperthermia-

combined chemotherapy on the immune system of hosts since they induce both adaptive as 

well as innate immunity. Hence, thermo-chemosensitization is considered as the future of 

clinical research33.   

 This work reports multiple iterative gold seed coated cobalt iron oxide nanokernels 

(Nk@A) as a tri-pronged cancer theranostic agent. The attachment of FA on the surface of 

Nk@A was used for tethering folate receptors present on cancerous cells30. Furthermore, Dox 

moieties orchestrated on FA attached Nk@A were responsible for their anti-cancer activity. 

Hence, these nanocargos act as proficient drug delivery missiles that targets cancer cells. The 

drug release profiles were studied using release kinetic models. Moreover, these Nk@A also 

served as a T2 contrast agent for MR imaging. Finally, such a complex nanocargo was exploited 

for microwave based localized hyperthermia of cancer cells.  

5.2 Results and Discussions 

5.2.1 Characterization of Plasmonic/Magnetic NPs 

5.2.1.1 XRD measurement  

 XRD analysis was carried out to detect the purity and phase crystallinity of the 

synthesized Nk and Nk@A (Figure 5.1). XRD pattern of Nk cubic spinel phase exhibited 

well-defined diffraction peaks that match with the CoFe2O4 structures (JCPDS card no.22-

1086)34. XRD pattern of Nk@A showed reflections that corelated well with the FCC ordering 

of Au (JCPDS card no.04-0784), thus confirming the formation of a nanoshell onto Nk. In 

this case, only Au diffraction peaks were observed due to the heavy metal atom effect of 

Au18,32. The average particle sizes (Dxrd) of Nk and Nk@A were calculated by considering the 
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most intense peaks [Nk (220), (311), (440) and Nk@A (111)]. According to Scherrer equation, 

the average crystalline size calculated for Nk was 9.68 nm and for Nk@A, 16.69 nm. The 

particle sizes obtained were well corroborated with corresponding TEM images. 

 

Figure 5.1. XRD spectrum representing the formation of Nk and Nk@A 

5.2.1.2 Morphological analysis by TEM 

 Figure 5.2a-d† shows TEM, HR-TEM, HAADF-STEM images and line scan 

of Nk and Nk@A (1st, 3rd & 5th iterations). TEM image of Nks were spherical in shape with 

the size range of 11-14 nm exhibiting high crystallinity with aggregation which is illustrated in 

Figure 5.2a & a*. The crystal lattice structure of Nks were distorted on the surface due to 

the curvature effect. Hence, the gold shell could grow epitaxially on the surface of Nks due 

to a large lattice mismatch. This leads to the formation of Nk as a core and gold as a shell. As 

iteration increased, the size of the core-shell is also increased five times from 1st to 5th iteration 

with Au nanoshell. This increment was due to the continued conjugation of nanogold onto 

the surface of the core Nk, which lead to the formation of Nk@A. HAADF-STEM analysis 

clearly demonstrated the discrimination between the core and the shell. This is because this 

contrast is directly proportional to atomic number (Z). In the 1st iterative step, the Nk was 

coated with Au nanoshell of around 1-1.5 nm (Figure 5.2b & b*) without any aggregation. 

This proves that the Au iterations not only forms a shell but also stabilizes the nanoparticles. 

However, in order to enhance the SPR property, the iteration was continued; thus leading to 
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the formation of a nanoflower, that constituted of the collective core made 

of Nk encapsulated by a thick Au shell. The nanocluster showed jagged-like morphology due 

to  non-homogeneously aggregated Nk, which leads to highly asymmetric coating of Au layer 

(Figure 5.2c & c*)35. The thick gold nanoshell formation after multiple iterations in 

the Nk@A solution could be inferred from the colour change (Figure 5.3a). Figure 5.2c† 

illustrates the line scan analysis of 3rd iterated nanoflowers showing the elemental distribution 

of Co, Fe and Au in a single nanoparticle. The line scan confirms that Au signal is seen on the 

surface of Nks and Co, Fe signals are enriched in the inner core of the Nks. But as the 

iterations (5th iterations) continued, the Au seeds started to fill in the empty space of the 

knobby structures22. This resulted in the formation of separated spherical Nk@A and 

consecutively the shell size increased to 5-6 nm (Figure 5.2d & d*). Similar kind of NPs were 

obtained for Au@Fe3O4, which had a thin shell of Au36. Figure 5.2d† represents the 

corresponding line scan, which clearly shows the Co K, Fe K edges in the core and Au L edges 

in the shell similar to that of 3rd iterated particles. Additionally to the line scan intensities 

illustrated in Figure 5.2c† & d†, it is interesting to define the stoichiometry represented by the 

Au Lα, whose ratio is higher than the core elements such as Co and Fe Kα. This proves that 

the Au signal is exhibited strongly than the signal from the core. Therefore, these results 

suggest that the formation of CSNPs expressing typical elemental composition of high Au 

content than the core elements, is well corroborated from XRD spectra. The colour mapping 

shown in Figure 5.2a*, b*, c* & d* proves that the nanostructures are made up of two 

different metals depending on the electronic density of the atoms. This colour mapping was 

carried out using the Digital Micrograph 3.7.0 by Gatan software. EDS spectra was carried out 

to determine the composition of  CSNPs for the 1st, 3rd and 5th iterations (Figure 5.3b, c & 

d) showing the signal of Au, Co & Fe37. The spectra clearly distinguishes the different Au 

iterations from 1 to 5 just by increasing order of Au signal intensity. 
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Figure 5.2. a & a*) TEM, HRTEM image of Nk, TEM and HAADF-STEM image of: b & 

b*) 1st iteration consisting of very thin Au shell and depicting 2 different contrast which 

proves the formation of core-shell nanoparticles along CTAB layer, c & c*) 3rd iteration 

showing nanoflower formation, d & d*) 5th iterative Nk@A with thick Au shell around 6-7 

nm (Inset representing the colour mapping of corresponding images), c† & d†) Line scan 

analysis showing the distribution of Fe, Co and Au elements from a single nanoparticle. 

 

Figure 5.3. a) Colour of the Nk@A solution at 1st iteration, 3rd iteration and 5th iteration 

which changes from light purple to dark purple, EDS analysis of various Au iterations such 

as a) 1st iteration, b) 3rd iteration, c)5th iteration 

5.2.1.3 Magnetic measurements by SQUID 

 The magnetic property of Nk@A is imperative to have an effective penetration in the 

cancer cell38. SQUID analysis (Figure 5.4) shows a decrement in magnetic saturation (MS) 
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from 74 to 45 emu/g, along with the diminishing hysteretic features. As temperature increased 

from 5 to 312 K, coercivity (HC) and remanence (Mr) decreased from 146 to 32 Oe and from 

8 to 2 emu/g, respectively (Table 5.1).  

 This magnetic behaviour was attributed to the thermal relaxation of the magnetic 

moments of the Nk@A. This behaviour was also ascribed to the re-orientation of the 

magnetic moments of NPs caused by the thermal energy once it surpassed the magnetic 

energy imposed by the applied field. Thus, the magnetic characteristics of the Nk@A can be 

ascribed to those expected from a soft ferromagnetic material, even at 312 K. This kind of 

ferromagnetic character can be understood from MR imaging which showed high relaxivity 

values without the interference of Au nanoshell. Moreover, in the case of hyperthermia, the 

Nk@A showed increased heat dissipation under microwave irradiation in a short span of time. 

 

Figure 5.4. Magnetic measurements for Nk@A using SQUID at 5k, 300k & 312k 

Table 5.1. SQUID measurements of Nk@A showing Hc, Mr & Ms at 5K, 300K & 312K. 
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5.2.1.4 Elemental analysis by XPS  

 XPS measurements determined the binding energies and composition of Nk@A. The 

elements viz., Au, Co, Fe, C and O existed within the range from 0 to ≈1300 eV. Core level 

spectra were recorded and represented in Figure 5.5. Fe2p3/2 and 2p1/2 peaks from Figure 

5.6a situated at around 711.7 and 725 eV respectively, were broadened due to the presence of  

Fe3+ ions in tetrahedral sites39,40. There is also a satellite peak of Fe3+ at 719.6 eV, which 

confirms the presence of Fe3+41. The orbitals of Co (Figure 5.6b) showed that Co2p3/2 

electrons exhibited binding energies at 781.2 eV, which corresponds to ions. This may be due 

to the substitution of Fe3+ ions with Co2+ in the tetrahedral site. There is also the existence of 

a peak at 786.6 eV, which again confirms the presence of Co2+. This is in accordance with the 

XRD data, which proves that there are no mixed phases of CoO or Fe2O3 in the Nk samples41. 

