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SYNOPSIS  

Use of nanoscale materials for biomedical application has yielded many 

promising technologies for the diagnosis and treatment of diseases. The development 

of nanotechnology as diagnostic and or therapeutic agents, coined as theranostics, 

has accelerated because nanoparticles can be functionalized in many different ways 

to simultaneously enable drug delivery and imaging, propelling the personalized 

medicine trend forward. The growing use of nanoscale materials in commercially 

available products and therapeutics has created an urgent need to determine the 

toxicity of these materials so that they can be designed and employed safely.  As 

nanoparticles have unique physical and chemical properties, the challenges in 

determining their physiological impact have been numerous. It is, therefore, 

important to fundamentally understand how the nanoparticles interact with cells in 

relevant models. Our study investigates the system when exposed to well-

characterized surface modified super paramagnetic iron oxide nanoparticles 

(SPIONS) with respect to - (1) the mechanism or cause of changes in cell function, 

including assessment of nanoparticle uptake. (2) Biocompatibility and biosafety, 

particularly related to their accumulation in tissues and their elimination and (3) the 

mast cell response. 

Chapter 1 introduces the topic of the thesis. Nanomaterials for biomedical 

applications are mainly used in the imaging and drug delivery. A family of such 

nanomaterials which has found widespread use in imaging in particular is iron oxide 

nanoparticles. The compliance of SPIONS with the tissue, excellent physio-chemical 

properties and notable magnetic properties make SPIONS the material of choice for 
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biomedical imaging applications. Magnetic nanoparticles offer exciting new 

opportunities toward developing effective drug delivery systems, as it is feasible to 

produce, characterize, and specifically tailor their functional properties. 

However biocompatibility and biodegradation in the biological system is a 

matter of concern in the use of SPIONS as contrast agent. The degradation in the 

biological milieu leads to oxidative stress and redox homeostasis is affected causing 

the cellular pathology.  

Chapter 2 gives a comprehensive account of literature related to the study. 

The established methods of synthesis of SPIONS specifically the chemical co-

precipitation and Massorts procedure are reviewed. The standard techniques used to 

characterise SPIONS such as Transmission Electron Microscopy (TEM), Dynamic 

Light Scattering (DLS), Fourier Transform-Infra Red (FT-IR) spectroscopy, X-Ray 

Diffraction (XRD), Thermo Gravimetric Analysis (TGA) and Vibrational Sample 

Magnetometry (VSM) are discussed. The commonly used SPION contrast agents 

require nonspecific uptake by mononuclear phagocytes to improve the local contrast, 

and at the hydrodynamic size of over 50 nm, these particles have very limited 

extravasation ability and are subject to easy uptake by the reticuloendothelial system 

(RES), which undermines severely their targeting specificity. 

Physiological mechanisms for cellular internalization of particles include fluid 

phase or receptor-mediated endocytosis, phagocytosis and non-endocytic pathways. 

Enhancement of SPIONS internalization by magnetic forces and subsequent short-

term viability are poorly understood. Little is also known of intracellular trafficking 

following magnetically enhanced endocytosis and potential iron cytotoxicity from 
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particle degradation. Additionally, the effects of cytosolic SPIONS degradation 

processes are not understood so far or untested. By contrast, intravascular SPIONS 

targeting of specific cell receptors must contend with opsonisation by proteins and 

phagocytosis by the RES. Hence, coatings such as polyethylene glycol (PEG) have 

been used to reduce macrophage recognition and uptake. Encapsulation of SPIONS 

with negative or positive surface charge (zeta potential) is useful for corrosion 

protection, colloidal dispersion and as substrate for particle functionalisation. Iron 

oxide particles are usually coated with different organic shells including dextran, 

albumin or polyethylene glycol. Coated nanoparticles can be manufactured with a 

variety of functional groups (such as amino, aldehyde, hydroxyl, sulphate and 

carboxyl groups) on their surfaces. Potential iron leaching and toxicity, an aspect of 

short-term SPIONS viability, has limited data. Normal intracellular iron homeostasis 

involves internalization of the complex iron bound transferrin via the transferrin 

receptor but excessive intracellular iron ions are potentially toxic through the 

formation of oxygen radicals and peroxidative damage. Intracellular iron balance 

could be upset if SPIONS were to leach iron. Nevertheless, studies on magnetic 

resonance imaging showed ferrite nanoparticles as compatible with hepatic 

reticuloendothelial cells and cause no hepatocellular injury. 

Few studies have been published on the immunotoxicological risks of 

engineered nanomaterials. However, in vivo interaction of surface modified iron 

oxide nanoparticles with mast cells are occasional and limited to clinical reports. 

Mast cells are derived from hematopoeitic precursor cells in the bone marrow and 

mature and reside in tissues especially in the connective tissues. They produce, store, 

and secrete a large spectrum of biologically active mediators and have roles in many 
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physiological processes such as tissue remodeling, wound healing, angiogenesis, and 

innate immunity. 

The present study attempts to gain a better understanding of the cellular and 

molecular changes due to surface modification of SPIONS. In particular oxidative 

stress, haematology, biochemistry, histopathological, biodistribution, ultrastructural 

changes and gene expression were investigated. The hypothesis for the study is that 

accumulation of surface modified iron oxide nanoparticles in the body following 

intravenous administration can produce a pro-oxidant environment in tissues and 

cells leading to adverse biological consequences. 

Chapter 3 describes the experimental approach of the entire study including 

materials and methods used. The study was divided in to three phases.  

In phase I, SPIONS was synthesised using a published protocol and its surface 

was modified with dextran and polyethylene glycol. Synthesised nanoparticles were 

characterised using standard techniques like size by transmission electron 

microscopy, hydrodynamic diameter by DLS and colloidal stability by the zeta 

potential of solutes. The magnetite phase of SPIONS was confirmed by XRD and 

Surface modifications were analysed by FT-IR and quantity of dextran and 

polyethylene glycol coating was measured by TGA. The magnetic properties of the 

synthesised nanoparticles were evaluated by VSM.   

In Phase II, the in-vitro interaction of DEX-SPIONS, PEG-SPIONS, SPIONS 

were analysed using murine macrophage cell line RAW264.7 and L929 fibroblast. 

The cytocompatibility was assessed by MTT assay and cell viability was assessed by 

Live and dead assay. Haemocompatibility was assessed by cell count, total and 
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plasma haemoglobin content and % hemolysis. Oxidative stress induction was 

assessed in HepG2 cells by analysing the antioxidants namely GSH, SOD, NO level 

and lipid peroxidation in the cells 12 h post treatment with DEX-SPIONS, PEG-

SPIONS and SPIONS. 

In addition to above, particle uptake was studied using confocal Raman 

spectroscopy in macrophage cell line RAW264.7 and L929 fibroblast. 

In phase III, details of animal experiments using female Wistar rats are given. 

The rats were grouped into four groups with 6 animals in each group namely DEX-

SPIONS, PEG-SPIONS, SPIONS and saline Control. Under Ketamine (80 mg/Kg) 

and xylazine (8 mg/kg) anaesthesia, each healthy rat received 5 mg Fe/kg body 

weight of DEX-SPIONS, PEG-SPIONS and SPIONS suspended in normal saline and 

normal saline only in control group as a single dose via lateral tail vein. The 

maximum injected volume was 500 µl per animal. The animals were observed 

closely for 24 h and clinical signs and mortality were recorded.  

Haematology, biochemistry, histology of organs, oxidative stress, mast cell 

distribution in major organs viz., heart, lung, liver, spleen and kidney, transmission 

electron microscopy of liver, Quantitative expression of following genes were 

studied namely, Heat Shock Protein-70 (HSP-70), Haemeoxygenase-1(HO-1), 

Transferrin and Ceruloplasmin in liver. Fe, Cu, Ca, Co, Cr, Mg, Mn, Mo, Ni, Se, Sr, 

V, Zn elemental distribution in liver, spleen and kidney were also evaluated. 

Chapter 4 includes the results and discussion obtained from above three 

phases. The SPION was synthesised by chemical co-precipitation method and 

average particle diameter using TEM was around 10 nm. The surfaces were modified 
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with Dextran (MW40,000 da) and PEG (MW8,000 da). The hydrodynamic diameter 

of SPIONS, DEX-SPIONS and PEG-SPIONS were 45 and 89.30, 67.13 nm 

respectively and zeta potentials were -11.00, + 7.67, + 6.07 mV respectively. XRD 

results have shown that the synthesised particles were magneteite and FT-IR spectra 

indicated the presence of characteristic peaks for dextran and PEG specific molecules 

over the surface of SPIONS. VSM results have shown the superparamagnetic 

property of synthesised particles.  

The cytotoxicity results have shown that the synthesised SPIONS, DEX-

SPIONS, PEG-SPIONS were non cytotoxic to L929 and RAW 264.7 cells after 24h 

exposure. In vitro cytocompatibility, results of fibroblasts and RAW 264.7 cells 

showed more favorable cell proliferation and metabolic activity in coated particles 

than uncoated ones. SPIONS affected the metabolic activity in concentration 

dependent manner when they were added in the concentration range of 50-12.25 µg 

to the cells. It was observed that the cell proliferation/viability decreased when the 

concentration of SPIONS increased. Live and dead assay also indicated that more 

than 95 % cell viability in treated groups and substantial increase in viability was 

observed in coated groups compared to SPIONS group. Haemocompatibility results 

have shown that the hemolysis percentage of SPIONS, DEX-SPIONS and PEG-

SPIONS were well within the acceptable limit.  

The Confocal Raman microscopic studies demonstrated the uptake of 

nanoparticles by L929 fibroblast cells and RAW 264.7 macrophages. The 

nanoparticles were mostly distributed in the cytoplasm. 



xxiii 

 

Oxidative stress results in HepG2 cells showed significant (p<0.05) increase in 

lipid peroxides level in cell lysates of SPIONS treated cells when compared with 

control. The level of reduced glutathione (GSH), superoxide dismutase and nitrite 

level in cell lysates of SPIONS, DEX-SPIONS and PEG-SPIONS treated cells were 

increased significantly (p<0.05) when compared to control. 

Animal experiment results shown that there were no adverse signs and 

symptoms observed in animals treated with SPIONS, DEX-SPIONS and PEG-

SPIONS. The results of haematological and biochemical parameters show that in 

haematology, the mixed cell populations of treated groups were significantly 

increased when compared to control values which, could be expected from an acute 

immune response to foreign materials, here SPIONS. In biochemical parameters, the 

SGOT level was significantly increased in DEX-SPIONS group when compared to 

control group. Bilirubin content was detected in the serum of treated groups and 

found to be within the normal range for this species but in the control group it is 

below the detectable limit. 

Oxidative stress results showed that significant (p<0.05) increase in lipid 

peroxides level in liver, lung and heart tissue homogenates of SPIONS treated 

animals was measured when compared control groups. The level of reduced 

glutathione in liver, lung, spleen and kidney tissue homogenates of SPIONS, DEX-

SPIONS and PEG-SPIONS treated animals were decreased significantly(p<0.05) 

except lung of DEX-SPIONS when compared to control group. The level of SOD in 

liver, lung, spleen, kidney and heart tissue homogenates of SPIONS, DEX-SPIONS 

and PEG-SPIONS treated animals were decreased but not statistically significant 
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when compared to control group. The level of nitrite in liver, lung, spleen, kidney 

and heart tissue homogenates of SPIONS, DEX-SPIONS and PEG-SPIONS treated 

animals were decreased significantly(p<0.05) except kidney of PEG-SPIONS when 

compared to control group. 

Liver architecture was normal in all groups. In SPIONS group, hepatocytes 

with discreet nucleus, moderate granular cytoplasmic degeneration and multi focal 

intra hepatocyte cholestasis were found compared to control group. In DEX-SPIONS 

group, few polymorphonuclear cells and moderate proliferation of Kuppfer cells with 

brown-yellow cytoplasmic pigments were seen in the sinusoidal space. Hepatocytes 

with discrete nucleus and eosinophilic dark granular cytoplasm were observed. In 

PEG-SPIONS group, very few Kuppfer cells with occasional brown-yellow 

cytoplasmic pigments were seen in the sinusoidal space and hepatocytes with 

discrete nucleus and granular cytoplasm was observed.  Blue iron deposits in the 

cytoplasm of Kupffer cells were observed in the SPIONS, DEX-SPIONS group and 

iron deposits were also seen in sinusoids and cytoplasm of hepatocytes in PEG-

SPIONS group. Mast cells were observed more in DEX-SPIONS but not statistically 

significant and also in SPIONS and PEG-SPIONS group compared to control group. 

Mast Cells were mostly distributed in the periportal region in all groups.  

The histological micrographs of kidneys show normal architecture. In SPIONS 

group, glomeruli appeared normal in the cortex region. Protein casts were observed 

in the collecting tubular lumen. Tubular epithelial cells with enlarged nuclei, 

formation of prominent nucleoli and marked granular cytoplasm were observed. In 

DEX-SPIONS group, focal tubular degeneration was seen with the tubular 
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epithelium showing moderate granular cytoplasmic degeneration. In PEG-SPIONS 

group, glomeruli architecture was normal; Protein casts were noted in the convoluted 

tubular lumen.  Blue pigment deposits in the cytoplasm of convoluted tubule cells 

were observed in the SPIONS group, DEX-SPIONS group and PEG SPIONS group. 

These deposits were also seen in the glomerular region in PEG-SPIONS group. Mast 

cells were absent in the cortex region in all three groups and control group. They 

were mostly distributed in the hilus and medulla region in all groups. 

Pulmonary architecture was preserved in all groups. In SPIONS group, 

infiltration of macrophages in the alveolar septa was seen. In DEX-SPIONS group, 

infiltration of macrophages in the alveolar septa and peribronchial region was seen. 

In PEG-SPIONS group, mild peribronchial infiltration of macrophages was noted. 

Blue iron pigment deposits in the cytoplasm of macrophage cells were observed in 

the SPIONS group in the alveolar region, macrophages of peribronchial region in 

DEX-SPIONS group and perivascular region in PEG SPIONS group. Mast cells 

were observed significantly (p<0.05) more in DEX-SPIONS group and in SPIONS, 

PEG-SPIONS group it was more but not statistically significant compared to control 

group. Mast Cells were mostly distributed in the peribronchial and alveolar region in 

DEX-SPIONS group and in the ventral border of alveolar region in PEG-SPIONS 

and SPIONS group.  

Spleenic architecture was normal in all groups. In SPIONS and DEX-SPIONS 

group, the spleenic red pulp with macrophages laden with brown siderotic pigments 

was seen. In PEG-SPIONS group, there was relatively increased number of 

macrophages were observed in the spleenic red pulp area. Blue pigment deposits in 
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the cytoplasm of macrophage cells in the red pulp region were observed in the 

SPIONS group, DEX-SPIONS group and PEG SPIONS group with more intensity in 

the later group. Mast cells were absent in DEX-SPIONS and SPIONS group and 

were scant in PEG-SPIONS group as compared to control group.  

Histological sections of heart show normal architecture. There were no changes 

in striations and no nuclear changes. Blue iron pigment deposits in the perivascular 

region were observed in the SPIONS group, DEX-SPIONS group and PEG SPIONS 

group. Mast Cells were mostly distributed in the peri vascular region in all groups 

and in addition in the sub endocardial region of SPIONS group. Mast cells were 

observed significantly (p<0.05) more in PEG-SPIONS and followed by DEX- 

SPIONS group and SPIONS group compared to control group.  

The ultrastructural images of liver injected with DEX-SPIONS, PEG-SPIONS 

and SPIONS are shown. In SPIONS, DEX-SPIONS group, Kuppfer cells with 

aggregates of iron particles were seen in the cytoplasm but in PEG-SPIONS group 

the particles could not be identified in the cytoplasm of Kupffer cells in the ultra thin 

sections examined. There were also few Kuppfer cells observed in H&E section.  

Gene expression studies revealed that transferrin and ceruloplasmin genes were 

up regulated in coated groups when compared to control group which could be due to 

iron over load. Similarly heat shock protein-70 (HSP-70) and Haemeoxygenase-1 

(HO-1) genes were also up regulated when compared to control group which could 

be due to oxidative stress induced by the excessive load of transitional metal ions.  

Elemental analysis showed that iron content was increased significantly in 

spleen of treated groups when compared to control. Copper content was significantly 
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inceresed in SPIONS group alone when compared to control. Calcium level was 

significantly increased in kidney of PEG-SPIONS group and spleen of DEX-

SPIONS group when compared to control group. Magnesium and Zinc level was 

significantly increased in spleen of DEX-SPIONS group. Manganese was 

significantly increased in liver and spleen of SPIONS, PEG-SPIONS and DEX-

SPIONS group and significantly decreased in kidney of SPIONS, DEX-SPIONS 

group when compared to control group. 

Chapter 5 summarises the whole study and provides the conclusion drawn out. 

The results of this study indicate the successful in house synthesis of SPIONS and 

surface modification. Cytocompatibility and haemocompatibility studies qualified 

the material for animal experimentation. 

The surface modification of iron oxide nanoparticles has shown improvement 

in vivo biocompatibility and their interaction with the biological system. The coating 

material has influenced the rate of metabolism to a greater extent than either the 

cellular distribution or the clearance. These results indicate that the degradation of 

iron oxide coating is a critical factor affecting their cytotoxicity and suggest that 

exposure of cell mileu to iron oxide makes the cell more sensitive to oxidative stress. 

The study for the first time assessed the mast cell induction by surface modified 

SPIONS. These results also indicate that the surface modification of the iron oxide 

core is an important factor and influences the mast cell induction differently in 

different organs. Gene expression studies indicated that cellular homeostasis has 

disrupted and molecular cell defence mechanisms were activated. The divalent metal 
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cations were altered acutely due to SPIONS infusion which is very relevant when 

viewed from clinical perspective. 

In future, investigations can be carried out to elucidate the long term effect of 

SPIONS on divalent metal cation homeostasis. Need to study the gene expression 

associated to the iron transport and other divalent metal cation transport using 

specific knock out models. 
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Chapter 1 

1 INTRODUCTION 

1.1 Nanotechnology 

Nanotechnology is defined by the American National Nanotechnology 

Initiative (NNI) as ‘‘the understanding and control of matter at dimensions between 

approximately 1 and 100 nm, where unique phenomena enable novel applications’’  

(Hubbs et al., 2013). 

Use of nanoscale materials for biomedical applications has yielded many 

promising technologies for the diagnosis and treatment of diseases. The development 

of nanotechnology as diagnostic and or therapeutic agents, coined as theranostics, 

has accelerated because nanoparticles can be functionalized in many different ways 

to simultaneously enable drug delivery and imaging, propelling the personalized 

medicine trend forward. The growing use of nanoscale materials in commercially 

available products and therapeutics has created an urgent need to determine the 

toxicity of these materials so that they can be designed and employed safely. As 

nanoparticles have unique physical and chemical properties, the challenges in 

determining their physiological impact have been numerous. It is, therefore, 

important to fundamentally understand how the nanoparticles interact with cells in 

relevant models. 

1.2 Nanotoxicology  

Nanotoxicology is emerging as an important subdiscipline of nanotechnology   

(Jia and Zhuang, 2010). It refers to the study of the interactions of nanostructures 
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with biological systems with an emphasis on elucidating the relationship between the 

physical and chemical properties (e.g. size, shape, surface chemistry, composition, 

and aggregation) of nanostructures with induction of toxic biological responses 

(Kunzmann et al., 2011). 

1.3 Nanoparticles  

According to the EUROPEAN COMMISSION ‘Nanomaterial’ means a 

natural, incidental or manufactured material containing particles, in an unbound state 

or as an aggregate or as an agglomerate and where, for 50 % or more of the particles 

in the number size distribution, one or more external dimensions is in the size range 

1 nm - 100 nm (Vogel et al., 2013). The major benefit of using nanoparticles is that, 

due to their size, they can be accurately manoeuvred. Their unique electronic, optical 

and magnetic properties coupled with their specific dimensions have favoured their 

attractiveness in this field. Also, they may be best suited for biological applications 

due to their size being in the range of many biological entities. Furthermore, 

nanoparticles can be customised for a specific biological purpose such as cell 

isolation, drug delivery, diagnostics (magnetic resonance imaging, MRI), cellular 

imaging and hyperthermia (Neuberger et al., 2005). As such, it is necessary to 

identify and characterize the effects of nanoparticles (NPs) on various biological 

systems and cell types and evaluate the possibility of exploiting NP for use in novel 

biomedical applications. Engineered nanoparticles are composed of a much wider 

variety of materials and occur in monodisperse sizes and shapes. Iron oxide 

nanoparticles, in particular, have wide-spread biomedical applications and are 

frequently found in many different products. 
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1.3.1 Magnetic nanoparticles 

Magnetic nanoparticles for use in biomedical applications are desired to 

exhibit superparamagnetic properties. The magnetic property of the iron oxide 

nanoparticles depends upon shape and size of the particle. Spherical iron oxide 

nanoparticles with small size have emerged as one of the primary nanomaterials for 

biomedical applications due to their superparamagnetic property characterised by 

high coercivity, low Curie temperature and high magnetic susceptibility (Neuberger 

et al., 2005). 

Superparamagnetic iron oxide nanoparticles (SPIONS) are typically small 

particles composed of either a magnetite (Fe3O4) or maghemite (γ-Fe2O3) core coated 

with a biocompatible organic/inorganic polymer. Both maghemite and magnetite are 

traditionally ferromagnetic in nature. However, as they decrease in size to ≤ 30 nm, 

they lose their permanent magnetism and become superparamagnetic. SPIONS have 

been used clinically as negative contrast agents in magnetic resonance imaging 

(MRI) for detecting liver and lymph node lesions. Due to the intrinsic and unique 

magnetic properties of SPIONS, they have been used for broad range of bio-

applications such as diagnostic imaging, targeted drug delivery, cell tracking and 

magnetic fluid hyperthermia to generate heating for cancer therapy. However, small 

size iron oxide nanoparticles tend to cause adverse tissue response due to the high 

surface to volume ratio. Furthermore, iron oxide nanoparticles can be easily oxidized 

in air, resulting in the loss of magnetism. Therefore, surface coating is essential to 

stabilize the magnetic iron oxide nanoparticles. These strategies comprise grafting or 

coating with organic molecules, including small organic molecules, polymers and 

biomolecules or coating with an inorganic layer (silica, metal and carbon). In many 
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cases, the protecting shells not only stabilize the magnetic iron oxide nanoparticles 

but can also be used to improve their biocompatibility, for further functionalization 

to use in biological applications. 

Surface coatings contribute significantly to the hydrodynamic diameter and the 

net surface charge, both critical design parameters that determine the in vivo fate of 

nanoparticles. Studies have indicated that cancer targeting and therapy may require 

several hours of circulation time to reach the affected sites and possibly remain at the 

site for days, if repeated therapeutic exposure and imaging is desired. The 

mononuclear phagocytic system of the liver and spleen, has to be studied in detail to 

understand mechanism of nanoparticle handling at cellular level (Jokerst et al., 

2011). 

Limitation 

Although great strides have been made in the worldwide production and use of 

metal-based nanoparticles, there is a serious lack of information about the impact of 

nanoparticles on human health and environment, especially the potential for 

nanoparticle induced toxicity (Canesi et al., 2008). Preliminary reports of the 

inherent toxicity of some nanoparticles are available and indicate that they can affect 

biological behavior at the organ, tissue, cellular, subcellular, and protein levels 

(Shaw et al., 2008). From a safety perspective, more information on the in vivo 

toxicity and metabolism of SPIONS is required. 

1. The physical properties such as the particle size, shape and surface coating 

can also evoke a toxic response by aggregating and coagulating according to size and 

shape (Singh et al., 2010). When addressing the possible in vivo application of 
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magnetic nanoparticle, it is equally important to consider the fate of the magnetic 

nanoparticles after they have been released by the cells. Further issues arise when 

considering the degradation of the magnetic nanoparticles and the outcome of 

accumulated magnetic nanoparticles or magnetic nanoparticle by-products in various 

tissues and organs. Degradation products are thought to possibly react with various 

components of the body or cells. Therefore, the effects of the breakdown products on 

the surrounding tissue should be fully investigated. Assumptions on this matter 

cannot be made, and appropriate investigations should always be performed. 

2. Even though SPIONS-based MRI contrast agents have been used and 

approved, the use of these for cell-based therapies still requires FDA approval as 

their intended use is different from their use as contrast agents. An essential 

requirement of contrast agents is that the particles need to be excreted relatively 

quickly and not remain in the body in the long term. However, for some applications, 

especially within the remit of regenerative medicine, for long-term treatment by 

magnetic nanoparticles, long term residence in the body may be necessary.  

3. In cases where the magnetic nanoparticles are incorporated into the therapy 

and transplanted within the body, the risk of magnetic nanoparticles migrating 

through the organism, entering and accumulating within organs is a constant 

concern. This could trigger an immunological or an inflammatory response by the 

body. More studies are needed in order to know the potential deleterious or 

beneficial effects of nanostructures in the immune system. The role of mast cells in 

this inflammatory response to nanomaterials has still not been studied enough. Mast 

cells are well known for their involvement in allergic and anaphylactic reactions, 
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during which immunoglobulin E (IgE) receptor aggregation leads to exocytosis of 

the content of secretory granules, commonly known as degranulation and secretion 

of multiple mediators (Sismanopoulos et al., 2012). 

4. Though the dose of SPIONS administered intravenously accounts for 

1.255% of the total body iron stores, SPIONS are required to be magnetically 

targeted to a particular tissue/organ in order to maximally benefit a therapeutic or 

diagnostic application, leading to high concentrations in a localised area. 

Consequently, this iron overload can have toxic implications as excessive 

accumulation of the SPIONS, and in particular, high levels of free Fe ions in the 

exposed tissue can lead to an imbalance in its homeostasis and can cause aberrant 

cellular responses including cytotoxicity, DNA damage, oxidative stress, epigenetic 

events and inflammatory processes (Bulte et al., 2001) (Häfeli et al., 2009) 

(Ankamwar et al., 2010).   

Iron is essential for many physiological processes; however, iron overload has 

been known as a risk factor in progression of atherosclerosis (Pourmoghaddas et al., 

2014). So from a clinical perspective, the risk associated with infusion of iron based 

contrast agents, drug carriers has to be assessed.  

More importantly, in the absence of cytotoxicity, this exposure can still lead to 

subtle but deleterious cellular disruption in the form of DNA damage that may 

initiate carcinogenesis or have a significant impact on future generations if the 

fidelity of the genome in germ cells is not maintained (Singh et al., 2009). 

Furthermore, there are possibilities for their direct contact with DNA during the 

process of mitosis when the nuclear membrane breaks down. 



7 

 

This thesis is a detailed investigation into the mechanism or cause of changes 

in cell function, with respect to a) biocompatibility, b) their accumulation in tissues 

and their elimination and c) the mast cell response and assessment of nanoparticle 

uptake, following exposure to surface modified super paramagnetic iron oxide 

nanoparticles. 

The development of iron oxide based nanoparticles for biomedical applications 

including medical imaging and drug delivery is currently undergoing a dramatic 

expansion. However, as the range of SPIONS types and applications increase, it is 

also clear that the potential toxicities of these novel materials and the properties 

driving such toxic responses must also be understood. Indeed, a detailed assessment 

of the factors that influence the biocompatibility and/or toxicity of SPIONS are 

crucial for the safe and sustainable development of these emerging SPIONS. 

Aim 

The aim of this study was to find out the hitherto less studied adverse effects 

associated with SPIONS following acute intravenous exposure, including general 

and specific toxicological actions (on the major organs, immune system and on 

certain macromolecules). Both, in vivo and in vitro examinations have notable 

advantages and disadvantages. By combining these in a complex experimental 

model, early detection of possible toxicological effects can be achieved and new 

relationships between the primary outcomes can be revealed. In summary, this thesis 

comprises both in vitro and in vivo tests for toxicological examination of 

superparamagnetic iron oxide nanoparticles. 
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As iron oxide based nanomaterials expand as therapeutics and as diagnostic 

tools, parenteral administration of SPIO nanomaterials should also be recognized as 

a critical aspect for toxicity consideration. Due to the complex nature of 

nanomaterial coatings, opposing studies have led to different views of their safety. In 

this investigation, the cellular effects of surface modified iron oxide nanomaterials 

after systemic exposure was studied. 

Approach with hypothesis 

Iron oxide is one of the mostly used nanoparticles in biomedical applications, 

more specifically in imaging. Surface modification with dextran a natural and 

immunogenic polymer and polyethylene glycol, a synthetic polymer and 

nonimmunogenic were selected for this study. Intravenous was employed as this 

route is the most commonly used route for administering nanoparticle formulations, 

including in-vivo imaging and presents several physiological barriers. 

Hypothesis  

Accumulation of surface modified iron oxide nanoparticles in the body 

following intravenous administration, produces a pro-oxidant environment in tissues 

and cells leading to adverse biological consequences. 

Approach  

In phase I, superparamagnetic iron oxide nanoparticle (SPION) was 

synthesised and surface was coated using dextran (DEX-SPION) and polyethylene 

glycol (PEG-SPION). Synthesised nanoparticles were characterised using techniques 

like TEM, XRD, FT-IR spectra, VSM and TGA. 
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In phase II, SPION induced bio-effects were studied in- vitro using cell lines 

namely L929 mouse fibroblast, RAW 264.7 macrophage and HepG2 cell lines. To 

study the blood compatibility, haematology and hemolysis tests were carried out. To 

study particle uptake in in vitro cell culture system, confocal Raman spectroscopy 

has been used. 