Figure 5.6c shows Au binding energies with doublet peaks at 83.8 and 87.4 eV thus denoting 

the Au state of Au4f7/2 and Au4f5/2, respectively. This shows that gold ions are completely 

converted into metallic Au0, leading to the formation of CSNPs. Interestingly, the spectrum 

did not show any detectable Cl2p signal42 which further proved the complete reduction of Au 

onto the surface of Nk (Figure 5.6d). The O1s peak showed in Figure 5.6e confirmed the 

presence of oxygen atoms43. The C1s signature markers of carbon atom binding energy at 

284.7 eV were taken as a reference (Figure 5.6f)43. Therefore, XPS pattern was in good 

agreement with XRD data, TEM-EDS and line scanning results. 

 

Figure 5.5. Scan survey of XPS showing the presence of all the elements 
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Figure 5.6. Elemental analysis of Nk@A by XPS which clearly shows the presence of 

elements such as Fe, Co, Au, C, O and absence of Cl 

5.2.2 Tethering folic acid linker and Doxorubicin molecules on Nk@A 

5.2.2.1 UV-Vis spectroscopy to confirm Nk@A formation, FA attachment & Dox 

binding 

 UV-Visible absorption spectra of different iterations of Nk@A were performed as 

seen in Figure 5.7a. As the number of gold iterations on Nk increased from one to three, 

there was a bathochromic shift of surface plasmon resonance peak (SPR) from 541 to 546 

nm. In addition, as the iteration increased from three to five, this SPR peak further shifted 

from 546 to 551 nm. This bathochromic shift in the SPR peak was related to the increment 

in the thickness of gold shells on the surface of the magnetic core18. Moreover, as iterations 

increased, the charge density and the amplitude of the free electron oscillation inside the 

particles also increased. This may be due to the increased surface coating of CTAB, thus 

causing enhanced plasmonic absorption44. The spectra of Nk and Au seeds are also shown in 

Figure 5.8. UV-Visible spectra of FA attached Nk@A (Figure 5.7b) shows distinct peaks at 

280.8 and 375.2 nm, which are signature markers of FA. Accordingly, there was a 

bathochromic shift in the SPR peak after FA attachment which showed a peak at 562.4 nm; 

this shift confirmed that FA formed a complex with Nk@A45. Dox attachment was  
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confirmed from the  peak (inset) at 490.7 nm with minor red-shift of Nk@A peak (538.9 nm) 

and slight blue-shift of the FA attachment (268.7 & 375.2 nm). These shifts ensured the 

formation of  the Dox-FA-Nk@A complex, which is shown in Figure 5.7c. 

 

Figure 5.7. a) UV-Visible absorption spectra showing different iterations from 1-5 with the 

red shift of Au peak representing the increment of nanoshell, UV-Vis spectra of b) FA 

functionalization, c) binding of Dox onto FA-Nk@A 

 

Figure 5.8. UV-Vis spectra of Nk and Au seeds solution which is a combination of Au 

precursor, CTAB and AA exhibiting a SPR peak at 512.15 nm 

5.2.2.2 FTIR spectroscopy for CTAB removal, FA attachment and Dox binding onto 

Nk@A 

 FTIR spectra of functional organic markers on the surface of Nk@A is shown in 

Figure 5.9a. Spectra A represented only CTAB peaks (Table 5.2),46 which proved that there 

was an excess amount of CTAB in the solution. However, spectra B which was analyzed after 

repeated centrifugation and washing the Nk@A solution, showed a minor peak of CTAB 



Chapter 5 

 

142 

 

which stabilizes the Au shell (Table 5.2). This was also demonstrated from its 

cytocompatibility towards L6 cells, which was evident from MTT assay and confocal 

microscopy studies.  

 Figure 5.9b shows FTIR spectra of FA-Nk@A and Dox-FA-Nk@A. Spectra A 

represents both activated FA, which show bands at 1640.7 cm-1 and 1718 cm-1 expressing –

CH stretch and –NH stretch, respectively. FA conjugation to Nk@A was confirmed from –

NH  and –CH stretch; while the asymmetric stretching of primary amines –NH and bending 

vibrations of –CO confirmed the formation of amide linkage between FA and Nk@A at 

1585.2 cm-147. Spectra B represents the attachment of Dox moieties onto FA-Nk@A. The 

interaction between these molecules was via amide linkage, which involved –NH amino group 

of FA and –COOH carboxylic group of Dox. Bands representing these attachments were 

1436.8 cm-1 that represents anhydride =CO stretch and 1651.4 cm-1 denotes amide stretch of 

=CO. The peak at 2915 cm-1 was a classic peak of secondary –NH2 bending, and peak at 

3000.68 cm-1 corresponded to primary –NH2 bending47. 

 

Figure 5.9. FTIR spectra of a) Nk@A with CTAB before and after washing, b) The 

attachment of FA and Dox onto Nk@A 

Table 5.2. FTIR peaks of Nk@A with CTAB before and after washing 
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5.2.2.3 TGA Analysis to confirm the stability of NPs   

 TGA analysis was carried out for all samples in the temperature range of 30-900°C 

under N2 flow atmosphere and any change in % weight loss was recorded. TGA graph (Figure 

5.10) shows Nk, Nk@A, FA-Nk@A, Dox-FA-Nk@A, activated FA and Dox. Initially, 

activated FA and Dox showed a gradual weight loss from 30 to 100°C. The degradation of 

these moieties was rapid because they are completely organic in nature. Nk showed a rapid 

degradation at 122°C, which was due to the complete evaporation of water molecules. Then, 

there was a solid  plot up to 555°C and a drop at 728°C followed by a slow degradation of 

bound chlorides and hydroxides. In the case of Nk@A, the initial weight loss from 30 to 

288°C was due to the complete desorption of water and CTAB molecules from the surface48. 

The second degradation, from 289 to 595°C, was a result of the covalent interaction of CTA+ 

ions; the final degradation at a higher temperature, from 596 to 900°C was most likely due to 

the electrostatic interaction of the ammonium group from CTAB attached to the Au NPs 

surface49. In FA-Nk@A complex, the weight loss in the range of 30-100°C was due to 

desorption of intercrystalline water molecules. The second degradation, in the range of 101-

750°C, was due to FA covalent attachment, which was seemingly induced by the disintegration 

of groups like hydroxyl, carboxyl and amino groups present in FA50. Dox-FA-Nk@A 

complex initially showed degradation of water moieties and weak surface interactions of 

hydrogen with the Nk@A. The second decomposition from 96 to 740°C, was due to the 

decomposition of FA and Dox from the NPs complex and the decomposition from 741 to 

900°C is due to slow degradation of Nk@A51.  
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Figure 5.10. TGA analysis of all complexes to study the stability 

5.2.3 Internalization and Stability studies 

5.2.3.1 CryoEM & Zeta potential analysis 

 CryoEM analysis confirmed Nk@A internalization and endocytic cavities that 

contained NPs (Figure 5.11a & b) with aggregation, as the pH was acidic. This observation 

gave an insight towards the mechansim of receptor-mediated endocytosis of  Nk@A, which 

can be attributed to FA and folate receptor interactions52. Moreover, the cellular uptake of 

NPs is also dependent on the surface charge. Zeta potential (ζ) values for Nk, Nk@A, FA-

Nk@A and Dox-FA-Nk@A complex were in the range of +11.9 to +12.1 mV, +33.4 to 

+37.7 mV, -35.9 to -38.4 mV, +16.8 to +19.4 mV, respectively (Figure 5.12)53–55. This charge 

dependency is due to the stability of the complex, which conciliates the harsh physiological 

milieu, such as in the bloodstream or inside the cell. The mechanism of cellular uptake for 

positively charged nanoparticles is interaction of the positive moieties with the negatively 

charged cell surface56. Rotello and coworkers studied the effect of surface charge on the 

stability of amine functionalized gold nanoparticles. It was found that net positive charge 

caused more displacement of ligands in extracellular57 and intracellular environments58. 
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Figure 5.11. In-vitro cellular uptake of Nk@A a) CryoTEM image showing the uptake of 

Nk@A by Hep2 cells, b) magnified view of vesicles showing the cluster of Nk@A entry by 

the process of endocytosis 

 

Figure 5.12. Zeta potential of Nk, Nk@A, FA functionalized Nk@A and Dox bounding 

onto FA-Nk@A 

5.2.3.2 Intracellular localization of Dox & Dox-FA-Nk@A by confocal microscopy  

 The tracking of Dox-FA-Nk@A inside the cells was performed using confocal 

microscopy. Hep2 cell lines were incubated only with Dox (without any fluorescent dye, since 

Dox itself is a good bioimaging agent) and it showed the internalization. Initially, Dox was 

distributed all over the cytoplasm (Figure 5.13a) and cellular membrane, but after 24 h of 

incubation, the Dox signal in nucleus was very high due to the migration of Dox to this 

compartment and its release promoted by internal pH changes (Figure 5.13b). This confirmed 

that the binding of Dox molecules to the nuclei by intercalating into DNA leads to inhibition 

of macromolecular biosynthesis59.  
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Figure 5.13. Confocal microscopy image representing the internalization of Dox moieties at 

various time periods a) initial (0 h), b) final (24 h) 

5.2.3.3 Cell viability by MTT assay 

 In order to assess the cell viability, MTT assay was carried out by incubating L6 and 

Hep2 cells with Nk, Nk@A, FA-Nk@A and Dox-FA-Nk@A for 24 h in the concentration 

range of 10-50 μg/mL (Figure 5.14a & b). Even though the concentrations of all the above 

complexes increased to 50 µg/ml, there was not much cytotoxicity observed for L6 cells. 

Similarly, Hep2 cells also showed less cytotoxicity when exposed to Nk, Nk@A and FA-

Nk@A at concentrations as high as 50 µg/ml. However, the Hep2 cell viability started 

decreasing rapidly when the concentration of Dox-FA-Nk@A was increased from 10 to 50 

µg/ml. This may be due to the overexpression of folate receptors on the surface of Hep2 cells, 

which increases receptor mediated endocytosis and overall cellular uptake60. 
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Figure 5.14. MTT assay of a) L6 cells, b) Hep2 cells with Nk, Nk@A, FA-Nk@A showing 

no apoptosis even at higher concentrations but Dox-FA-Nk@A treated L6 cells showing 

very negligible cell death and Hep2 cells showing more than 80% cell death at high 

concentrations 

5.2.3.4 Cell viability visualized by confocal morphology  

 In order to evaluate the cellular and nuclear morphology of L6 and Hep2 cells on 

incubation with Nk, Nk@A, FA-Nk@A and Dox-FA-Nk@A, the cells were examined 

using confocal microscopy (Figure 5.15a & b). The morphology of cells treated with Nk, 

Nk@A and FA-Nk@A did not show any noticeable change in both L6 and Hep2 cells. The 

activity of Dox-FA-Nk@A, illustrated in Figure 5.15a (d), showed no effect on L6 cells, 

while Hep2 cells [Figure 5.15b (d)] exhibited major apoptosis caused by disruption of nuclear 

membrane, which leads to total cell damage. This proved that the Dox-FA-Nk@A acted as 

an efficient nanocargo in delivering the Dox, which finally causes cell death. The increased 

cytotoxicity of Dox-FA-Nk@A can be due to the active transport of Dox by receptor-

mediated endocytosis mechanism as compared to the passive diffusion of free Dox into the 

cells61. 
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Figure 5.15a. Confocal microscopy study representing the morphology of  L6 cells treated 

with nanoparticles for 24 h a) Nk, b) Nk@A, c) FA-Nk@A, d) Dox-FA-Nk@A which 

shows no cell death even at higher concentration of nanoparticles (Scale bar-20 µm) 

 

Figure 5.15b. Confocal microscopy study representing the morphology of  Hep2 cells 

treated with nanoparticles for 24 h a) Nk, b) Nk@A, c) FA-Nk@A which shows negligible 

cell death but d) Dox-FA-Nk@A  clearly shows the increased cell death at higher 

concentration of nanoparticles (Scale bar-20 µm) 

5.3 Applications of Nk@A 

5.3.1 In-vitro Dox release kinetics 

 The in-vitro drug release behavior of Dox-FA-Nk@A was assessed by using 3 different 

pH of PBS buffers (5.4, 6.8 & 7.4) for 24h and drug loading efficiency was calculated which is 

as follows: 

Dox loading efficiency calculation: 

Concentration of drug initially loaded = 1.4285mM 

Concentration of unbound drug = 0.0705mM (Abs-0.474) 
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[Concentration of drug is calculated using the standard calibration curve of Dox (Straight 

line equation: y = 6.721x)] 

Concentration of drug loaded = Concentration of drug initially loaded – Concentration of 

drug of unbound drug 

=1.4285mM – 0.0705mM 

= 1.358mM 

Drug Loading Efficiency (%) = (Concentration of drug finally loaded / Concentration of 

drug initially loaded)*100 

= 1.358/1.428*100 

= 95.09% 

 We determined that the NPs system was both pH dependent and site-specific; which 

made it as a unique drug delivery system for cancer therapy. As pH decreased in the cellular 

organelles, thereby increasing the release of drugs as seen in Figure 5.16a. The cumulative 

release of Dox at 3 different pH after 24 h was 77.9% at pH 5.4, 74.6% at pH 6.8, and 33.6% 

at pH 7.4, thus confirming pH-dependent release mechanism. The pH 7.4 mimics normal 

physiological pH; hence, drug release is minimum. Moreover, the tumor microenvironment 

exhibits a pH of 6.862,63 where drug release is comparatively more, which occurs due to the 

partial dissociation of the amide bonds between FA and Dox molecules. The complex showed 

maximum amount of drug release at pH 5.4. This pH is a signature marker of endosomal 

acidic pH consequently leading to the dissociation of the drug from the complex by breaking 

the amide bond between FA and Dox molecules. Moreover, Dox becomes highly water-

soluble as well as hydrophilic at lower pH as compared to neutral pH. Hence, Dox is in its 

inactive form in normal tissues at neutral pH, while it gains its activity in cancerous tissue at 

lower pH64.  

 These results were fitted to different drug kinetic models such as zero order kinetics, 

first order kinetics, Higuchi model and Hixon-Crowell model (Figure 5.16b). The drug release 

followed first order rate kinetics model which was attributed to the high regression coefficient 

value (R2=0.9865). This confirms that the drug release is pH as well as concentration 

dependent mechanism. 
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Figure 5.16. a) Cumulative release of Dox at 3 different pH, b) Various plots representing 

different fitting in kinetic models of drug release 

5.3.2 Magnetic Resonance Imaging in normal and cancerous cells 

 Nk@A was employed as an efficient MR imaging contrast agent. It was cultured with 

both L6 and Hep2 cells. The cells were  harvested and then resuspended in PBS with agar gel. 

These agar phantoms were used to evaluate the T1 and T2-weighted images shown in Figure 

5.17a (only T2-weighted images). As the concentration increased from 0.08-0.64 mM of 

Nk@A, there was an increment in T2-weighed image, which became darker with both cells. 

The linear relationship was calculated in order to obtain the longitudinal relaxivity r1 and 

transverse relaxivity r2 of both L6 and Hep2 cells incubated with Nk@A (Figure 5.17b & c). 

The r1/r2 and r2/r1 values were calculated and are shown in Table 5.3. We found that the 

r2/r1value of L6 was 83.15 and for Hep2 it was 120.68. This was much higher than r1/r2 of 

both, which confirmed that Nk@A were efficient T2 contrast agent as compared to T1. But in 

the previous report for CoFe2O4@Au, r2/r1value was around 3321. So, we concluded that the 

increment in the r2/r1 value was mainly due to Au iterations. 

The r2 value of Nk@A with L6 was 118.08 mM-1s-1 and Hep2 was 217.24 mM-1s-1. This is 

highly comparable to the clinically used MRI contrast agent such as Feridex 105 mM-1s-165, 

which shows noticeable changes after injecting iron oxide NPs66. Therefore this confirmed 

that the Au nanoshell around Nk did not play a role in Nk core spin67. But the r2 value with 

Hep2 cells showed significant increment when compared to L6 cells because of gold iterations. 
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The other reason might be the uptake of gold coated magnetic NPs by cancerous cells was 

higher than that of normal cells68 because the electrostatic interactions of surface charge from 

gold coating cause more interaction with the cell69. Finally, we demonstrated that the Nk@A 

can be effectively used as an efficient T2 contrast agent. 