In phase III , the acute in-vivo cellular responses to intravenously 

administered surface modified SPIONS were evaluated in a rat model. Acute 

changes in haematological and biochemical parameters were investigated. Oxidative 

stress was assessed by evaluating the anti-oxidant enzymes namely super oxide 

dismutase, glutathione sulfhydryl, tissue nitrite level and lipid peroxidation level of 

major organs. Gross and histopathological evaluation of all organs and tissues were 

carried out. The tissue response to SPIONS has been evaluated using the techniques 

of light microscopy and transmission electron microscopy. In this study special 

staining techniques have been adopted, toluidine blue to demonstrate mast cells, 

Prussian blue to identify iron and cresyl violet stain to evaluate the neural tissue. A 

genomic approach also was adopted to elucidate the expression levels of specific 

genes that are expressed to surface modified SPIONS, using Real time polymerase 

chain reaction. The elemental iron distribution and other essential divalent metal 

cations distribution also were studied. 
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Chapter 2 

2 REVIEW OF LITERATURE 

2.1 Nanotechnology 

Even long before the start of “nanoera”, people have come across various nano 

sized materials and the related nano level processes and used them in practice. The 

first mention of purposely created and applied technological processes and means, 

which were subsequently termed nanotechnology, is usually connected with the 

well-known lecture of Mr. R. Feynman, the professor of Californian institute of 

technology, delivered in 1959 at the session of the American Physical Society. In 

this lecture entitled “There is a lot of space down there” the possibility to create 

nanosized products with the use of atoms as building particles was considered for the 

first time. Presently, this lecture is referred to as the origin of the nanotechnological 

paradigm. 

Publications and products in the field of nanotechnology are rapidly increasing. 

A PubMed search of papers published in the year 2011 (Hubbs et al., 2013) and 2015 

using the search term nanotechnology yielded 6,369 and 51,327 publications 

respectively; a search using the term nanomedicine yielded 953 and 9,618 

publications respectively, a search using the term nanotoxicology recovered 214 and 

953 references respectively, a search of nanotoxicology and pathology recovered 

only 17 publications in 2011 but 108 publication in 2015. These searches 

demonstrate the tremendous increase in the scientific investigation of 
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nanotechnology and nanomedicine as well as the scarcity of information regarding 

the safety of nanotechnology products, particularly the potential toxicity to tissues.  

2.2 Nanotoxicology  

Majority of nanotoxicity research was focused on cell culture systems; 

however, the data from these studies could be misleading and will require 

verification from animal experiments. In vivo systems are extremely complicated and 

the interactions of the nanostructures with biological components, such as proteins 

and cells, could lead to unique biodistribution, clearance, immune response, and 

metabolism. An understanding of the relationship between the physical and chemical 

properties of the nanostructure and their in vivo behavior would provide a basis for 

assessing toxic response and more importantly could lead to predictive models for 

assessing toxicity (Fischer and Chan, 2007). Among the growing debate related to 

the human health and safety risks of nanotechnology warranted simultaneous 

discussion for stringent regulation of nanotechnology (Samuel Reich, 2011). Very 

little attention has been directed towards the potential immunogenicity of 

nanostructures. Nanostructures can activate the immune system, inducing 

inflammation, immune responses, allergy, or even affect to the immune cells in a 

deleterious or beneficial way (immunosuppression in autoimmune diseases, 

improving immune responses in vaccines). In comparison to conventional 

pharmaceutical agents, nanostructures have very large sizes and immune cells, 

especially phagocytic cells, recognize and try to destroy them (Nel et al., 2006). 
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2.3 Superparamagnetic iron oxide nanoparticles (SPIONS) 

Magnetite (Fe3O4) or maghemite (γ-Fe2O3) cores stabilised with a hydrophilic 

surface and nanoparticles with diameters below 30 nm are of particular interest 

because they exhibit superparamagnetic behaviour. This means that once the 

magnetic field is removed, they do not retain any magnetization (no hysteresis). 

Superparamagnetism is obtained by nanoparticles that contain only a single magnetic 

domain (Laurent et al., 2008). Magnetic nanoparticles based on iron oxides or iron 

oxide shells are recognized as the most prominent magnetic materials, as they are 

reported to possess unique physicochemical properties.  

2.4 Use of SPIONS in medicine 

SPIONS with different surface chemistry have been used for a great number of 

biomedical applications including MRI contrast agent, drug delivery (Laurent et al., 

2014), hyperthermia (Laurent et al., 2011), cell labelling, in-vivo imaging and gene 

delivery (Alvarim et al., 2014).  

2.5 Synthesis of SPIONS 

SPIONS can be synthesised chemically using different methodology (Laurent 

et al., 2008). The most common method for the production of magnetite 

nanoparticles is the chemical co-precipitation technique of iron salts. For obtaining 

water-soluble and biocompatible iron oxide nanoarticles, co-precipitation often has 

been employed. However, this method presents low control of the particle shape, 

broad distributions of sizes and aggregation of particles (Kang et al., 1996) (Massart, 

1981). 
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2.5.1 Chemical synthesis by co-precipitation technique 

The co-precipitation technique is probably the simplest and most efficient 

chemical pathway to obtain magnetic particles. Iron oxides (either Fe3O4 or γFe2O3) 

are usually prepared by an aging stoichiometric mixture of ferrous and ferric salts in 

aqueous medium followed by precipitation of magnetite by addition of a base (Gupta 

and Gupta, 2005). Fe3O4 nanoparticles may then be superficially oxidized to the 

more stable maghemite (γ-Fe2O3) by addition of ferric nitrate to the colloidal 

suspension. Shape and composition of iron oxide nanoparticles are reported to 

depend on various operating conditions such as pH, nature of the base, Fe2+ and Fe3+ 

ratio (Massart et al., 1995).  

Although, co-precipitation is probably the most widely used method to obtain 

commercial magnetic nanoparticles for biomedical applications, particles prepared 

by co-precipitation tend to be rather polydisperse and their shapes are difficult to 

control (Gupta and Gupta, 2005). A wide variety of factors can be adjusted in the 

synthesis of the iron oxide nanoparticles in order to control size, magnetic 

characteristics, stability in solution, surface properties and coatings (Gupta and 

Gupta, 2005). In addition, the ionic strength and pH of the coprecipitation solution 

can be adjusted to control nanoparticle size over an order of magnitude (2–15 nm) 

(Cabuil et al., 1995). Babes et al, (1999) have studied the influence of different 

parameters, the most important factor to be the Fe2+/ Fe3+ molar ratio. The mean size 

increased with the Fe2+/ Fe3+ ratio, whereas the preparation yield decreased. The 

second most important factor influencing the synthesis is the iron concentration. The 

evolution of this factor is similar to that of the Fe2+/ Fe3+ ratio, with an optimum 

between 39 and 78 mM. The particle mean size of magnetite is strongly dependent 
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upon the acidity and the ionic strength of the precipitation medium. Higher the pH 

and ionic strength, smaller will be the particle size and size distribution width, 

because these parameters determine the chemical composition of the crystal surface 

and consequently the electrostatic surface charge of the particles. Increase of the 

mixing rate tends to decrease particle size. In the same way, a decrease of the size as 

well as the polydispersity is observed when the base is added to the reactives as 

compared to the opposite process (Massart et al., 1995). Studies have shown that the 

formation of magnetite particles decreases with an increase in the temperature and 

also supported the theory of nucleation and growth of the particles. Bubbling 

nitrogen gas through the solution not only protects against critical oxidation of the 

magnetite but also reduces the particle size when compared to methods without 

oxygen removal (Gupta and Wells, 2004a) (Kim et al., 2003). The existence of a 

superparamagnetic state in Fe2O4 metal oxide system has been determined by 

magnetic measurements in combination with neutron diffraction. In addition, the 

relaxation time had been correlated with the particle size and temperature which was 

consistent with Néel theory (Chen et al., 1999). 

2.6 Surface modification of SPIONS 

Magnetite nanoparticles, need to be stabilized with organic and inorganic 

molecules which are of great importance for the stability of the nanoparticles. 

Various organic molecules including monomeric and polymeric molecules and 

inorganic molecules such as silica, manganese, gold and quantum dots have been 

used for surface modification of iron oxide (Laurent et al., 2008). Various methods 

of coating have been developed to prepare small (60-100 nm) and ultra small (20-35 
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nm) particles without size-separation processes. Polymers are often employed to coat 

the surface of small magnetic iron oxide nanoparticles during or after the synthesis to 

avoid agglomeration (Moghimi et al., 2001). Coatings provide a means of 

engineering the surface of the magnetic iron oxide nanoparticles, to tailor its 

characteristics such as surface charge and chemical functionality. In general, 

polymers can be chemically attached or physically adsorbed on to magnetic iron 

oxide nanoparticles to form a single or double layer structure resulting in a repulsive 

(mainly steric repulsion) force to prevent a magnetic attraction between the iron 

oxide nanoparticles (Mohapatra and Anand, 2010). A variety of natural and synthetic 

polymers have been used for coating of nanoparticles. The most common coatings 

cited in literature are dextran, carboxymethylated dextran, carboxy- dextran, starch, 

arabinogalactan, glycosaminoglycan, sulfonated styrene-divinylbenzene, 

polyethylene glycol (PEG), polyvinyl alcohol (PVA), poloxamers, polyoxamines, 

poly (pyrrole), poly (aniline), poly (alkylcyanoacrylates), poly (methylidene 

malonate) and polyesters, such as poly (lactic acid) and poly (glycolic acid), (Barratt, 

2000).  

Several approaches have been developed to coat iron oxide nanoparticles, like 

in situ coating in which the nanoparticles are coated during the synthesis and post-

synthesis coating method in which the polymer is grafted on to the magnetic 

particles once synthesised (Mohapatra and Anand, 2010).  
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2.6.1 Dextran 

Dextran is a polysaccharide polymer composed exclusively of R-D-

glucopyranosyl units with varying degrees of chain length and branching. It has been 

used often as a polymer coating mostly because of its biocompatibility. 

Dextran has been functionalized after iron oxide stabilization by oxidation with 

periodate to create more hydroxyl groups to allow for the binding of the amino 

groups of proteins (Pardoe et al., 2001), with good magnetic and structural properties 

of iron oxide formed in the presence of dextran (40,000 g/mol). Results of analysis 

suggest that the presence of the polymer limits the particle size compared to particles 

prepared without the polymer. An important factor in the choice of dextran appears 

to be the favorable size of dextran chains, which enables optimum polar interactions 

(mainly chelation and hydrogen bonding) with iron oxide surfaces. Although single 

hydrogen bonds are relatively weak, the total bonding energy of hydrogen bonds 

over the length of a polysaccharide molecule can be very high because of the large 

number of hydroxyl groups per molecule (Pardoe et al., 2001).  

Carmen Bautista et al, (2005) described dextran surface modification of pure 

superparamagnetic iron oxide nanoparticles prepared by laser pyrolysis and the 

coprecipitation method. Physical characterization techniques were used to delineate 

the nature and the mechanism of dextran particulate adsorption. The favored 

mechanism of adsorption of dextran on the surface of maghemite nanoparticles 

prepared by laser pyrolysis seems to be the collective hydrogen bonding between 

dextran hydroxyl groups and the iron oxide particle surface (Laurent et al., 2011) 

(Berry et al., 2003). 
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2.6.2 Polyethylene Glycol (PEG) 

PEG is a hydrophilic, water-soluble, biocompatible polymer. Several 

investigators have reported the use of PEG to increase the biocompatibility of iron 

oxide dispersions and duration in blood (Gupta and Curtis, 2004) (Kim et al., 2003) 

(Zhang et al., 2002). Many of the good ligands (like surfactants, dendrimers, 

phosphine moieties etc.) which stabilize iron oxide nanoparticles will not meet the 

biocompatibility criteria for in vivo applications. A biofriendly approach is the 

PEGylation of nanoparticles to impart biocompatibility, where a PEG-SH ligand of 

appropriate molecular weight acts as the stabilizing shell of the core iron oxide 

nanoparticles. Researchers have reported that the PEGylation of nanoparticles could 

provide better stability in the biological fluids and in cell culture media and also 

prevent macrophage binding and protein adsorption (Fang et al., 2006). Feruglose 

(Clariscan) can be regarded as true “stealth nanoparticles”, because the PEGylation 

of the coating starch, makes the particles unrecognizable by the macrophage-

monocytic system (Gupta and Wells, 2004b).  

2.7 Physico-chemical characterization of SPIONS 

Different methods can be used to determine sizes of the nanoparticles. 

However, “size” is an ambiguous concept. First, it could define different parts of the 

nanoparticle: the crystalline part of the core, the whole iron core (crystalline and 

amorphous), the core, the shell, and the hydrated layer, or even a size with no 

geometrical meaning on the particle but just a physical meaning. Second, in almost 

all cases, nanoparticles are polydisperse. This heterogeneity of sizes gives rise to 

different values (even if characterizing the same size) depending upon whether the 
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technique gives access to a number, volume, or even intensity (volume to the power 

of two) weighted mean size. In the case of volume and, even more, of intensity 

weighted, the mean size is boosted toward high values even in the case of very small 

quantities of the biggest nanoparticles (Kang et al., 1996). 

2.7.1 Transmission electron microscopy (TEM)  

Transmission electron microscopy is a technique that is used to characterize 

the morphology and size of nanomaterials. The size of the particle core can be 

determined by TEM images (Kim et al., 2003). Furthermore, it provides details on 

the size distribution and the shape. However, this technique needs an analysis by 

image treatment, and it has to be performed on a statistically significant number of 

particles. Moreover, the sample preparation can induce aggregation of the colloids, 

and the TEM measurements may consequently not reflect the size and the 

distribution in solution (Alcalá and Real, 2006).   

2.7.2 X-Ray Diffraction (XRD)  

X-ray diffraction is a method used to characterize the crystal structure and 

analyse the parrticular phase of the material. XRD is basically used to identify 

unknown substances, by comparing diffraction data with a database maintained by 

the International Centre for Diffraction Data (ICDD). These techniques are based on 

collecting the scattered intensity of an X-ray beam hitting a sample as a function of 

incident and scattered angle, polarization and wavelength or energy. The peak 

intensity in XRD result can be used to quantify the proportion of iron oxide formed 

in a mixture by comparing experimental peak and a reference peak intensity. The 

crystal size also can be calculated from line broadening from the XRD pattern using 
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the Scherrer’s equation. XRD can be performed to obtain the crystalline structure of 

the particles. In a diffraction pattern, the intensity can be used to quantify the 

proportion of iron oxide formed in a mixture by comparing experimental peak and 

reference peak intensities (Calvin et al., 2003). 