 

Figure 5.17. a) T2 contrast image of Nk@A as the concentration increases the darkening 

effect also increases depending upon the type of cells, b) r1, c) r2 relaxivity values of Nk@A 

incubated with L6 and Hep2 cells 

Table 5.3. Calculation of relaxivity values 

 
5.3.3 Microwave based Hyperthermia therapy 

 Hyperthermia therapy involves increase in the temperature of tissues or cells, so that 

they become more susceptible to anti-cancer drugs. Nk@A nanoparticles were tested as a 

hyperthermal agent under microwave (Mw) irradiation by using a microcoaxial double slot 

antenna as an applicator. The increment of temperature as a function of time was measured 
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under ISM (Industrial, Scientific and Medical) approved frequency of 2.45 GHz in order to 

induce localized hyperthermia. The applicator was inserted in the phosphate buffered saline 

(PBS) containing Nk@A of various concentrations (10-125 µg/ml) and the increment of 

temperature was measured by using noninterfering fiber optic probes. The Mw was irradiated 

using a home-made setup70 for 150 sec at 6 W. Interestingly, the temperature increment was 

very rapid and reached 45°C in around 75 sec, which was enough to kill cancer cells; the 

temperature raised upto 50-60°C within 150 sec for Nk@A (Figure 5.18a). 

 The PBS was used as a control which showed maximum rise in temperature as water 

has the highest absorption of Mw71. This temperature increment was purely based on the Au 

iterations on Nks. Au nanoshell as well as superparamagnetic core led to energy increment 

which may be due to magnetic anisotropy72 as compared to Nks in xylene at 2.45 GHz73. The 

temperature increment was much higher when compared with Au@γ-Fe2O3, which was 

around 38°C at 2.45 GHz in water, for 10 mins at a power of 120 W74. 

 

Figure 5.18a. Plot showing increment of temperature as a function of time with the 

increased conc. of Nk@A as a potential hyperthermal agent 

5.3.3.1 In-vitro Hyperthermia and Chemo-Hyperthermia therapy 

 Chemo-hyperthermal effect or thermo-chemosensitization is quantified by the 

interaction of anti-cancer drugs with cells at elevated temperature. The thermal enhancement 

ratio (TER) for Dox is 1 at two different temperatures (41.5°C versus 43.5°C, respectively)75. 
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There is a relationship between drug-heat interactions on cell cytotoxicity. This 

pharmacodynamics is responsible for enhanced killing of cells. The mechanism of thermal 

enhancement for drug cytotoxicity includes enhanced drug uptake as well as DNA damage 

and retardation of DNA repair33. There are previous studies, which reported the thermal 

enhancement of cellular cytotoxicity when drug interaction with cells takes place at higher 

temperatures76. In this report, an increase in Nk@A concentration shows an increased cell 

mortality in addition to Mw radiation exposure for 50 sec. The cells interacting with increased 

Nk@A concentration, but without any exposure to Mw irradiation (Figure 5.18b), showed 

comparatively lesser mortality than the exposed ones. Both Au shell and superparamagnetic 

core absorb Mw, due to which hyperthermia is induced in the cells, thus consequently leading 

to cell death. The viability of Hep2 cells was suppressed more by Dox-FA-Nk@A when 

exposed to microwave as compared to unexposed ones (Figure 5.18c). The Dox 

concentration was considered based on its half-maximal inhibitory concentration (IC50) value 

of 12.5 µg. Hence, here the Dox tethered Nk@A concentration was in the range of 2-14 

µg/ml. The IC50 value of Dox-FA-Nk@A-MW was 8 µg as compared to the IC50 value of 

Dox-FA-Nk@A, which is 12 µg. This clearly shows thermal enhancement of Dox 

cytotoxicity at lower IC50 values in comparison with Dox alone. Hence, Dox orchestrated 

Nk@A efficiently inhibited the cell viability at elevated temperatures and very low 

concentrations of Dox, thus improving the therapeutic proficiency along with minimum side-

effects. Concurrently, this combined therapy shows efficient synergism, thus exhibiting 

inimical effect on Hep2 cells. 
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Figure 5.18. b) in-vitro hyperthermia where cells treated with Nk@A which represents the 

killing of cells as the concentration increases by producing enough heat, c) in-vitro 

chemohyperthermia where cells treated with Dox-FA-Nk@A which represents the killing as 

the concentration increases by producing heat and also release of Dox 

5.4 Summary 

 In summary, we have developed SPR enhanced Nk@A by multiple iterative 

method, which proved to be a promising nanomaterial with multifunctional properties 

specifically in the field of cancer nanotheranostics. These multiple iterations provided a new 

platform for high surface functionalization. This helped in the efficient delivery of drugs, 

following first order rate kinetics. This Nk@A was also used as a competent MRI contrast 

agent and proved to be an effective T2 agent with high relaxivity values in the presence of both 

L6 and Hep2 cells. Finally, Nk@A was used as a hyperthermal agent. In an in-vitro study using 

Hep2 cells, both Nk@A and Dox-FA-Nk@A on exposure to microwave irradiation using 

2.45GHz for 50sec showed cell mortality. It was found that there is an enhancement of cell 

mortality when MW based hyperthermia collates with Chemotherapy. With this efficiency, 

Nk@A can be used for potential applications as a single nanomaterial for 3 different uses, 

from tracking, diagnosing to therapeutics.  
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6.1 Introduction 

 In the recent years, Nanomedicine research drive to the designing of multifunctional 

nanoparticles for various biomedical applications in the field of diagnosis, treatment, and 

therapy. In particular, the functionalized magnetic nanoparticles (MNPs) have been widely 

exploited for several advantages which opens up many opportunities in the biomedicine and 

biotechnology field1. It is due to their uncommon chemical and physical features such as 

magnetic, electronic, and optical properties. And also, MNPs size, shape, surface modification, 

water dispersity, biocompatibility plays a major role in various applications. Some of the MNPs 

based applications are magnetic resonance imaging (MRI), hyperthermia, and drug delivery2–8. 

The extensive studies has been carried out using iron oxides, but among ferrites manganese 

ferrite (Mf) is prominently used for various biomedical applications which is due to their 

property such as superparamagnetism, stability, high magnetization etc. These properties have 

attracted the researchers to develop the Mf into a multifunctional nanoparticles by various 

strategies such as core-shell (CSNPs) formation/bimetallic nanoparticles, surface 

modifications.  

 Among the various CSNPs, MNP (core) and GNP (shell) based are always created a 

niche in the field of biomedicine due to their excellent magnetic and optical properties9. The 
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formation of CSNPs are usually carried out using noble metals like gold (Au) or silver. Some 

of the CSNPs are Fe3O4@Au/Ag, and MnFe2O4@Ag10–13. Because these coatings offers a 

very less reactivity, avoiding aggregation of nanoparticles, high stability from the biological 

environment, less cytotoxic, increasing the chances of surface functionalization with various 

moieties such as drugs, targeting ligands/markers, and biomolecules (DNA, RNA, Proteins) 

and finally making the nanoparticles water-dispersible which is one of the important 

characteristics for biomedical applications14–16. These opportunities exposed the advantages of 

CSNPs and using various techniques, the CSNPs are synthesized by layer-by-layer 

electrostatic deposition, chemical reduction, and reverse micelle method etc17–19.  

 CSNPs with various surface modifications acts as a multi-tasker for various 

applications. For example, in case of cancer theranostics the surface modified CSNPs can be 

an excellent drug delivery cargo, MR imaging agent, hyperthermal agent, photothermal agent 

etc20. Even though, MNP based CSNPs are widely explored for the past two decades, there 

are very less reports on the Mf based Au CSNPs for biomedical applications2,20–23.  

 Based on these advantages, we have designed an Mf coated with GNP along with 

surface modifications using folic acid (Fa) and doxorubicin (Dox) for the intention to use for 

biomedical applications especially in the field of cancer. The main purpose of Fa is because it 

acts as a steering molecule towards the folate receptor expressing cancer cells and enters the 

cell to deliver the drugs by means of endocytosis24,25. And the objective of Dox is acting as an 

anticancer-agent which can be released by CSNPs and affects the cancer cell by two important 

possible mechanisms either by intercalating with DNA and disrupting topoisomerase-II-

mediated DNA repair or by free radical generation leading to collapse of cellular membranes 

and other biomolecules26. 

 Therefore, we present a novel strategy method to synthesize Au coated MnFe2O4 

multifunctional NPs (Mf@A) using seed mediated technique to form a CSNPs is 

demonstrated. We have characterized this CSNPs to analyze the various properties like 

optical, structural, chemical, magnetic and also the biocompatibility by a combination of UV-

Vis spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy, HRTEM analysis, 

SQUID measurements. After various confirmations the NPs are subjected to surface 

treatment using activated Fa and finally with the Dox moieties. The binding between Fa and 

Dox was confirmed by using FTIR, TGA and zeta potential. Later, the toxicity of various 

complexes were tested by MTT assay and visually analyzed the cellular and nuclear 
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morphologies by confocal microscopy. The above characterizations and testing gave a strong 

instinct to use it as a nanocargo for drug-delivery study which was carried out at 3 different 

pH, and employed the CSNPs as an efficient MR imaging contrast agent and finally, the 

magnetic property of Mf was taken advantage for the hyperthermal agent under microwave 

(Mw).   

6.2 Results and Discussions of Optimization and characterization of 

CTAB stabilized MnFe2O4@Au core/shell nanoparticles 

Formation mechanism of Core/shell nanoparticles 

 A novel seed mediated approach for CTAB stabilized Mf@A CSNPs involves gold 

seed particles, which constitutes a surfactant (CTAB), gold ions and a mild reducing agent 

Ascorbic acid (AA). Each constituent plays critical role in determining the surface chemistry 

of the particles. CTAB is comprised of two head groups: one interacts with the gold anionic 

surface electrostatically by its quaternary ammonium (cationic) head groups, while the other, 

which possesses the surfactant head group, interacts with the aqueous solution. There are three 

distinct interfaces formed that are energetically favourable:  

 the gold nuclei-CTAB interface,  

 CTAB bilayer,  

 outer leaflet of CTAB exposed to the aqueous solution.  

 The role of CTAB in the formation of CSNPs is as follows. Firstly, it forms a staunch 

complex with HAuCl4, diminishing its reduction. Secondly, it acts like a protection barrier for 

gold ions by forming a metallomicellar complex. Thirdly, it adsorbs on the surface of the 

magnetic core and allows slow reduction of the gold complex to form a shell. When the molar 

ratio of AA and HAuCl4 exceeds 1.2, the reduction rate is enhanced and a uniform shell layer 

forms on the surface of the inner Mf core. At room temperature, there was no uniform shell 

formation on the surface of core; hence, a mild temperature of 80 °C is very important to 

form a uniform layer of the outer shell. CSNPs is thermodynamically and potentially very 

favourable, since the shell metal, [AuBr2]
, has a higher reduction potential (+0.962 V) as 

compared to the core metal (-0.447 V).This leads to a reduction-transmetalation reaction, 

forming a thin gold shell on the surface of the core. Black-coloured Mf NPs became dark-

purple in colour when the light violet-coloured gold seed solution was mixed with the Mf seed 

solution. Gold seeds supply a large number of small randomly oriented crystalline domains, 
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leading to seed-mediated growth of the Au shell. The gold seeds initially formed on core, 

increase in diameter until a continuous shell is formed on the iron oxide surface, followed by 

outward growth of the shell. Particle-mediated electron transfer occurs and facilitates the 

formation of the shell.  

6.2.1 Structural & Magnetic Characterization of Mf@A NPs  

 XRD analysis was carried out to detect the purity and phase crystallinity of the 

synthesized Mf and Mf@A. Figure 6.1. depicts the XRD pattern of Mf cubic spinel phase 

(JCPDS card no.01-074-2403) exhibiting diffraction peaks with well-defined lattice planes of 

(311), (400), (422), (511), (440) and (622) respectively27,28. The XRD pattern of Mf@A, having 

diffraction peaks at 2θ 38.15°, 44.32°, 65°, and 77.6° which was indexed to (111), (200), (220) 

and (311) planes of Au (JCPDS card no.004-0784) leading to the formation of CSNPs20. But 

the Au peaks are dominant which is due to heavy metal atom effect29 due to the formation of 

Mf@A CSNPs. The presence of only one Mf peak denotes that there is a complete layer of 

Au is formed on the oxide core which can be further proved by our TEM data. Furthermore, 

the average crystalline size of Mf and Mf@A were calculated by considering FWHM using the 

Scherrer equation which was found to be about 11.3 and 14.9 nm, respectively, coinciding 

with those of TEM images. 

 

Figure 6.1. XRD spectrum representing the formation of  Mf and Mf@A 
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 TEM observations of  the Mf and Mf@A are shown in the Figure 6.2 & 6.3. Figure 

6.2. depicts that the Mf are spherical in shape and the size ranges from 13-24 nm with high 

aggregation due to magnetic nature of  core NPs. And the Mf@A size is increased ≈1.25 fold 

from the diameter of  the core particle because of  the conjugation on nanogold onto the 

surface of  the core NPs leading to the formation of  CSNPs. HAADF-STEM analysis 

(Figure 6.3b) clearly distinguish the core and the shell. Due to thick Au shell formation 

continuously onto the surface of  core NPs which makes it stable by enhancing steric 

stabilization and avoiding aggregation of  particles. 

 

Figure 6.2. TEM image of  core (Size: 13-24 nm), HRTEM image and colour mapping of  

Mf 

 

Figure 6.3. a) TEM of  Mf@A (size: 16-38 nm), b) HRTEM of  Mf@A which consists of  

very thin Au shell (3-4 nm), c) corresponding colour mapping showing 2 different contrast 
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which proves the formation of  Mf@A, d) Core-shell confirmation by line mapping showing 

the presence of  all elements 

 Line scanning for a single CSNPs was collected to determine the composition and 

distribution of elements.  Figure 6.3d. shows the line scan of Mf@A NPs which confirms 

that Fe and Mn ions are concentrated in the core and Au shell signal is exhibited from the 

outside of the NPs forming a complex. From the spectra it is interfered that the intensities of 

the Au was dominated when it is compared with Mf peaks which clearly indicates that the 

particles are coated with thick layer of Au by correlating with the obtained molar ratios of Au0 

to Mf. 

6.2.2 Elemental composition of Mf@A NPs 

 Binding energies and composition of Mf@A nanostructure were detected by using 

XPS measurements. Figure 6.4a. represents the wide-scan of XPS spectrum demonstrating 

the existence of Mn, Fe, Au, C and O elements with the range from 0 to ≈1300 eV of binding 

energies. Figure 6.4b. represents the high resolution core level spectra of individual elements. 

The oxidation states of Mn ions are observed which is present in the states of Mn2p3/2 and 

Mn2p1/2 electrons show binding energies at 641.1 and 652.7 eV30. Additionally, there are two 

more strong peaks observed at 645.33 and 658 eV. These binding energies represent to Mn3+, 

but due to oxygen, Mn2+ is formed because of oxidation process31,32. Fe 2p3/2 and 2p1/2 

peaks from Fe3+ ions are situated at around 710.63 and 724.24 eV which are broadened, and a 

small weak-up were observed at 719.1 eV33. The 2p peaks of Mn and Fe is due to the spin-

orbit coupling and electrostatic interactions between their core 2p and also because of their 

unpaired 3d electrons30,34. Au binding energies were deconvoluted in two prominent peaks at 

83.97 and 87.65 eV which directly denoted the Au state of Au4f7/2 and Au4f5/2 bands 

respectively with no doublets at 86.8 and 90.5 eV. Interestingly, the spectrum does not show 

any detectable Cl signal which usually within the bonding energy ranges from 196 eV to 204 

eV. Thus it proves that there is a complete reduction of Au (III) to Au (0) onto Mf which is 

very well confirmed from TEM analysis35–38. The O1s peak (531.9 eV) can be seen which 

corresponds to the surface component oxygen atoms. In this case of XPS analysis, C1s peak 

of carbon atom binding energy was taken as a reference which is 284.82 eV. Therefore, from 

the XPS pattern it is very well in good agreement with XRD data and TEM results which 

reveals the formation of Mf@A CSNPs. 
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Figure 6.4. a) Scan survey & b) Elemental analysis of  Mf@A by XPS which clearly shows 

the presence of  elements such as Mn, Fe, Au, C, O and absence of  Cl 

 The magnetic properties of Mf@A were evaluated at various temperatures. Figure 

6.5. shows the magnetization field-dependent [M(H)] curves of Mf@A obtained at 5, 300 and 

312 K showing the superparamagnetism which is absence of “magnetic memory”, even at 

room temperature by retaining the magnetic property of Mf cores. Here it can be noticed a 

decrease on magnetic saturation (MS), from 81.3 to 61.1 emu/g from 5 to 312 K which is due 

to Au shell. Even though the MS value is decreased, but it is still high enough to be 

manipulated under external magnetic field for the applications of MR imaging and 

hyperthermia. 
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Figure 6.5. Magnetic measurements for Mf@A using SQUID at 5 k, 300 k & 312 k 

6.2.3 Bioconjugation of folic acid linker and Doxorubicin molecules on Mf@A 

6.2.3.1 Optical analysis 

 The SPR property of CSNPs provides the initial confirmation of formation of Mf@A. 