2.7.3 Dynamic Light Scattering Study (DLS)  

Dynamic light scattering is a common method to characterize dilute and 

transparent dispersions of magnetic nanoparticles. DLS is also known as photon 

correlation spectroscopy. This technique is based on the analysis of fluctuations of 

the scattered intensity pattern caused by the Brownian motion of particles and is used 

to determine the suspended particle size from nanometer up to a few microns.  

Hydrodynamic radius of objects can then be evaluated through the Stokes-Einstein 

law. Surface coatings contribute significantly to the hydrodynamic diameter (HD) 

and the net surface charge both critical design parameters that determine the in vivo 

fate of nanoparticles (Murdock et al., 2008).  

2.7.4 Fourier Transform Infrared Spectroscopy (FT-IR)   

Fourier Transform infrared spectroscopy is a technique which is used to 

determine the chemical functional groups in the sample. In infrared spectroscopy, IR 

radiation is passed through a sample. Some of the infrared radiation is absorbed by 

the sample and some of it is passed through (transmitted). The resulting spectrum 

represents the molecular absorption and transmission, creating a molecular 

fingerprint of the sample. Like a fingerprint no two unique molecular structures 

produce the same infrared spectrum. This makes infrared spectroscopy useful for 

several types of analyses. The possibility of deducing the magnetite in the solid 
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phase of ferro fluids from FT-IR spectra using the characteristic vibrational bands at 

572 cm−1 and 628 cm−1 has been suggested (Beeran et al., 2015). 

2.8 Effect of size, surface charge and surface coating on toxicity of 

SPIONS 

Size and surface of nanoparticles are important with respect to 

pharmacokinetics in vivo, where the major limitations are quick blood clearance and 

non-specific uptake by macrophages. To maximize circulation times and targeting 

ability, it is suggested that the optimal size should be less than 100 nm in diameter 

and the surface should be hydrophilic. It is also reported that amphiphilic coatings 

are preferred to prolong plasma half-life by extending the circulation time of the 

particulates from minutes to hours, thereby increasing the targeting capabilities of 

the contrast agent (Mornet et al., 2004). The physicochemical properties of SPIONS 

are of importance in terms of the corresponding biological responses (e.g., clearance, 

biodistribution, cell response/uptake, and cytotoxicity). The bare particles are cleared 

from the blood due to their opsonization and corresponding clearance by the 

reticuloendothelial system (RES). This clearance would be overcome by modifying 

the particles’ surface using organic and inorganic materials (Gupta et al., 2007).  

Nanoparticle size is recognized as being crucially important for biodistribution. 

Nanoparticles with a hydrodynamic diameter below 10 nm would be typically 

removed through renal filtration (Almeida et al., 2011). SPIONS with larger 

hydrodynamic diameter than the average spacing between inter-endothelial slits in 

the spleen (200-500 nm) will be retained and subsequently cleared by macrophages 

in the red pulp. Nanoparticles in a size range of 40-200 nm are taken up by the liver 
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and spleen (Mornet et al., 2004). Ferumoxtran-10 with hydrodynamic diameter of 30 

nm has been reported to have a longer blood half-life when compared to few minutes 

for the substantially larger ferumoxides with hydrodynamic diameter 150 nm 

(Bourrinet et al., 2006). As the  size of a particle decreases, its surface area to 

volume ratio increases, allowing a greater proportion of its atoms or molecules to be 

displayed on the surface resulting in increased surface reactivity (Nel et al., 2009) 

(Oberdörster et al., 2005). It is reported that particles with greater specific surface 

area per mass were more biologically active and that their biological effects mainly 

depended on their surface area rather than particle mass. As particle size shrinks, 

there is a tendency for toxicity to increase, even if the same material is relatively 

inert in a bulk form (Tarnuzzer et al., 2005). Kyung et al, (2009) demonstrated that 

smaller SiO2 nanoparticles, with a higher specific surface area, produced more toxic 

effects compared to larger- sized nanoparticles. 

Nanoparticle surface chemistry and surface charge has been reported to play 

important roles in toxicity and corresponding safety assessments. Altering the 

surface chemistry of nanoparticles has been shown to effectively prevent toxicity 

derived from the core material (Gupta and Gupta, 2005) (Chen et al., 2011) 

(Wilhelm et al., 2003) (Dumortier et al., 2006). Reducing opsonin binding is critical 

to designing long-circulation SPIONS, and while numerous factors contribute to 

protein adsorption on nanoparticle surfaces, surface charge is one of the most 

significant determinants. Nanoparticles with a neutral surface charge have been 

reported to have lower opsonization rates than charged particles, thus being retained 

longer in circulation (Lynch and Dawson, 2008). Metz et al, (2004a) showed that 

carboxy-dextran (negatively charged) coated SHU 555C with hydrodynamic 
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diameter ~ 21 nm, showed greater uptake in monocytes than the comparable sized 

nonionic-dextran coated ferumoxtran-10 with hydrodynamic diameter ~ 20-50 nm. 

The study also suggested that surface charge induced a greater phagocytic effect than 

size. The results clearly showed that carboxy-dextran coated Ferucarbotran had 

shown three times more uptake in monocytes than the significantly larger nonionic-

dextran coated Endorem. Positively charged polymers such as poly (ethyleneimine) 

(PEI) enhance cell penetration due to electrostatic attraction to the negative charge of 

phospholipids lining the cell membranes (Albanese et al., 2012). 

The physicochemical property of surface coatings influences the final 

hydrodynamic size, surface charge and hydrophobicity of SPION formulations. 

Hydrophobic surfaces, due to their insolubility in aqueous environments, often 

undergo rapid non-specific protein adsorption and are unsuitable for designing long-

circulating SPIONS (Laurent et al., 2011). Conversely, hydrophilic polymer 

coatings, such as the polysaccharides (e.g. dextran) and the polyethers (e.g. PEG), 

which allow sufficient hydration are widely used in stabilizing SPIONS. PEG 

coatings are particularly attractive due to their exceptional resistance to protein 

adsorption characteristics (Gupta and Gupta, 2005). It is reported that hydrophilic 

polymers are often used to encapsulate and stabilize nanoparticle cores that are either 

intrinsically hydrophobic or coated with hydrophobic surfactants such as oleic acid, 

and large exposed regions, due to insufficient polymer coverage, can lead to protein 

adsorption and subsequent removal by the mononuclear phagocytic system (Hume et 

al., 2002).The density or surface coverage of coatings is a critical parameter in 

designing long-circulating SPIONS. In the mushroom state, PEG chains are more 

flexible, and on average lay closer to the surface. Critically, the low coverage 
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exposes significant portions of the underlying core to opsonins. At the other extreme, 

high surface coverage extends PEG chains further into the solvent, but also reduces 

chain flexibility and mobility – critical features responsible for steric stabilization 

and non-fouling characteristics (Jokerst et al., 2011). Thus, optimal PEG 

conformation facilitates both, sufficient cloaking of the underlying core from 

opsonins, and chain mobility to enhance nanoparticle solubility – a balance between 

the ‘mushroom’ and ‘brush’ configurations (Greish, 2010). For example, 

polysaccharide coatings have been used to promote biocompatibility as well as better 

dispersion in solution (Schrand et al., 2008) (Lemarchand et al., 2005). With regard 

to surface charge, positively charged Au nanoparticles caused greater toxicity than 

those with negative surface charges (Goodman et al., 2004).  

2.9 In-vitro cell culture evaluation 

In vitro assessments are the study of cells, either isolated from animals or an 

immortalized cell line, in a culture dish. In general, the use of primary cells (isolated 

directly from animals) will give a more realistic toxicity result because immortal cell 

lines transform over time. However, the use of immortal cell lines is often preferred 

simply because they do not require animal sacrifice (Mahmoudi et al., 2012).  

Generally, both in vivo and in vitro studies have limitations (Sharifi et al., 2012) 

(Brunner et al., 2006). Despite extensive research on the biological effects of 

nanotherapeutic materials, there is relatively little information about the toxicity of 

these materials or the tools needed to assess this toxicity. Maurer-Jones et al, (2009) 

have extensively reviewed various toxicological assessment techniques currently in 

use as well as considerations in nanoparticle dosing. For most IONPs, levels below 
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20 μg Fe/ml are generally not advisable; because the overall internalization of the 

IONPs would be too low for most applications. Conversely, higher concentrations of 

more than 200 μg Fe/ml are generally not necessary for efficient internalization and, 

therefore, most studies employ concentrations of 50, 100 or 200 μg Fe/ml. Multiple 

time points would allow full assessment of both the short- and long-term effects, as 

toxicity effects can often be quite variable in time (Soenen et al., 2007). When 

investigating IONP toxicity, incubation times of 2, 4, 8 and 24 h would allow the 

assessment of any acute cytotoxic effect, by means of an MTT or an LDH assay. If 

desirable, the IONPs can also be incubated for longer time points, although 24 - 48 h 

is generally more than sufficient to reach adequate intracellular levels of IONPs 

(Soenen et al., 2007) (Wilhelm and Gazeau, 2008). Understanding the cell – material 

interactions, arising from these tests, form the basis for a model-based evaluation of 

nanoparticles behavior in 3D tissues (Mahmoudi et al., 2012). 

One important aspect that has not received adequate attention till date is the 

important link between toxic effects and the intracellular concentration of the NPs. 

Several studies have shown that high intracellular amounts of NPs can lead to drastic 

effects on cellular proliferation (Soenen et al., 2010b) (Hu et al., 2006). However, till 

date, most studies link any cytotoxicity data to the concentration of particles present 

in the incubation medium (Huang et al., 2008) (Mahmoudi et al., 2009b) (Choi et al., 

2010). Any such findings therefore cannot be well interpreted, as the reduced 

toxicity of a novel type of iron oxide formulation might simply be due to reduced 

internalization efficiency. It is therefore of crucial importance to simultaneously 

study uptake efficiency and cytotoxicity of SPIONS at the same time and to correlate 

any data obtained. 
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2.9.1 Cytotoxicity 

Cell metabolic activity of Polyethyleneglycol, Polyethyleneglycol co fumerate, 

Polyvinyl alcohol, dextran, poly (ethyleneimine) and chitosan coated iron oxide 

nanoparticles have been evaluated by MTT assay and no toxicity has been observed 

even in the high applied dosage (about 1 mg/ml). A trace of toxicity was detected for 

bare iron oxide at the same concentrations (Gupta and Wells, 2004a) (Kim et al., 

2006) (Dumortier et al., 2006) (Mahmoudi et al., 2009a) (Mahmoudi et al., 2009b). 

Studies using C10 lung epithelial cells show that the dose rate effects of stable 

agglomerates of iron oxide nanoparticles in conventional culture medium can be 

substantial and vary by over an order of magnitude difference in cellular dose in 

some cases (Sharma et al., 2013). Results are contradictory and a detailed and in 

depth evaluation is warranted to determine the effects on cells.  

2.9.2 Study of intracellular uptake  

A nanoparticle can be internalized simply because of its physical proximity to 

the membrane or because of interactions with specific receptors, originating via a 

number of different internalization paths. Interpretation of toxicity results depends 

upon an understanding of how nanoparticles and the living systems interact. 

Fluorescence microscopy has been employed to study nanoparticle uptake. Cellular 

uptake of nanoparticles was observed and subsequently quantified using 

fluorescently labeled nanoparticles (Panyam et al., 2003). Chnari et al, (2006) and 

co-workers employed confocal fluorescence microscopy to evaluate the location of 

fluorescently-labeled micelles within individual cells.  
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Transmission electron microscopy (TEM) has lot of advantage and allows 

determination of internalized nanoparticle localization, concurrent characterization 

of nanoparticle and cell/tissue morphology, and complementary elemental analysis 

using spectroscopic methods. But the technique has some limitations like, time-

intensive preparation that may induce artifacts while providing only a static picture 

of a small sample population.  

Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS) has been used to 

probe the Au content of HeLa and A594 cells, cancer cell lines (Dykman and 

Khlebtsov, 2014). It allows easy sample preparation and quick results. But, it gives 

limited information about the cellular location of the nanoparticles. It cannot 

distinguish between internalized or externally adherent nanoparticles. It is applicable 

to only a subset of nanomaterial elements, and does not discriminate between 

nanoparticles and preexisting ions of the same element (Giljohann et al., 2007). 

Raman microscopy has been used to spectroscopically image biological cells 

previously exposed to fluorescently labelled nanoparticles and in combination with 

K-means clustering. The nanoparticles could be localised and subcellular 

environment was identified based on the molecular spectroscopic signatures (Dorney 

et al., 2012). Raman imaging of plant cell walls represented a nondestructive 

technique that has provided insights into chemical composition in context with 

structure at the micrometer level (<0.5 μm) (Gierlinger et al., 2012). High spatial 

resolution Raman maps have been obtained of fixed cells in an aqueous environment 

(Diem et al., 2012). These maps were obtained by collecting individual Raman 

spectra via a Raman microspectrometer in a raster pattern on a 0.5-microm grid and 
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assembling pseudocolor maps from the spectral hypercubes by multivariate methods. 

This was the first report of label-free detection of mitochondria inside a somatic 

mammalian cell using Raman microspectroscopy (Matthäus et al., 2007). Confocal 

Raman Microscopy, a non-invasive, non-destructive and label-free technique, has 

been employed to study the uptake and localization of nanoparticles in the 

Hepatocarcinoma human cell line (HepG2) at the level of single cells (Estrela-Lopis 

et al., 2011a). 

Fluorescence spectroscopy offers highly sensitive measurements with time 

resolution, but requires confocal fluorescence techniques to determine nanoparticle 

localization. For nanoparticles that are not natively fluorescent, a tag or label is 

crucial that may alter nanoparticle characteristics and toxicity. As stated previously, 

understanding nanomaterial interaction (both amount and localization/association of 

nanoparticles) is essential for determining mechanisms of interaction and the 

limitations of these common techniques necessitates the further development of new 

methods to assess nanoparticle uptake. 

Though confocal Raman microscopy has been explored in many label free 

methods for detection and imaging, a confocal imaging of the cell and uptake of iron 

oxide nanoparticles has not been studied so far. Confocal Raman microspectroscopy 

has been used in this study to evaluate cellular uptake of the nanoparticles. 

2.10 Haemocompatibility 

Infusion of nanoparticles into the vascular system, being an important aspect in 

use of these materials, in vivo assays to assess their biosafety assume importance. 

Incompatibility with bio fluids such as blood, could lead to haemolysis, coagulation, 
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and blood clots due to adsorption and/or activation of biomolecules, for example, 

plasma protein and complement factors. As such it is critical to assess these 

properties before clinical use. One such test is the haemolysis assay which uses 

erythrocytes to assess the MNP toxicity. 