Figure 6.6a*, a & b. shows the UV-Vis absorption spectra measured for Mf@A, Fa 

functionalized Mf@A and Dox coated Fa functionalized Mf@A NPs. The synthesized 

Mf@A shows prominent optical plasmon absorption band at λmax = 546.6 nm (Figure 

6.6a*) which was red-shifted from GNPs values because of the Au nanoshell formation onto 

the Mf cores. Mf@A CSNPs are functionalized with Fa onto the surface to enhance the 

target specificity of NPs to the laryngeal carcinoma cells which express high folate receptors39. 

Fa functionalization on Mf@A NPs (Figure 6.6a) were confirmed from optical analysis 

which shows a peak at 273.9 nm and 357.8 nm which is Fa signature marker absorption 

wavelength40 with minor blue-shift due to Au shell. And the distinct intensity of Mf@A NPs 

were seen at 533.5 nm which proves the Fa-Mf@A complex formation. Finally, Dox 

attachment were confirmed from the peak (inset) at 450.2 nm and Mf@A peak at 576.2 nm 

and Fa attachment from the 2 clear peaks at 274.8 nm a slight blue-shift and 358.7 nm which 

ensure the formation of Dox-Fa-Mf@A NPs complex (Figure 6.6b). 
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Figure 6.6. UV-Vis spectra of  a*) SPR peak of  Mf@A at 546.6 nm, a) Fa functionalization, 

b) Immobilization of  Dox onto Fa-Mf@A  

6.2.3.2 Spectroscopy analysis 

 FTIR spectra has been carried out for the samples to confirm the chemical design and 

attachment of organic molecules onto the NPs surface at frequency 400-4000 cm-1. After the 

removal of excess CTAB from the Mf@A CSNPs surface it is bioconjugated with Fa and 

encapsulated with Dox (Figure 6.7.). Spectra A depicts the peaks of activated Fa showing 

bands at 1639.8 and 1723 cm-1 of –CH and –NH stretch respectively. Fa conjugation to 

Mf@A NPs is by asymmetric stretching of primary amines –NH and bending vibrations of –

CO confirming the formation of amide linkage between Fa and Mf@A NPs at 1583.9 cm-1. 

Spectra B represents the immobilization of Dox moieties to Fa-Mf@A NPs. The interaction 

between these moieties are purely based on –NH amide group and –COOH carboxylic groups 

of Fa and Dox respectively. Bands representing the attachments are 1430.5 cm-1 anhydride 

and 1650.8 cm-1 amide stretching of =CO. The peaks at 2905.6 cm-1 is of secondary and 3005.3 

cm-1 of secondary and primary –NH2 bending respectively41. 
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Figure 6.7. FTIR spectra showing the attachment of spectra A) Fa and spectra B) Dox onto 

Mf@A 

6.2.4 Zeta potential, cytotoxicity studies of nanoparticle complexes 

 Figure 6.8. depicts zeta (ζ) potential measurements as a function of  pH for bare Mf, 

Mf@A, Fa functionalized Mf@A and Dox coated Fa functionalized Mf@A NPs. All these 

NPs pH are adjusted to 5.4, 6.8 and 7.4 as the drug delivery study is mainly carried out in these 

ranges and the measurements are recorded after 24 h. In case of  bare Mf NPs it is inferred 

that in all 3 different pH the ζ potential value lies in the range of  positive, due to heavy 

aggregation because of  superparamagnetic behaviour which is already confirmed by means of  

SQUID analysis (+10.8 to +12.5 mV). But, interestingly after the Au coating the ζ value is 

increased to positive range by stabilizing the NPs ranging from +32 to +37 mV which is due 

to the presence of  CTA+ ions on the surface of  CSNPs. The functionalization of  Fa increases 

the ζ value in the negative mV depicting that the protein moieties attachment changes the 

surface charge which confirms the stabilization of  Fa-Mf@A complex. Finally, Dox-Fa-

Mf@A complex also shows the ζ value to be in the positive range of  +16 to +19.8 mV because 

of  Dox attachment which is inherent with positive charge which provides the perfect stability 
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and avoiding aggregation of  NPs complex by electrostatic repulsion41. So, this favors the use 

of  these complex as a drug delivery vehicle. 

 

Figure 6.8. Zeta potential of  Mf, Mf@A, Fa functionalized Mf@A and Dox immobilized 

Fa-Mf@A 

 MTT assay was carried out to assess the cell viability by incubating L6 and Hep2 cells 

with bare Mf and Mf@A NPs for a period of 24 h in the concentration range of 10-50 μg/mL. 

Figure 6.9. shows viability of cells which is more than 85% even at relatively higher dose of 

NPs. Therefore it is well proven that these NPs are highly biocompatible for biomedical 

applications. But as expected there is negligible cell death in case of Fa functionalized Mf@A 

nanocluster. The cell viability was evaluated by inoculating free Dox and Dox coated Fa 

functionalized Mf@A in both L6 and Hep2 cells. Figure 6.10a. depicts that free Dox shows 

minor cell death which confirms the side-effect of Dox to normal cells and negligible cell 

death with Dox-Fa-Mf@A complex. But Figure 6.10b. clearly proves the purpose of Dox 

in the Hep2 cancer cell line by killing them and the activity of Dox is increased in case of Dox-

Fa-Mf@A complex by showing apoptosis of 12%. This proves that the entry of Dox inside 

the nucleus is higher which induces DNA damage causing cell death by efficient Fa 

functionalized Mf@A nanocargos. 
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Figure 6.9. MTT assay of a) L6 cells with Mf, Mf@A, Fa-Mf@A, Dox and Dox-Fa-

Mf@A showing no apoptosis at even at higher concentrations, b) Hep2 cells with only Dox 

and Dox-Fa-Mf@A showing around 88% cell death at high concentration 

6.2.5 Nanoparticles internalization studies 

 Further cryoEM analysis has been carried out to confirm NPs internalization inside 

the cell instead of just interaction onto the cytoplasm shown in Figure 6.11a. This entry of 

NPs is based on a mechanism as follows42: 

i. Initially the NPs attach onto the surface of the cell which causes intussusception of 

plasma membrane, 

ii. Then forming endocytic cavities, 

iii. Finally internalized into the cell. 

Figure 6.10b. shows the high-magnification image of NPs clumping inside the lysosomes. 

This is because in the tumor region the pH is acidic (pH 4-6) causing aggregation of NPs. This 

proves that Fa-Mf@A NPs passed through the cellular membrane by process of an endocytic 

mechanism43,44. 
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Figure 6.10. a) CryoEM image showing the Fa-Mf@A clusters, b) High resolution CryoEM 

image showing the engulfed cluster of Fa-Mf@A inside the lysosome by the process of 

endocytosis 

6.2.6 Dox Intracellular distribution 

 From the cryoEM studies, we confirmed the entry of Fa attached NPs. So, 

furthermore to evaluate the process of Dox internalization inside the Hep2 cells were studied 

by incubating Dox-Fa-Mf@A NPs and exploiting the fluorescent character of Dox moieties 

at various time intervals by confocal microscopy which is shown in Figure 6.11.   

  0 h: Initially, after incubation of NPs, a lot of fluorescent spots were observed 

around the cellular membrane with no florescence seen in the nucleus,  

  6 h: After 6 h, the weak signal of Dox is seen from the cytoplasm which 

confirms the endocytosis pathway of NPs internalization, 

  12 h: The fluorescent intensity of Dox is increased all over the cell and the 

intensity difference is seen very clearly from the 0 h and 12 h,  

  24 h: After prolonged incubation of 24 h, Dox florescence in nuclei became 

very strong, with no signal from the cytoplasm. This is due to change in pH which cleaves the 

bond between the Fa and Dox moieties.   

 These results indicated that Dox attached NPs complex showed Mf@A acts a 

potential nanocargo and specifically targets the Hep2 cells. 
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Figure 6.11. Confocal microscopy images of Hep2 cells incubated with Dox-Fa-

Mf@A NPs for 0, 6, 12, and 24 h (BF: Bright Field, Scale bar: 25 µm) 

6.2.6 Cellular and nuclear morphology studies 

 To evaluate the cellular and nuclear morphology of L6 and Hep2 cells incubated with 

Mf, Mf@A, Fa-Mf@A and also Dox-Fa-Mf@A potential application it was visualized under 

confocal microscopy. Figure 6.12. shows the morphologies treated with Mf, Mf@A and Fa-

Mf@A which does not show any noticeable changes in both the type of cell lines. But the 

activity of Dox-Fa-Mf@A were shown in Figure 6.12. in which L6 cells is not been affected 

much but the Hep2 cells shows major apoptosis by disruption of nuclear membrane and the 

whole cell damage (Figure 6.13.). This proves that the Dox-Fa-Mf@A acts as an efficient 

nanocargo in delivering the Dox which causes cell death. 
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Figure 6.12. L6 Cell morphology analysis by confocal microscopy study treated a) Mf, b) 

Mf@A, c) Fa-Mf@A, d) Dox-Fa-Mf@A (Scale bar: 50 µm) 

 

Figure 6.13. Hep2 Cell morphology analysis by confocal microscopy study treated a) Mf, b) 

Mf@A, c) Fa-Mf@A, d) Dox-Fa-Mf@A (Scale bar: 50 µm) 
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6.3 Applications of MF@A 

6.3.1 In-vitro Dox release and its kinetics 

Calculation for Drug loading Efficiency 

Concentration of drug initially loaded = 1.2095 mM 

Concentration of unbound drug = 0.03 mM (Abs-0.474) 

[Concentration of drug is calculated using the standard calibration curve of Dox (Straight line 

equation: y= 6.721x)] 

𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒍𝒐𝒂𝒅𝒆𝒅 = 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛𝑡𝑖𝑎𝑙𝑙𝑦 𝑙𝑜𝑎𝑑𝑒𝑑 −

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑢𝑛𝑏𝑜𝑢𝑛𝑑 𝑑𝑟𝑢𝑔…………………………………. (1) 

=1.2095 mM – 0.03 mM 

= 1.1795 mM 

𝑫𝒓𝒖𝒈 𝒍𝒐𝒂𝒅𝒊𝒏𝒈 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒚 (%) =  
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑒𝑑 𝑓𝑖𝑛𝑎𝑙𝑙𝑦

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑎𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦 𝑙𝑜𝑎𝑑𝑒𝑑
 × 100………… (2) 

= 1.1795/1.2095*100 

= 97.5 % 

 The drug loading efficiency (%) was calculated before initiating the drug release studies 

which was found to be 97.5%. Then, the in-vitro drug release performance of Dox-Fa-Mf@A 

NPs was investigated by employing at 3 different pH of PBS buffers (5.4, 6.8 & 7.4) at room 

temperature for 24 h. The pH based studies was evaluated, because cancer cells shows lower 

pH profile when compared to normal cells due to formation of lactic acid because of a lesser 

amount of blood flow which decreases both the oxygen and nutrients content which is known 

as Warburg effect45. We determined that our NPs system is pH sensitive which makes it a 

distinctive drug delivery system. Therefore, as the pH decreases in the cellular organelles 

thereby increasing the release of drugs which is shown in Figure 6.14a. The major benefits of 

pH depend drug delivery system is that, the early release of drug moieties inside the cell can 

be avoided, increased drug loading and release rate and finally dosage46,47. The Dox cumulative 

release at 3 different pH after 24 h was found to be 79.6% at pH 5.4, 76.9% at pH 6.8 and 

37.6% at pH 7.4. At pH 5.4 shows the maximum amount of drug release when compared to 

pH 6.8 & 7.4. This difference is due to pH decrement inside the cell organelle (acidic pH) 

which lead to dissociation of drug from the complex by the breaking the amide bond between 

Fa and Dox molecules48.  
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 By obtaining the above in-vitro release elucidation, these results were analyzed with 

different mathematical drug kinetics models such as zero order, first order, Higuchi and 

Hixon-Crowell model to predict the drug release rates and diffusion characteristics (Table 

6.1.) by calculating the R2 (coefficient of determination) values for each model. Usually the 

various kinetic models denotes the amount of dissolved drug corresponding to the function 

of time49. From the calculations, it is found that the first order rate kinetics expressed very 

high regression coefficient value of R2 = 0.9742. Thus, this model is considered to be a best 

model for this NPs based drug release of Dox which clearly signifies that the drug release rate 

is depend on its concentration. So, this proves Dox-Fa-Mf@A NPs system is more efficient 

as a nanocargo for drug delivery. 

 

Figure 6.14. Cumulative release of  Dox released at 3 different pH,  

Table 6.1. Tabulation representing various kinetic models of  drug release kinetics and its R2 

values 

 

6.3.2 Microwave ablation therapy  

 Mf@A particles were tested as a hyperthermal agent under microwave (Mw) 

irradiation. The choice of Mw was because the higher temperature produced by 

electromagnetic field leads to complete annihilation of tissues by causing irretrievable cell 

injury by the mechanism of apoptosis and necrosis. The increment of temperature is produced 
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by the concept of rotating dipoles or dielectric hysteresis50. So, the increment of temperature 

as a function of time has been carried out at a frequency of 2.45 GHz to induce localized 

hyperthermia by employing interstitial antenna which acts as a source from the generator 

power to the NPs sample. The Mf@A were dispersed in PBS and the applicator was inserted 

with the temperature probe and Mw was irradiated using home-made setup for 120 sec at 6 

W. It is observed that the temperature increment was very rapid and reached 45±1°C around 

70 sec and temperature raised up to 51±1.5°C within 120 sec for Mf@A which is shown in 

Figure.6.15. Here water was used as a control which shows the maximum absorption of Mw51 

and the temperature increment was maximum. This temperature is completely depend on the 

Au iteration on Mf particles. The Au coating on the core surface retains the superparamagnetic 

behaviour of Mf NPs which leads to increment of energy by magnetic anisotropy within the 

Au nanoshell52. The obtained result is compared with gold coated maghemite CSNPs where 

the temperature increment was 38°C (10 mins, 120 W) at 2.45 GHz in water.53 

 

Figure 6.15. Plot showing increment of  temperature as a function of  time with the 

increased concentration of  Mf@A 

6.4 Summary 

 In the present work, a biomedical platform of Mf@A comprised of an inorganic core 

NPs and a biocompatible surface coating was engineering which can provide enough  

stabilization under physiological conditions to perform multiple functions simultaneously, 

such as in multimodal imaging, drug delivery and real-time monitoring, as well as combined 

therapeutic approaches. 
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 Therefore, Mf@A CSNPs were used as able paraphernalia for the docking of anti-

cancer drug such as Dox using Fa as a linker for the attachment. The attachment could be 

monitored using UV-visible spectroscopy. HAADF-STEM and line mapping confirms the 

formation of CSNPs structure. SQUID confirms the CSNPs are highly superparamagnetic. 

The stability of Mf@A NPs was scrutinized by measuring the zeta potential measurements. 

The amalgamation of the drug along with activated Fa as a navigational molecule is the critical 

phase for targeted drug delivery. Attachments were verified using FTIR which confirmed the 

formation of non-covalent interactions. Mf@A-Fa-Dox complex was found to be non-toxic 

for normal cells and considerably toxic for Hep2 cells detected by confocal microscopy and 

MTT assay. Then the complex was employed for drug delivery and hyperthermia studies. The 

drug loading capacity was found to be more than 90%. Drug-release was carried out at 3 

different pH like 5.4, 6.8 & 7.4 and found that at pH 5.4 & 6.8 the release is maximum which 

is favourable for cancer cell treatment. The mathematical modelling studies shows it follows 

the first order rate kinetics with high R2 values. Finally, under microwave the CSNPs produced 

enough heat to cause both apoptosis and necrosis in a shot span of time. This proves the 

designed CSNPs can be a potential candidate for various biological applications especially in 

the field of cancer theranostics. 
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7.1 Concluding remarks 

 The work presented in this thesis, aims to downgrade the side effects provoked by 

old-fashioned chemotherapy, by designing a versatile nanoparticle and demonstrating its 

capability of targeted delivery for a chemotherapeutic agent. Specifically, we have designed a 

multifunctional nanoparticle by employing iron oxide XFe2O4 (X=Fe/Mn/Co) (core)/gold 

(shell) based magneto/plasmonic core-shell nanoparticles using multiple gold iterations by 

seed-mediated method and used for cancer theranostic approaches such as  

 drug delivery,  

 magnetic resonance imaging agent,  

 hyperthermal agent. 