Ostomel et al, (2007) have investigated the hemostatic response due to surface 

charges of a variety of metal oxide particles which did not include SPIONS. Li et al, 

(2008) have investigated the influence of nano- TiO2 on erythrocyte. Singh et al, 

(2010) have investigated the disturbance in iron homeostasis caused by SPIONS. 

The hematologic effects of the above-described SPIONS and their separated 

components on the coagulation process have been studied by measuring both 

Prothrombin time (PT) and activated Partial Thromboplastin time (aPTT). In 

addition, by measuring erythrocyte, leucocytes, haemoglobin, hematocrit and 

platelets blood count, their hemolytic effects have also been tested (Ali et al., 2013). 

The in vitro biocompatibility studies should also include evidence of hemolysis 

and quantification of leukocytes, erythrocytes and platelets to rule out immediate 

cytotoxicity of nanoparticles or contact spontaneous platelet aggregation (Mayer et 

al., 2009) (Gulati et al., 2010). Therefore, it is essential to investigate the effects of 

both, nanoparticles and coatings on blood. 

2.11 Comet assay /genotoxicity 

Understanding the genotoxic potential of iron oxide nanoparticles is important 

as these particles are commonly targeted to cells. Different nanoparticles and 

nanotubes have been compared with respect to their cytotoxicity and ability to cause 

DNA damage and oxidative stress (Singh et al., 2009). Focus was on different metal 
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oxide particles (CuO, TiO2, ZnO, CuZnFe2O4, Fe3O4, Fe2O3), and the toxicity was 

compared to that of carbon nanoparticles and multiwalled carbon nanotubes 

(MWCNT). The human lung epithelial cell line A549 was exposed to the particles, 

and cytotoxicity was analyzed using trypan blue staining. DNA damage and 

oxidative lesions were determined using the comet assay, and intracellular 

production of reactive oxygen species (ROS) was measured using the oxidation-

sensitive fluoroprobe 2′,7′-dichlorofluorescin diacetate (DCFH-DA) (Karlsson et al., 

2008).  The results showed a high variation among different nanoparticles concerning 

their ability to cause toxic effects. 

In another study, the surface of the magnetic nanoparticles (MNPs) was coated 

with two thiol-containing hydrophilic ligands: mercaptosuccinic acid (MSA) or 

dimercaptosuccinic acid (DMSA), leading to thiolated MNPs. Free thiols groups on 

the surface of MSA- or DMSA-MNPs were nitrosated leading to NO-releasing 

MNPs. The genotoxicity of thiolated-coated MNPs on human lymphocyte cells was 

studied by the comet assay (Lima et al., 2013). No genotoxicity was observed due to 

exposure of human lymphocytes to MSA- or DMSA-MNPs. 

Ahamed et al, (2013) have recently reported that IONPs induced cytotoxicity 

in mammalian cells. The authours investigated the cytotoxicity, oxidative stress and 

genotoxicity of IONPs on two human cell lines; skin epithelial A431 and lung 

epithelial A549 cells. Prepared IONPs were polygonal in shape with a smooth 

surface and had an average diameter of 25 nm. IONPs (25-100 μg/ml) induced dose-

dependent cytotoxicity in both types of cells, which was demonstrated by cell 

viability (3- (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) and lactate 
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dehydrogenase leakage assays. IONPs were also found to induce oxidative stress in a 

dose-dependent manner, evident by depletion of glutathione and induction of 

reactive oxygen species (ROS) and lipid peroxidation. Comet assay revealed that 

level of DNA damage was higher with concentration of IONPs in both types of cells. 

Quantitative real-time PCR analysis showed that following exposure of cells to 

IONPs, the expression levels of mRNA of caspase-3 and caspase-9 genes were 

higher. They also observed the higher activity of caspase-3 and caspase-9 enzymes 

in IONPs treated cells. Moreover, western blot analysis showed that protein 

expression level of cleaved caspase-3 was up-regulated by IONPs in both types of 

cells. Taken together, their data demonstrated that IONPs had potential to induce 

genotoxicity in A431 and A549 cells, which was likely to be mediated through ROS 

generation and oxidative stress. The authors suggested that genotoxic effects of 

IONPs should be further investigated at in vivo level (Ahamed et al., 2013). 

2.12 In-vivo studies  

In vivo studies are whole organism studies where nano therapeutics is 

delivered via one of four pathways: inhalation, dermal, ingestion, or injection.  Using 

a variety of techniques, typical in vivo assessments include the determination of 

physiological localization and the concentration of material in specific tissues, rate of 

excretion, and macroscopic tissue and organismal toxicity. 

The most widely investigated exposure pathway for nanotherapeutics has been 

injection. Nanoparticle injectables have been explored because they could potentially 

eliminate the negative side effects of traditional injectable drugs, particularly 

chemotherapy, where solubility and stability of drug molecules limit their use.  In 
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fact, most of the approved nanoproducts are aimed at diagnosis or therapy as are 

many injectable nanomaterials in development (Weissleder et al., 1989).   

The various interactions of NPs with fluids, cells and tissues need to be 

considered from the route of entry through the wide range of possible pathways 

ending at potential target organs. Nanoparticles may be able to enter the body via 

routes such as the gastrointestinal tract, injection into the blood stream, and passage 

through the skin (Oberdörster et al., 2005). 

Following systemic administration, NPs may be able to penetrate into very 

small capillaries throughout the body and efficiently distribute to certain tissues. NPs 

passing through epithelia and biological membranes can potentially affect the 

physiology of any cell in the body (Kim et al., 2006). 

It is reported that in nanotherapeutics to treat cancer much of the in vivo 

toxicity assessments focus on the nanoparticle uptake into tumors followed by 

various characterizations of the progression of cancer along with the systemic 

biodistribution of administered nanoparticles to assess clearance and potential sites 

of unintentional toxicity (Al-Jamal et al., 2008) (Devalapally et al., 2008) (Gannon et 

al., 2007). 

The vasculature network is the most commonly employed route for 

administering nanoparticle formulations, and presents several physiological barriers. 

Continuous vessels with pore sizes of ~6-15 nm in the kidneys (Sarin, 2010) prevent 

extravasation of larger SPIONS, which are ultimately cleared in highly fenestrated 

filtration organs like the liver and spleen. In a healthy biological system, the liver, 

spleen and kidneys are primarily responsible for nanoparticle clearance. Liver and 
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spleen have a significant portion of immune cells comprised of the mononuclear 

phagocytic system. Macrophages remove large foreign particles through endo-

phagocytic pathways, for example, SPIONS that are hydrophobic, aggregating, 

cationic or tagged with specific proteins called opsonins are quickly recognized and 

taken up by mononuclear phagocytic system cells. The resident macrophages called 

Kupffer cells in the liver, line the interior of fenestrated sinusoidal capillary walls. 

Macrophages in the spleen are located in the red pulp, the primary site of splenic 

filtration, and also the marginal zone between the red and white pulps (Hume et al., 

2002). The red pulp is part of the “open” circulation route in the spleen, which lacks 

direct connections between the arterial and venous capillaries. Blood from the 

arterial capillary openings flows into the red pulp and re-enters blood circulation by 

seeping through the 200-500 nm inter-endothelial slits in the venous bed. The 

deformability of healthy erythrocytes allows passage through the inter-endothelial 

slits, while dead or rigid erythrocytes accumulate in the red pulp and are eventually 

cleared by the resident macrophages. 

The pharmacokinetics (distribution, metabolism, bioavailability, excretion) and 

toxicity (acute and subacute toxicity, mutagenicity) of a superparamagnetic iron 

oxide preparation (AMI-25), presently used in clinical trials, has been evaluated by 

59Fe radiotracer studies, measurements of relaxation times, the ability to reverse iron 

deficiency anemia, histologic examination, and laboratory parameters (Arbab et al., 

2005). One hour after administration of AMI-25 to rats (18 µM Fe/kg; 1 mg Fe/kg), 

82.6 +/- 0.3% of the administered dose was sequestered in the liver and 6.2 +/- 7.6% 

in the spleen. Peak concentrations of 59Fe were found in liver after 2 h and in the 

spleen after 4 h. 59Fe slowly cleared from liver (half-life, 3 days) and spleen (half-
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life, 4 days) and was incorporated into hemoglobin of erythrocytes in a time-

dependent fashion (Weissleder et al., 1989). Ferumoxides, dextran-coated 

superparamagnetic iron oxide nanoparticles, form ferumoxide-transfection agent 

(FE-TA) complexes that are internalized into endosomes/lysosomes and have been 

used to label cells for in vivo MRI tracking and localization studies (Arbab et al., 

2005). 

Kermanizadeh et al, (2013) believed that nanoparticles accumulate, often 

preferentially, in the liver, investigated the effect of silver nanoparticles (20 nm) on 

the liver and in particular, the role of Kupffer cells in the overall inflammatory 

response in the organ. The study revealed that the liver function was unaffected by 

the silver nanoparticles. 

In a study, mice were injected intravenously with a single dose of TiO2 NPs at 

varying dose levels (0, 140, 300, 645, or 1387 mg/kg). Animal mortality, blood 

biochemistry, hematology, genotoxicity and histopathology were investigated 14 

days after treatment (Xu et al., 2013). 

The biological fate of SPION microbubbles was determined in Sprague-

Dawley rats after intravenous administration. The rats were sacrificed and perfusion-

fixated at different time points. The magnetic resonance imaging results obtained 

were compared with histopathologic findings in different organs (Barrefelt et al., 

2013). Results showed macrophages with increasing signs of cytoplasmic iron 

accumulation, initially in the lungs followed by other major organs. 

The acute toxicity of nickel (Ni) nanoparticles (50 nm) has been evaluated by 

injecting the particles intravenously into the dorsal penile vein of Sprague Dawley 
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rats. Fourteen days after injection, it was found that nanoparticles induced liver and 

spleen injury, lung inflammation, and caused cardiac toxicity (Magaye et al., 2014). 

2.13 Oxidative stress 

Reactive oxygen species (ROS) are molecules and ions containing unpaired 

valence shell electrons and constitute a type of free radical, specifically involving 

oxygen. The unpaired valence shell electrons make ROS highly reactive, and 

although ROS play an important role in cell signaling, excess ROS (called oxidative 

stress) can result in significant cellular damage which can ultimately lead to cellular 

demise by both necrotic and apoptotic processes. Types of ROS formed as a result of 

the sequential reduction of molecular oxygen include superoxide radical (.O2
-) 

superoxide anion (O2
-), hydrogen peroxide (H2O2) and the hydroxyl radical (OH-). 

Major endogenous sources of ROS are mitochondria, which produce H2O2 from ∙O2
- 

as a natural by-product of ATP production as oxygen is reduced along the electron 

transport chain (Bergamini et al., 2004). This can damage cells both directly and 

indirectly as H2O2 interacts with Fe2+ or other catalytic metals (a process known as 

the Fenton reaction) and is converted into the highly destructive OH- radical (Bačić 

et al., 2008).  

Cellular processes, in the form of intracellular enzymes, have evolved to 

neutralize the potentially harmful effects of ROS produced in physiologically 

moderate amounts. These enzymes include superoxide dismutase, catalase, and the 

glutathione enzymes (e.g. glutathione-peroxidase, glutathione-reductase and S-

glutathione transferase) (Apel and Hirt, 2004).  
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Hussain et al, (2005) evaluated the acute toxic effects of metal/metal oxide 

nanoparticles proposed for future use in industrial production methods using the in 

vitro rat liver derived cell line BRL 3A. Different sizes of nanoparticles such as 

silver (Ag; 15, 100 nm), molybdenum (MoO3; 30, 150 nm), aluminum (Al; 30, 103 

nm), iron oxide (Fe3O4; 30, 47 nm), and titanium dioxide (TiO2; 40 nm) were 

evaluated for their potential toxicity. Cellular morphology, mitochondrial function 

(MTT assay), membrane leakage of lactate dehydrogenase (LDH assay), reduced 

glutathione (GSH) levels, reactive oxygen species (ROS), and mitochondrial 

membrane potential (MMP) were assessed under control and exposed conditions (24 

h of exposure). Results showed that mitochondrial function decreased significantly 

in cells exposed to Ag nanoparticles at 5–50 μg/ml. However, Fe3O4, Al, MoO3 and 

TiO2 had no measurable effect at lower doses (10–50 μg/ml), while there was a 

significant effect at higher levels (100–250 μg/ml).  

2.13.1 Superoxide dismutase (SOD) 

Superoxide dismutase was reported to be involved in the dismutation of 

superoxide radical to hydrogen peroxide. Superoxide dismutase is found in both the 

mitochondrial matrix and cytoplasm and catalyzes the formation of H2O2, O2 and 

water from the potent highly damaging superoxide radicals (O2
-) produced in the 

electron transport chain (McCord and Fridovich, 1969) (Rapoport et al., 1994). 

Under conditions in which superoxide dismutase becomes overwhelmed (e.g. during 

oxidative stress), excessive amounts of H2O2 are produced resulting in the formation 

of OH- via the Fenton reaction (Benzie, 1996). 
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2.13.2 Reduced glutathione (GSH) 

Glutathione is a cofactor of several detoxifying enzymes against oxidative 

stress, e.g. glutathione peroxidase (GPx) and glutathione-S-transferase. GSH 

scavenges hydroxyl radical and singlet oxygen directly, detoxifying hydrogen 

peroxide and lipid peroxides by the catalytic action of glutathione peroxidase. 

Glutathione is an important antioxidant tri-peptide synthesised from the amino acids 

L- cysteine, L-glutamic acid and glycine, and in its reduced state participates in 

conjugation reactions to remove various toxic metabolites and donates electrons to 

unstable ROS molecules (Devasagayam et al., 2004). During oxidative stress 

glutathione precursors become depleted and glutathione production is insufficient in 

neutralizing the ROS generated (Townsend et al., 2003). 

2.13.3 Lipid peroxidation (LPO) 

ROS attack cellular components like polyunsaturated fatty acid residues of 

phospholipids, which are extremely sensitive to oxidation. Once formed, peroxyl 

radicals (ROO•) can be rearranged via a cyclisation reaction to endoperoxides 

(precursors of malondialdehyde) with the final product of the peroxidation process 

being malondialdehyde (MDA). The process of lipid peroxidation and the 

atherogenicity of peroxidied lipids are reviewed Laboratory methods of assessing 

antioxidant defences, lipid peroxidation and the effects of lipid peroxidation are also 

reviewed and discussed with particular reference to their ability to assess in vivo 

oxidative stress and lipid peroxidation status (Benzie, 1996).  

2.13.4 Tissue nitrite level 

Nitric oxide (NO) is a potent mediator with diverse roles in regulating cellular 

functions, including nitrosylation of proteins involved in signaling pathways. NO is 
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produced by the oxidation of the amino acid L-arginine by the enzyme nitric oxide 

synthase (NOS). This family of enzymes are generally classified as constitutive, 

calcium dependent (neuronal NOS, nNOS, NOS1 and endothelial NOS, eNOS, 

NOS3) or inducible, calcium independent (inducible NOS, iNOS, NOS2). The 

constitutive isoforms release relatively low levels of NO, while iNOS is induced by 

inflammatory conditions and releases larger amounts of NO (Alderton et al., 2001) 

(Stamler et al., 2001). Furthermore, Ag, Cu, and Al NPs may induce oxidative stress 

and generate free radicals that could disrupt the endothelial cell membrane (Sharma 

and Sharma, 2007).  

2.14 Mast cells 

Mast cell is a less studied cell with respect to the nanomaterials. Mast cells are 

involved in both the adaptive and innate immune system and play an important role 

in our body’s effective response towards foreign bodies. They develop from 

progenitor cells that in turn arise from uncommitted hematopoietic stem cells in the 

bone marrow and are found in highest numbers in areas of the body that interface 

with the environment, such as the skin, lung and gastrointestinal tract (Abraham and 

John, 2010). They occur in virtually all vascularized tissues where they ordinarily 

reside in close proximity to blood vessels, nerves, smooth muscle cells, epithelial 

cells, mucus-producing glands and hair follicles. Mast cells tend to be located 

perivascularily and in sentinel locations to respond to noxious stimuli as well as to 

allergens (Galli et al., 2008). Presently, mast cells have assumed importance in 

multiple biological processes including phagocytosis, processing of antigen, 
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production of cytokines and other vasoactive substances like histamines and protein 

slicing enzymes such as chymase and tryptase (Abraham and John, 2010).  

2.14.1 Mast cell activation and effects 

 Mast cells are typically activated by cross-linking of their FcεR1 by 

IgE/antigen complexes. Cross-linkage of IgE by the interaction of allergen with 

specific determinants on the Fab portion of the molecule brings the receptors into 

juxtaposition and initiates mast cell activation and mediator generation and release. 

Although the process can be triggered by a variety of immunological and non 

immunological stimuli, the most important signaling pathway in vivo is by 

aggregation of surface bound immunoglobulin E (IgE) by specific antigen. 

Activation of mast cells then result in three types of biological effects, 1) Mast cells 

undergo regulated secretion in which preformed contents stored in their granules are 

rapidly released by exocytosis 2) They enzymatically synthesize lipid mediators 

derived from precursors stored in cell membranes and in lipid bodies and 3) Mast 

cells initiate transcription, translation and secretion of a diverse array of cytokines 

(Abraham and John, 2010). Mast cells may also be activated by non immunological 

stimuli induced by substances such as neuropeptides, basic compounds, complement 

components, and certain drugs such as opiates. Morphologically degranulation 

produced by immunologic and non immunologic stimulation appears similar. 

However, biochemical processes that lead to mediator release may differ. Human 

mast cells express a multitude of G protein coupled receptors and other recognition 

sites on their surface which are involved in mast cell activation under physiological 

and patho physiological conditions (Sismanopoulos et al., 2012).  
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Mast cells may be able to orchestrate different biological processes through 

their ability to release pro-inflammatory mediators selectively without the 

degranulation typical of allergic reactions. Even though the importance of mast cells 

as mediators in allergic inflammatory responses and various other diseases have been 

well studied, their role in the biological responses to nanomaterials have yet to be 

investigated. The information about the possible relation between the nanoparticles 

in biological system and mast cells may help in developing strategies to prevent or 

alleviate complications which are often associated with nanoparticle administration.  

2.14.2 Role of oxidants in mast cell activation 

Reactive oxygen species (ROS), such as superoxide, hydrogen peroxide 

(H2O2), and hydroxyl radical, have for a long time been considered as accidental by-

products of respiratory energy production in mitochondria and as being useless and 

rather deleterious to biological systems. Contrary to such a classical view, 

accumulating evidence (Zhao et al., 2014) indicates that upon stimulation of 

divergent receptor systems, ROS are intentionally produced and even required for 

appropriate signal transduction and biological responses. Work by our group 

(unpublished) and that of others have shown that stimulation of mast cells through 

the high-affinity IgE receptor (FcεR1) induces the production of ROS such as 

superoxide and H2O2 possibly by the phagocyte NADPH oxidase homologue and 

that these endogenously produced oxidants have important functions in regulation of 

various mast cell responses, including degranulation, leukotriene secretion, and 

cytokine production. Subsequent studies (Frossi et al., 2003) have enumerated 

particular biochemical pathways that can be targeted by ROS and/or cellular redox 

balance. More recent research reveals that ROS may also play an important role in 
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mast cell activation by divergent allergy-relevant environmental substances, like 

heavy metals and polycyclic aromatic hydrocarbons (Suzuki et al., 2005). 

2.15 Iron homeostasis 

It is reported that dextran-coated SPIONS have the potential to cause 

perturbation in the regulation of iron homeostasis. Indeed preliminary studies 

(Mackenzie et al., 2008) have found that although ferritin (iron storage protein 

complex) and ferroportin (iron export molecule) were not altered following exposure 

to dextran-coated SPION, transferrin-receptor 1 (TfR1) and hepcidin were 

significantly down-regulated in HepG2 hepatocellular carcinoma cells. The TfR1 is a 

cell-surface receptor that controls iron uptake and its down-regulation following 

exposure to dextran-coated SPION therefore suggested that the cells were reacting as 

though they were in a state of iron overload. 

In another study, the acute toxicity of polyethylene glycol tethered gold 

nanoparticles has been verified in vivo by measurement of inflammation and 

apoptosis related gene expression levels in liver tissues (Cho et al., 2009). 

Biodistribution of gold nanoparticles (AuNPs) in more than 25 organs were 

examined on 1 day, 1 week, 1 month and 2 months after a single intravenous (i.v.) 

injection in rats (Balasubramanian et al., 2010). Microarray results of liver and 

spleen point to significant effects on genes related to detoxification, lipid 

metabolism, cell cycle, defense response, and circadian rhythm. These results 

demonstrate that significant biodistribution of Au occurs in the body over 2 months 

after a single i.v. injection of AuNPs, accompanied by gene expression changes in 

target organs (Balasubramanian et al., 2010). 
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It is reported that long-term exposure to TiO2 NPs resulted in obvious titanium 

accumulation in the liver and TiO2 NP aggregation in hepatocyte nuclei, an 

inflammatory response, hepatocyte apoptosis and liver dysfunction (Cui et al., 2012). 

The microarray data has shown striking changes in the expression of 785 genes 

related to the immune/inflammatory response, apoptosis, oxidative stress, the 

metabolic process, response to stress, cell cycle, ion transport, signal transduction, 

cell proliferation, cytoskeleton, and cell differentiation in TiO2 NP–exposed livers 

(Cui et al., 2012). 

Gene expression following administration of nanoparticles in vivo has been 

investigated in various studies. In on such study (Ma et al., 2012) Kumming mice 

were exposed to Fe3O4-nanoparticles via intraperitoneal injection daily for 1 week at 

doses of 0, 5, 10, 20, and 40 mg/kg. Hepatic and renal tissues were sliced for 

physiological observation. Injuries were found in the high-dose groups (20 and 40 

mg/kg) compared with the control group. Biomarkers of reactive oxygen species, 

glutathione, malondialdehyde, DNA-protein crosslinks, and 8-hydroxy-2′-

deoxyguanosine in the hepatic and renal tissues were detected. Injury to tissues and 

oxidative damage to cells at the molecular level was observed (Ma et al., 2012).  

Important biomarkers for evaluation of iron homeostasis have been assessed by 

gene expression of Transferrin, Ceruloplasmin, Haemoxygenase-1 and Heat shock 

protein-70 for evidence of oxidative stress. 

2.15.1 Transferrin 

Transferrins are iron-binding blood plasma glycoproteins that control the level 

of free iron in biological fluids. Transferrin has a molecular weight of around 80 
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KDa and contains two specific high-affinity Fe3+ binding sites. The affinity of 

transferrin for Fe3+ is extremely high (1023 M−1 at pH-7.4) but decreases 

progressively with decreasing pH below neutrality (Mackenzie et al., 2008). Liver is 

the main site of transferrin synthesis. Transferrin plays a key role where 

erythropoiesis and active cell division occur. The receptor helps maintain iron 

homeostasis in the cells by controlling iron concentrations (Macedo and de Sousa, 

2008).  

Earlier studies have shown that expression of transferrin and its receptor genes 

was considerably increased during supplementation of animals by selenium 

nanopaerticles for 10 or 20 days (Kojouri et al., 2012). 

2.15.2 Ceruloplasmin 

Ceruloplasmin is a ferroxidase enzyme, synthesised in the liver containing 6 

atoms of copper in its structure. Ceruloplasmin is the major copper carrying protein 

in the blood, and in addition plays a role in iron metabolism. Ceruloplasmin exhibits 

a copper-dependent oxidase activity, which is associated with possible oxidation of 

Fe2+ (ferrous iron) into Fe3+ (ferric iron), therefore assisting in its transport in the 

plasma in association with transferrin, which can carry iron only in the ferric state 

(Harris et al., 1999) (Hellman and Gitlin, 2002).  

2.15.3 Haemoxygenase-1 

Haemoxygenase (HO) is an enzyme that catalyzes the degradation of heme. 

This produces biliverdin, iron, and carbon monoxide. Biliverdin is subsequently 

converted to a potent physiological anti-oxidant called bilirubin, by biliverdin 

reductase (Maines, 1997). Three isoforms of heme oxygenase are known namely 
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HO-1, HO-2 and HO-3. Among them, HO-1, unlike the other two (HO-2 and -3), 

shows limited expression under normal situations and is induced by oxidative stress, 

hypoxia, heavy metals, cytokines, etc. Haemeoxygenase expression is induced by 

oxidative stress, and in animal models increasing this expression seems to be 

protective. Carbon monoxide released from hemeoxygenase reactions can influence 

vascular tone independently or influence the function of nitric oxide synthase (Ryter 

et al., 2006).  

2.15.4 Heat shock protein-70 

The 70 kilodalton heat shock proteins (HSP-70) are a family of conserved 

ubiquitously expressed heat shock proteins. HSP70s are involved in signal 

transduction, cell cycle regulation, cell differentiation and programmed cell death. 

The HSP70 protein family and their co-chaperones constitute a complex network of 

folding machines which help to protect the cells from stress. Members of the HSP70 

family are strongly upregulated by heat stress and toxic chemicals, particularly heavy 

metals. HSP70 proteins can act to protect cells from thermal or oxidative stress 

(Morano, 2007) (Kregel, 2002).  

It is reported that after intratracheal instillation of AgNPs, gene expression was 

modulated by AgNPs in a tissue and time-dependent manner. At 7 days, selective 

changes in the expression of genes encoding oxidative stress-related enzymes, 

namely Gpx1, SOD, FMO2 and GAPDH were observed in hepatic and testicular 

tissues. Other genes implicated in oxidative stress (Txnrd1, Gss, Gsr), metal toxicity 

(Mt1), apoptosis/cell cycle (casp3, p53) and protein-folding processes (Hsp70) were 

not modified (Coccini, 2014). 
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2.16 Elemental ion analysis by ICP-OES 

Inductively coupled plasma mass spectrometry (ICP-MS) is a robust and 

widely used technique for multi elemental and isotopic analysis of environmental 

materials (Sucharová and Suchara, 2006) (Enamorado-Bais et al., 2013). 

Based on survey of literature regarding surface modified superparamagnetic 

iron oxide nanoparticles, It is hypothesized that accumulation of these nanoparticles 

in various organs following intravenous administration, can produce a pro-oxidant 

environment in cells and tissues which could lead to adverse biological 

consequences. This environment can also initiate induction of mast cells into various 

organs of the body. 
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Chapter 3 

3 MATERIALS AND METHODS 

3.1 PHASE I: Synthesis of Superparamagnetic iron oxide 

nanoparticles 

3.1.1 Materials 

FeCl3 anhydrous (Merck) 

FeCl2.4H2O (Merck) 

NaOH (Merck) 

35% HCl (Merck) 

Dextran (MW40000 da) (Sigma-Aldrich) 

Polyethylene glycol (MW8000 da) (Sigma-Aldrich) 

All the chemicals and reagents used were of analytical grade. 

3.1.2 Synthesis of SPIONS 

The SPIONS was prepared by common aqueous co-precipitation method. 

Briefly, the stoichiometric mixtures of FeCl3 and FeCl2.4H2O (Fe3+/Fe2+: 2:1 molar 

ratio) were dissolved in deionized water and heated at 80°C for 1h under inert 

atmosphere for deoxygenation. The SPION was precipitated via alkalization of iron 

precursor by the dropwise addition of 1M NaOH. Thereafter the same reaction 

condition was kept another two hours for the complete precipitation of SPIO 

nanocrystals. The precipitate was then washed with deionized water to get neutral 

pH condition (Gupta and Gupta, 2005). 

3.1.3 Surface modification with Dextran and PEG 

The surfaces of the colloidal nanocrystals were modified by interaction with 

polymer dextran and polyethylene glycol. In order to modify the surface of SPIONS 
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with dextran [DEX-SPIONS], a 3% percentage solution of dextran was prepared in 

deionized water with continuous magnetic stirring at room temperature followed by 

drop wise addition of SPIONS colloidal suspension in to the polymer solution and it 

was kept with magnetic stirring overnight at room temperature. The colloidal 

suspension was washed with deionized water and centrifuged. Similarly for PEG 

surface modification of SPIONS [PEG-SPIONS] particles, 5 % PEG solution was 

prepared in deionized water followed by drop wise addition of SPIONS suspension 

in to polymer solution and it was magnetically stirred over night at room 

temperature. The suspension was magnetically separated, washed with deionized 

water and centrifuged. 

3.2 Physico-chemical characterisation of nanoparticles 

3.2.1 Materials 

SPIONS (SPIONS, DEX-SPIONS and PEG-SPIONS) 

Copper grid (300 mesh) (Electron microscopy science) 

Potassium bromide (Merck) 

3.2.2 Transmission electron microscopy 

Samples were prepared for TEM imaging by placing a drop of solution 

containing nanoparticles on to a TEM grid (copper coated) and dried over-night. The 

sample grid was then lightly tapped to remove any excess particles and the grid was 

placed in the TEM for imaging. 

3.2.3 Dynamic light scattering and Zeta potential 

The hydrodynamic size estimation and net ζ potential measurements were 

carried out using Malvern Instrument-Zeta sizers 2000, UK. These measurements 

were performed in water medium at 25°C. Sodium phosphate buffer was used to 
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maintain the pH at 7.4. The ζ potential measurements were measured for 70 s and 

Smuluchowsky approximation was applied in the calculation of surface charge of the 

nanoparticles. 

3.2.4 X-Ray diffraction 

Approximately 10 mg of sample was placed onto a silicon zero-reflectance 

disc adhered to an aluminum sample plate. XRD data were collected with 2θ ranging 

from 10 to 80 degree at a rate of 2 degree per minute. 