 Firstly, we have synthesized magnetic cores (Fe3O4, CoFe2O4, MnFe2O4) using co-

precipitation route using respective precursors and sodium hydroxide as a reducing agent. 

Then the post-treated core nanoparticles was coated with a multiple layers of inorganic gold 

shell employing CTAB as surfactant and ascorbic acid as a reducing agent in the search of 

complementary properties for the final core-shell nanoparticles: basically  

 chemical stability,  

 biocompatibility,  

 surface functionalization of biomolecules, 

 Applications. 

 We have exploited the gold coating for the surface functionalization of folic acid and 

doxorubicin. Activated folic acid was used as an anchoring agent to specifically target the 

cancer cells using the strategy of overexpressed folate receptors onto the cancer cells. And 

doxorubicin was used as an anti-cancer drug by inducing apoptosis which was confirmed by 

MTT assay and confocal microscopy studies. The attachment between folic acid and 

doxorubicin was an amide linkage which was confirmed by FTIR studies. 

 Finally, these complexes were used for doxorubicin drug delivery, MR imaging agent 

and microwave induced hyperthermia. All the applications are carried out in in vitro 

experiments.   
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 To conclude, we have developed core-shell nanoparticles by multiple iterative method, 

which proved to be a promising nanomaterial with multifunctional properties specifically in 

the field of cancer nanotheranostics. These multiple iterations provided a new platform for 

high surface functionalization. This helped in the efficient delivery of drugs, following first 

order rate kinetics. And also used as a competent MRI contrast agent and proved to be an 

effective T2 agent with high relaxivity values. Finally, used as a hyperthermal agent on exposure 

to microwave irradiation using 2.45 GHz showed increased heat generation within a short 

span of time (Table 7.1.). With this efficiency, these nanoparticles can be used for potential 

applications as a single nanomaterial for 3 different uses, from  

Tracking, Diagnosing & Therapeutics 

Table 7.1. Brief tabulation of all results including characterization techniques and 

applications of 3 different CSNPs 

Characterizations 

Fe3O4@Au NPs 

(Fe@A) 

CoFe2O4@Au NPs 

(Nk@A) 

MnFe2O4@Au 

NPs (Mf@A) 

Attached with activated 

Folic acid (FA/Fa) & Doxorubicin (DOX/Dox) 

Characterization of Nanoparticles 

XRD - 2θ° (10-80) 
Au diffraction peaks with minor core peaks were observed due to the 

heavy metal atom effect of gold 

Morphology 

analysis 

TEM (spherical shape) 

Nanoparticles Particle size (in nm) 

Fe@A 16-32 

Nk@A 18-32 

Mf@A 16-38 

Line mapping confirms the CSNPs formation 

SQUID - 5, 300 & 

312 K 

Exhibited Superparamagnetic behaviour 

Temperature (K) Fe@A Nk@A Mf@A 

5 80.9 74.03 81.3 

300 61.8 46.72 70.5 

312 53.2 45.39 61.1 
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XPS - 0 to ≈1300 

eV 

Presence of Au, Fe, C 

& O 

Presence of Au, Co, 

Fe, C & O 

Presence of Au, 

Mn, Fe, C & O 

Absence of Cl signal which proved the complete reduction of Au onto 

the core surface 

UV-Visible 

Spectroscopy 

Confirmed Au coating by SPR peak, the attachment of FA/Fa & 

DOX/Dox was confirmed with minor shifts from their signature 

marker 

SPR peak (in nm) 
Fe@A Nk@A Mf@A 

581.5 535.6 546.6 
 

FTIR – 400 to 

4000 cm-1 

Confirmed the attachment of FA/Fa and DOX/Dox onto the 

CSNPs, (Interaction between FA/Fa and DOX/Dox molecules was 

via amide linkage, which involved –NH amino group of FA/Fa and 

–COOH carboxylic group of DOX/Dox) 

TGA - 30 to 

900°C 

% weight loss of core, CSNPs, FA/Fa-CSNPs, & DOX/Dox-

FA/Fa-CSNPs, curves are majorly divided into 2 segments: weight 

loss due to dehydration, and decomposition of organic/metal 

complexes 

CryoEM 
Analysis confirmed CSNPs internalization by receptor-mediated 

endocytosis 

Zeta potential 

analysis 

Except core NPs, all other NPs complex proved it to be highly stable 

at all 3 pH 

Cytocompatibility studies 

Cytotoxicity Assay 

- L6 & Hep2 cells 

MTT assay of core, CSNPs, FA/Fa-CSNPs expressed no toxicity 

to both the cell lines, DOX/Dox-FA/Fa-CSNPs showed minor 

toxicity with L6 cells and major apoptosis with Hep2 cells 

Confocal Imaging 

- L6 & Hep2 cells 

Imaging of core, CSNPs, FA/Fa-CSNPs did not show any 

noticeable change in both L6 and Hep2 cells, the activity of 

DOX/Dox-FA/Fa-CSNPs, showed no effect on L6 cells, while 

Hep2 cells exhibited major apoptosis by disruption of nuclear 

membrane, which leads to total cell damage 



Chapter 7 

 

186 

 

Applications of Nanoparticles 

In-vitro drug release 

studies – pH 5.4, 

6.8 & 7.4 

for 24 h 

NPs system was both pH dependent and site-specific; drug release is 

comparatively more at pH 6.8 due to the dissociation of the amide 

bonds between FA/Fa and DOX/Dox molecules 

Drug kinetics 

models – 0 & 1st 

order kinetics, 

Higuchi & Hixon-

Crowell model 

The drug release followed first order rate kinetics which was 

attributed to the high regression coefficient value [Fe@A-R2=0.9755, 

Nk@A-R2 =0.9865, Mf@A-R2=0.9742)] confirming that the drug 

release is pH as well as concentration dependent mechanism 

MR Imaging 

experiments – 7 T 

Proved to be an efficient T2 contrast agent as compared to T1 

Nanoparticles 
R2 values (mM−1s−1) 

L6 cells Hep2 cells 

Fe@A 130.13 182 

Nk@A 118.08 217.24 

Mf@A - - 
 

Mw based 

hyperthermia 

experiment - 2.45 

GHz 

Temperature enough to kill cancer cells (45 °C):  Fe@A-42.7 sec, 

Nk@A-75 sec, Mf@A-70 sec 

  

 From the comparison of results of all 3 core-shell nanoparticles it is inferred 

that the nanoparticles are highly stable, minimally cytotoxic to normal cells and causing heavy 

damage to cancerous cells by delivering drugs, producing enough heat which can be tracked 

via., MR imaging, MTT assay and confocal imaging. These proves that all 3 core-shell 

nanoparticles can be a potential candidate for biomedical applications.  

7.2 Future prospects 

 With the promising outcomes obtained from the above investigations, the future work 

is aimed to assess these nanoparticle systems in vivo and to scrutinize the effects and 

applications would be interesting. In order to achieve this, it would be ideal to synthesize 

monodispersed nanoparticles to reduce the degree of aggregation under physiological 

conditions and also can be administered intravascularly for sustained circulation in the blood 
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stream. So, the aim of future prospects is to synthesize monodispersed core-shell nanoparticles 

encapsulated with liposome along with various surface modifications to enhance the efficiency 

of various biomedical applications in the field of theranostics.  

 Monodispersed core magnetic nanoparticles will be synthesized with the 

optimized thermal decomposition protocol excluding toxic surfactants and 

solvents (Figure 7.1). 

 

Figure 7.1 TEM image of core nanoparticles depicting the average particle 

size of 20.3 nm 

 The gold shell coating is achieved by optimized seed-mediated approach with 

homogeneous distribution. 

 The as-synthesized core-shell nanoparticles can be attached with specific 

antibody and drug moieties. 

 Thus the whole complex can be encapsulated with liposome to enhance the 

retention time in the blood stream. 

 Finally these complex is injected into mice model to study the cytotoxic effects 

and various in vivo applications. 
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