3.2.5 Vibrational sample magnetometry 

The magnetic property was measured at room temperature using a Lakeshore 

model 7410 vibrational sample magnetometer (VSM). The magnetic hysteresis and 

saturation magnetization of SPIONS, DEX-SPIONS and PEG-SPIONS were 

evaluated. 

3.2.6 Fourier Transform-Infra Red spectroscopy 

The Fourier Transform Infrared (FT-IR) spectrum was recorded in the 

transmission mode on a Thermo Nicolet 5700 FTIR spectrometer (USA). The dried 

samples of bare SPIONS, DEX-SPIONS and PEG-SPIONS were ground with KBr 

and tablets of 10 mm diameter pellets were prepared by pressing the powder mixture 

at a load of 5 tons for 2 min. The spectrum was taken from 4000 to 400 cm-1 with 

resolution 4 and 128 times scanning. 

3.2.7 Thermogravimetric analysis (TGA) 

TGA was used to evaluate the thermal properties of the prepared nanoparticles 

and to estimate the amount of dextran and polyethylene glycol bound to the SPIONS 

to calculate the dose for in-vivo experiment. TGA of lyophilized SPIONS, DEX-
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SPIONS and PEG-SPIONS were performed using SDT 2960 V2.2B (Simultaneous 

TGA-DTA, TA Instruments, Delaware, USA). TGA was run within a temperature 

range of 25 - 800oC applying a constant heating rate of 10oC/min. 

3.3 PHASE II: Cell culture studies 

3.3.1 Materials 

Nanoparticles (SPIONS, DEX-SPIONS, PEG-SPIONS), Minimum Essential 

Medium (MEM) (Sigma), Dulbecco’s modified Eagle’s medium (DMEM) 

(Gibco/BRL, Bethesda, MD), Fetal bovine serum (FBS-Invitrogen), Isopropanol 

(Merck, India), Glutamine, Trypsin solution 2.5% (10×) (Gibco/Invitrogen, 100 mL), 

EDTA 2% (sodium salt) solution (ICN Biomedicals), Penicillin-streptomycin 

(Sigma), trypsin EDTA (Sigma), DMSO >99.9% (ACS reagent, Sigma), Teflon cell 

scrapers (Fisher, UK), Phosphate-buffered saline (PBS), Dulbecco’s, without Ca, 

Mg, 1× (Gibco/Invitrogen, 500 mL), Hemocytometer (cell-number counter bright-

line/dark-line counting chambers 0.1 mL volume, Hausser Scientific, UK), MTT - 3- 

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma), Fluorescein 

diacetate (FDA) (Invitrogen ) and Propidium iodide (PI) (Invitrogen), 24 well plate 

and coverslips  

Cell lines 

L929 mouse fibroblast cell line (ATCC, USA),  

RAW264.7 macrophage cell line (NCCS, Pune),  

HepG2 cell lines (NCCS, Pune) 

Macrophages were used between passage numbers 5 and 15 and mouse 

fibroblasts L929 between passage numbers 10 and 20. 



49 

 

Nanoparticles: SPIONS, DEX-SPIONS and PEG-SPIONS were diluted in 

serum free medium just before any experiment. 

3.3.2 MTT assay 

To evaluate the cytotoxicity of the synthesised SPIONS, DEX-SPIONS and 

PEG-SPIONS, the MTT assay was used (Mosmann, 1983). SPIONS, DEX-SPIONS 

and PEG-SPIONS were mixed with equal volume of MEM-2X to get initial 

concentration of 50 µg/ml in medium. Test materials SPIONS, DEX-SPIONS and 

PEG-SPIONS were evaluated with L929 cells. A serial dilution from 50 – 12.25  

µg/ml was prepared using culture medium containing serum. 96 well plates were 

seeded with 1×104 cells per well and maintained until subconfluency. The culture 

medium was replaced with various dilutions of test samples and cell control (normal 

medium). After 24 h incubation, the medium was removed and cells were washed 

with serum free MEM. To each well, 50 µl of MTT reagent (1 mg/ml in serum free 

medium) was added and incubated for minimum two hours. MTT reagent was 

replaced with 100 µl isopropanol and absorbance was read at 570 nm in a multiwell 

plate reader (Tykon, USA). The data was exported to Microsoft Excel and analyzed 

statistically. Cell activity was determined by the formula Cell activity (%) = (OD test 

cells/OD cell control) × 100. The cellular activities of cells exposed to test samples 

were also compared with the cell control. 

Similarly, MTT assay was carried out using RAW 264.7 macrophage cells for 

SPIONS, DEX-SPIONS and PEG-SPIONS. 
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3.3.3 Live/dead assay  

Viability of L929 fibroblasts in the presence of SPIONS, DEX-SPIONS and 

PEG-SPIONS was evaluated. 12 well plates with coverslips were seeded with 1×104 

cells per well and maintained until subconfluency. SPIONS, DEX-SPIONS and 

PEG-SPIONS were mixed with equal volume of MEM-2X to get initial 

concentration of 50 µg/ml in medium. Test nanoparticles were added to the wells. 

After 24 h incubation, the medium was removed and cells were washed with serum 

free MEM. To each well, 50 µl of freshly prepared FDA/PI staining working 

solution (Appendix) was added and incubated at room temperature for 4 to 5 minutes 

in the dark. Staining solution was removed and PBS was added. The sample was 

viewed under inverted fluorescence microscope with filter sets for Texas Red and 

FITC (Leica DM6000, GmbH). Images were captured and analysed using ImageJ 

software. 

3.4 Haemocompatibility studies 

3.4.1 Materials  

Nanoparticles (SPIONS, DEX-SPIONS, PEG-SPIONS), 0.1% Sodium 

carbonate and EDTA -2K coated vaccutainer. 

3.4.2 Haematology  

Test was done as per ISO 10993 Part-4. In brief samples at different 

concentration were exposed to 2.0 ml human blood. 0.5 ml blood was collected as 

initial sample. Cell count was measured using an automatic hematology analyzer 

(Sysmex-K4500) in initial samples as well as in samples after 30 mins exposure. 

Percentage change in cell count was analyzed by applying following formula. 
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100 X 
Count Initial

Count Final -Count  Initial
  change Percentage =  

3.4.3 Hemolysis assay 

The total hemoglobin in the initial blood sample was measured using an 

automatic hematology analyzer (Sysmex-K4500). The free hemoglobin liberated in 

the plasma after exposure to the materials was estimated in sample by measuring the 

absorbance of diluted plasma with a diode array spectrophotometer (HP 8453, 

Hewlett-Packard GmbH, Germany). 

100 X 
Hb Total

Hb Free
  hemolysis Percentage =  

3.5 Oxidative stress studies in HepG2 cell lines 

3.5.1 Materials  

Nanoparticles (SPIONS, DEX-SPIONS, PEG-SPIONS), Reduced glutathione 

(GSH), Dithio-bis-2-nitrobenzoic acid [DTNB], Riboflavin (Sigma, USA), 

Thiobarbituric acid (TBA), Disodium hydrogen phosphate (Na2HPO4), Sodium 

dihydrogen phosphate (NaH2PO4), Ethylene triamine tetra acetic acid (EDTA) 

(Merck, Germany) and Physiological saline (Parenteral Drugs Ltd., India). 

3.5.2 HepG2 cell culture 

HepG2 cell line was maintained in Dulbecco’s modified eagles media 

(Appendix) supplemented with 10% FBS and grown to confluency at 37°C in 5 % 

CO2 in a humidified atmosphere in a CO2 incubator (NBS, EPPENDORF, 

GERMANY). 
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• The cells were trypsinized (500 µl of 0.025% Trypsin in PBS/ 0.5 mM EDTA 

solution) for 2 minutes and passaged to T flasks in complete aseptic 

conditions. 

• Nanoparticles were added to grown cells at a final concentration of 50 µg/ml 

and incubated for 24 h. 

• The isolation was done by spinning at 6000 rpm for 10 minutes.  

• Supernatant was discarded and 200 µl of cell lysis buffer (1M Tris HCl, 

0.25M EDTA, 2M NaCl, 0.5% Triton) was added. 

• The incubation was done for 30 minutes at 4°C and SOD, GSH, LPO and 

tissue nitrite level assays were done in pellet suspended in a small amount of 

supernatant. 

3.5.2.1 Estimation of SOD activity (Misra and Fridovich, 1972) 

The enzyme superoxide dismutase catalyzes the dismutation of superoxide in 

to oxygen and hydrogen peroxides. As such, it is an important antioxidant defense in 

nearly all cells exposed to oxygen. 50 µl of cell lysate were added to the reaction 

mixture containing 50 mM phosphate buffer (pH-7.8), 45 µM methionine, 5.3 mM 

riboflavin, and 84 µM potassium ferricyanide. The tubes were then incubated at 

250C for 10 minutes and the absorbance was read on spectrophotometer at 600 nm. 

% inhibition = 100 - (Test/Blank) X100 

Enzyme units = % inhibition/50 

3.5.2.2 Estimation of reduced Glutathione level (Moron et al., 1979)  

1.0 ml of cell lysate was taken in a test tube and 0.5 ml of phosphate buffer 

(0.2M, pH-8), 1.3 ml of distilled water and 0.2 ml of DTNB (0.6 mM) was added. 
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The contents were mixed well and read on spectrophotometer at 420 nm. The GSH 

levels were compared with a standard reduced glutathione graph. 

3.5.2.3 Estimation of Nitrite levels (Lepoivre et al., 1990) 

To 0.5 ml of cell lysate, 0.1 ml of sulphosalicylic acid was added and vortexed 

well for 30 minutes. The samples were then centrifuged at 5,000 rpm for 15 minutes. 

The protein-free supernatant was used for the estimation of nitrite levels. To 200 μl 

of the supernatant, 30 μl of 10% NaOH was added, followed by 300 μl of Tris-HCl 

buffer and mixed well. To this, 530 μl of Griess reagent was added and incubated in 

dark for 10–15 minutes, and the absorbance was read at 540 nm against a Griess 

reagent as blank. Sodium nitrite solution was used as the standard. The amount of 

nitrite present in the samples was estimated from the standard curves obtained. 

3.5.2.4 Estimation of Lipid peroxidation (Ohkawa et al., 1979)  

To 50 µl of cell lysate, 500 µl of 70% alcohol and 1ml of 1% TBA were added. 

Then all the tubes were kept in boiling water bath for 20 minutes. After cooling to 

room temperature, 50 µl of acetone was added to all the test tubes and the 

absorbance was read at 535 nm in spectrophotometer and the concentration of MDA 

was calculated by using the extinction coefficient of MDA (1.56 × 105). 

3.6 Raman chemical mapping of L929 and RAW cells treated with 

SPIONS, DEX-SPIONS and PEG-SPIONS 

3.6.1 Materials  

Nanoparticles (SPIONS, DEX-SPIONS, PEG-SPIONS), CaF2 Slides 

(Crystran, UK) and Cover slips (Blue star, India). 
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3.6.2 Method 

Particle uptake study was performed with the confocal Raman microscope 

(Witec Inc. alpha300R). For the measurements a frequency-doubled NdYAG laser: l 

= 532 nm was used. The excitation light was polarized horizontally (in the x-

direction) with respect to the Raman image. All measurements were performed using 

a SP2300i spectrometer and back illuminated Peltier cooled CCD camera DU401A. 

The live L929 cells were cultured on a Raman grade CaF2 substrates (Crystran, 

UK) and cover slips in 12-well culture plates treated with SPIONS, DEX-SPIONS 

and PEG-SPIONS taken in physiological medium (PBS). Cells were viewed using a 

60 x Nikon (NA=1.0) water objective and were illuminated using LED light from 

bottom to record a phase contrast image. Samples were excited with the 532 nm 

excitation wavelength laser and Stokes shifted Raman spectra were collected in the 

range of 400 to 4000 cm−1 with 1 cm−1 resolution. Prior to every measurement, a 

calibration with a silicon standard (Raman peak centered at 520 cm−1) was 

performed. The distribution of chemical species on the L929 cell was obtained in 

Raman spectral imaging mode. In this imaging mode a complete Raman spectrum 

was recorded (integration time of 0.5s) at every imaging point (100 x 100 points for 

40 x 40 µm2), leading to a 2D array of Raman spectra. Background subtraction, 

cosmic ray removal, averaging a certain region manually, and spectral de-mixing 

were performed on this 2D array of Raman spectra. Three distinct spectra for 

nanoparticles, cell and the buffer were extracted using Cluster Analysis (CA) 

utilizing Witec Project plus software. In the cluster analysis method Raman images 

are sorted according to their similarities. As a result, one gets a certain number of 

areas or masks, which indicate where the spectra belonging to the various clusters 
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were acquired as well as the average spectra of each cluster. Spectral mapping was 

based on K-means, Manhattan distance cluster analysis. The distribution of these 

three Raman spectra over the examined cell is colour coded which can distinctly 

show the cell and the nanoparticles. 

Similarly, SPIONS uptake study was carried out using RAW 264.7 

macrophage cells.  

3.7 In vitro evaluation of Genocompatibility by comet assay 

3.7.1 Materials  

Nanoparticles (SPIONS, DEX-SPIONS, PEG-SPIONS), Normal melting point 

agarose (NMA), low melting point agarose (Hi-Media), NaCl (Merck), Ethidium 

bromide, Na2EDTA, Tris, and Sodium dodecyl sulphate (Sigma) 

3.7.2 Method  

Nanoparticles were added to a sub-confluent layer of L929 fibroblasts and 

incubated at 37 oC for 48 h. These cells were then subjected to comet assay as per the 

following procedure. The microscope slides were pre-coated with 1 ml of 0.75% 

normal melting point agarose (NMA) and stored at 40C. This layer was removed 

before use and 120 µl of 0.75% NMA was pipetted on to the slides, which were then 

covered with cover slips. Cells were trypsinized, mixed with 50 µl of low melting 

point agarose and pipetted over the first layer of agarose. NMA (80 µl) was used as a 

final protective layer. Slides were placed in cold lysing solution (2.5 M NaCl, 100 

mM Na2EDTA, 10 mM Tris, pH-10 & 1% SDS to which 10% DMSO and 1% Triton 

X 100 were added immediately before use) for overnight at 4oC. After lysis slides 

were placed in electrophoresis buffer (300 mm NaOH and 1 mM Na2EDTA pH-13) 
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for 20 min to allow unwinding of DNA. Then electrophoresis was conducted in the 

same buffer by applying an electric current of 0.8 V/cm (300 mA) for 15 min. 

Finally, slides were washed in neutralization buffer (0.4 µl Tris, pH-7.5) three times 

for 5 min and stained with 50 µl ethidium bromide (20 µg/ml). The excess stain was 

washed with PBS and viewed under fluorescent microscope using green filter. The 

extent of DNA damage was quantified by the comet reading software TriTek 

cometScore Freeware 1.6.1.13 with respect to a control and H2O2 treated cells (200 

mM H2O2 was added to the culture and incubated for 24 h) (Thankam and Muthu, 

2014). 

3.8 PHASE III: Animal experiment 

3.8.1 Materials  

Pellet rat feed (M/s. Tetragon Chemie Private Limited, India), Xylazine, 

Ketamine, normal saline, 26G needle, insulin syringe, EDTA coated vials, 2 ml 

syringe, 22G needle, Bard-Parker (BP) handle (No. 3&4), Bard-Parker (BP) blade 

(No.11, 22&23), Scissors 4,6,8 inches with blunt ends, forceps, dissection board, 

absorbent cotton, blotting paper, 250 ml glass tissue collection container, sterile 

petridishes, Tissue collection vials (Eppendorf), 10% neutral buffer formalin 

(Appendix).  

The diagnostic kits for glucose, total protein, cholesterol, triacylglycerides, 

uric acid, creatinine, Alkaline phosphatase, Gamma Glutamyl Transferase, Serum 

Glutamate Pyruvate Transaminase, Serum Glutamate Oxaloacetate Transaminase 

were purchased from M/s Agappe diagnostics, India.  
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For flowcytometry, cuvettes (BD FACS Aria, USA), Optilyse (Sigma), 

Nanoparticles (SPIONS, DEX-SPIONS, PEG-SPIONS) 

3.8.2 Experimental animals 

Female Wistar rats of 6-8 weeks age, weighing about 200 - 230 gram were 

obtained from Division of Laboratory Animal science, SCTIMST, India. All animals 

were housed in cages with 12/12 hours light/dark cycle. The animals were fed ad 

libitum feed and water throughout the experimental period. The animals were 

acclimatized for one week prior to the start of the experiment. The animal 

experiments were carried out after prior approval of Institutional Animal Ethical 

Committee (IAEC), SCTIMST. 

3.8.3 Experimental design 

Twenty four female Wistar rats were randomly divided into four groups 

(Table.1), each consisting of six animals. The study was designed for twenty four 

hours, after nanoparticle administration. A dose of 5 mg Fe/kg body wt. was fixed 

for this study since it was the highest dose tested in the clinical Phase II studies for 

MRI imaging (Wang et al., 2001). 

Table 1: Experimental design 

GROUPS  Treatments Number of Animals 

Group – I 
 (Control) 

Saline only control 6 

Group – II 
 (DEX-SPIONS) 

Dextran coated Fe3O4 i/v @ 5 mgFe/kg b.wt 
6 

Group – III 
 (PEG-SPIONS) 

PEG coated Fe3O4 i/v @ 5 mgFe/kg b.wt 
6 

Group – IV 
 (SPIONS) 

Bare Fe3O4 i/v @ 5 mgFe/kg b.wt 
6 

 Total 24 
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3.8.4 Administration of nanoparticles 

Under anesthesia given through intramuscular injections of ketamine (80 

mg/kg) and xylazine (8 mg/kg), each animal received a single intravenous lateral tail 

vein injection of 5 mg Fe/kg body weight of DEX-SPIONS, PEG-SPIONS or bare 

SPIONS suspended in 500 µl normal saline.  

Clinical observation was for 24 h. At the experimental end point of 24 h, all 

animals were humanely sacrificed.  

3.8.5 Collection of blood and tissue samples 

Blood samples for haematology and biochemical analysis were collected at the 

end of experiment by cardiac puncture under anaesthesia. The blood for hematology 

was collected into tubes treated with dipotassium ethylenediaminetetraacetate 

(EDTA-2K). The blood for biochemistry was collected in a 3 ml plastic tube without 

coagulant activators and the serum was separated by centrifugation at 3000 rpm for 

10 minutes. 

Tissue samples for assay of tissue antioxidant status in lung, heart, liver, 

kidney and spleen were taken from control and experimental rats in ice cold PBS. 

Organs collected for histopathology studies included lung, heart, liver, 

kidneys, spleen, cerebrum, cerebellum, stomach, duodenum, jejunum, ileum, colon, 

caecum, rectum, eyes, ovary, uterus, cervix and vagina from control and 

experimental rats. 

Liver tissue was collected for RNA isolation from normal and experimental 

rats and stored at -80°C. 



59 

 

Organs collected for elemental analysis included liver, kidney and spleen taken 

from control and experimental rats. Wet weight of collected tissues was measured 

before digestion. 

3.8.6 Haematology 

The hematological examination was carried out using an automatic analyzer 

(Sysmex KX-21NV; Sysmex Corporation), to determine the  

Red blood cell count (RBC),  

Hemoglobin concentration (Hb),  

Hematocrit level (HCT),  

Mean corpuscular volume (MCV),  

Mean corpuscular hemoglobin (MCH),  

Mean corpuscular hemoglobin concentration (MCHC),  

White blood cell count (WBC) and  

Platelet count (PLT). 

3.8.7 Biochemical Assays 

Assays were carried out as per the manufacturers protocol described in the 

standard kits (Agappe diagnostics) with an automatic analyzer (ERBA XL 300 

Biochemical Fully automated analyzer) to estimate  

Alkaline phosphatase,  

Gamma Glutamyl Transferase (GGT),  

Serum Glutamate Pyruvate Transaminase (SGPT), 

Serum Glutamate Oxaloacetate Transaminase (SGOT) 

Glucose,  

Cholesterol,  

Triglycerides,  

Uric acid,  

Creatinine,  
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Chloride,  

Calcium,  

Phosphorous,  

Albumin and  

Total protein 

3.8.8 Flow Cytometry 

The whole blood was analysed for forward and side scattering using a 

flowcytometer (BD FACS Aria, USA). 100 µl of RBC lysis buffer was added to 500 

µl of anticoagulant added blood and mixed well in a cuvette. About 10,000 cells 

were acquired and the FSC vs SSC dot plot was developed using BD FACS Diva 

software. The difference in cell size and granularity were compared. 

3.8.9 Oxidative stress studies in tissues 

3.8.9.1 Preparation of tissue homogenate 

Approximately 100 mg of lung, heart, liver, spleen and kidney tissues were 

taken in a porcelain mortar and 5 ml of liquid nitrogen was added and tissues were 

triturated to powder using the pestle. 

3.8.9.2 Estimation of SOD activity (Misra and Fridovich, 1972) 

The enzyme superoxide dismutase catalyzes the dismutation of superoxide in 

to oxygen and hydrogen peroxides. As such, it is an important antioxidant defense in 

nearly all cells exposed to oxygen. 50 µl of tissue homogenate was added to the 

reaction mixture containing 50 mM phosphate buffer (pH-7.8), 45 µM methionine, 

5.3 mM riboflavin, and 84 µM potassium ferricyanide. The tubes were then 

incubated at 250C for 10 minutes and the absorbance was read on spectrophotometer 

at 600 nm. 
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100 X 100 inhibition %
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50 / inhibition % unit  nzyme =E  

3.8.9.3 Estimation of reduced Glutathione (Moron et al., 1979) 

1.0 ml of tissue homogenate was taken in a test tube. 0.5 ml of phosphate 

buffer (0.2M, pH-8), 1.3 ml of distilled water and 0.2 ml of DTNB (0.6 mM) was 

added. The contents were mixed well and read on spectrophotometer at 420 nm. A 

series of standards treated in a similar manner were also run to determine the 

glutathione content. The GSH levels were compared with a standard reduced 

glutathione graph. 

The amount of glutathione in tissues is expressed as nanomoles / mg of protein  

3.8.9.4 Estimation of Lipid peroxidation (Ohkawa et al., 1979) 

To 50 µl of tissue homogenate, 500 µl of 70% alcohol and 1ml of 1% TBA 

were added. Then all the tubes were kept in boiling water bath for 20 minutes. After 

cooling to room temperature, 50 µl of acetone was added to all the test tubes and the 

absorbance was read at 535 nm in spectrophotometer and the concentration of MDA 

was calculated using the extinction coefficient of MDA (1.56 × 105). 

The level of lipid peroxides is expressed as nanomoles of MDA released per 

mg of protein. 

3.8.9.5 Estimation of tissue Nitrite levels (Lepoivre et al., 1990)  

To 0.5 ml of tissue homogenate, 0.1 ml of sulphosalicylic acid was added and 

vortexed well for 30 minutes. The samples were then centrifuged at 5,000 rpm for 15 

minutes. The protein-free supernatant was used for the estimation of nitrite levels. To 
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200 μl of the supernatant, 30 μl of 10% NaOH was added, followed by 300 μl of 

Tris-HCl buffer and mixed well. To this, 530 μl of Griess reagent was added and 

incubated in the dark for 10–15 minutes, and the absorbance was read at 540 nm 

against a Griess reagent as blank. Sodium nitrite solution was used as the standard. 

The amount of nitrite present in the samples was estimated from the standard curves 

obtained.  

3.8.10 Histopathology 

3.8.10.1 Tissue fixation & Grossing  

3.8.10.1.1 Materials  

10% Neutral buffer formalin, plastic containers, BP handle (No. 4), BP blade 

(No. 23), tissue cassettes. 

3.8.10.1.2 Method  

Tissue and organs were collected in the plastic container containing 10% 

neutral buffer formalin. 

Organs were examined for any gross pathological changes. 2-3 mm thick tissue 

pieces were cut from organs and kept in plastic cassette (Leica) in buffered formalin 

prior to processing. 

3.8.10.2 Tissue Processing 

3.8.10.2.1 Materials 

Tissue cassettes (Leica), isopropyl alcohol, xylene and paraffin (Merck).  

3.8.10.2.2 Method 

Tissues were processed using the Automatic Tissue processor (LEICA 

ASP300). The following protocol was followed: 



63 

 

 

10% Neutral buffered formalin   10 minutes 

80% isopropyl alcohol  1 hour 

95% isopropyl alcohol I  1 hour 

95% isopropyl alcohol II  1 hour 

100% isopropyl alcohol I  1 hour  

100% isopropyl alcohol II  1 hour 

100% xylene I  1 hour 

100% xylene II  1 hour 

Paraffin wax I  2 hours 

Paraffin wax II  2 hours 

3.8.10.3 Embedding 

3.8.10.3.1 Materials  

Stainless steel molds, Tissue cassette lids, molten paraffin and marker pen. 

3.8.10.3.2 Method  

Processed tissues were embedded into molten paraffin blocks using the 

Paraffin embedder (LEICA EG 1160).  

3.8.10.4 Sectioning 

3.8.10.4.1 Materials  

Charged slides (Starfrost), Lead pencil, disposable steel knife, forceps, 

brushes, ice blocks in ice trays and slide racks. 

3.8.10.4.2 Method  

5 µm thick paraffin sections were taken using the Automatic Microtome 

(LEICA RM 2155) collected onto charged glass slides (Starfrost, GmbH). The 

sections were air dried and kept stored in an incubator at 37oC, overnight or at 50oC 

for 1-2 hours. 
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3.8.10.5 Hematoxylin and Eosin staining 

Hematoxylin and eosin staining is usually done to study the architecture of 

tissue sections at light microscopic level based on the histological affinity of various 

tissue components. The nucleus stains blue and cytoplasm stains pink or red. 

3.8.10.5.1 Materials  

Incubator, Autostainer (Leica Autostainer XL) , Microscope (Nikon., Japan), 

slide racks, staining troughs, forceps, Isopropyl alcohol of different grades (Merck), 

Harris hematoxylin solution (Appendix), Eosin (in alcohol or water) (Appendix), 

Scott’s tap water (Appendix), acid alcohol (Appendix), Xylene (Merck), Cytoseal TM 

60 (Richard Allan scientific), cover slip, identity label. 

3.8.10.5.2  Method 

Sections were stained with hematoxylin and eosin using the following schedule 

in an autostainer (Leica Autostainer XL). 

Xylene I -  10 minutes 

Xylene II –  5 minutes 

90% alcohol –  5 minutes 

70% alcohol –  5 minutes 

Wash I (with tap water) – 3 minutes 

Hematoxylin solution – 30 minutes 

Wash II (tap water) –  3 minutes. 

Acid alcohol –  10 minutes. 

Wash III (tap water) –  5 minutes 

Scott’s tap water –  7 minutes 

Wash IV (tap water) –  5 minutes 

1% eosin –  5 minutes 

Wash V (tap water) –  15 seconds 

70% alcohol –  2 minutes 

100% alcohol –  5 minutes 
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100% alcohol –  5 minutes 

Xylene I –  10 minutes 

Xylene II –  10 minutes 

After these schedule slides were removed from xylene and cleaned with tissue 

paper without allowing the sections to dry. The slides were then mounted with 

Cytoseal TM 60, cover slipped and dried overnight before observing under light 

microscope. 

3.8.10.6  Toluidine blue staining 

Sections of lung, heart, liver, spleen and kidneys were stained with toluidine 

blue for identification of mast cells. 

Principle 

Toluidine blue is a basic dye commonly used for the identification of mast 

cells. Under the highly acidic conditions only the sulfated proteoglycans remains 

positively charged and are therefore capable of binding these basic dyes. Binding of 

toluidine blue to repetitively charged side chains of heparin brings the coloured ionic 

portion of the dye into close alignment causing a shift in wavelength of the light 

absorbed. This colour shift is metachromasia and mast cell is seen in bluish purple 

colour. 

3.8.10.6.1  Materials 

Incubator, Toluidine blue stain (Appendix), Isopropanol (Merck), Xylene 

(Rankem), Cytoseal TM 60, coplin jar, distilled water. 

3.8.10.6.2  Method 

The tissue sections were taken on to charged slides and kept in an oven at 50oC 

for 2 hours, deparaffinised by placing in two solutions of Xylene for ten minutes and 
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dehydrated by passing through descending grades of alcohol (90%, 70%) for 5 

minutes each and then kept in distilled water for 3 minutes. They were then stained 

with toluidine blue for 10 minutes at 37oC. The sections were blotted carefully and 

dipped in absolute alcohol for 10 seconds and then put in xylene for clearing. The 

slides were mounted with cytoseal and cover slipped and air dried overnight before 

observing under the microscope. Control used was normal rat muscle tissue sections. 

3.8.10.7 Perl’s Prussian blue 

Sections of lung, heart, liver, spleen and kidneys were stained with Perl’s 

Prussian blue for identification of iron. 

Principle  

Perl’s Prussian blue is used to demonstrate ferric iron in tissue sections. The 

reaction occurs with the treatment of sections in acid solutions of ferrocyanides. Any 

ferric ion (+3) in the tissue combines with the ferrocyanide which results in the 

formation of a bright blue pigment called Prussian blue or ferric ferrocyanide. 

3.8.10.7.1 Materials 

Incubator, microscope, Potassium ferrocyanide (Merck), Con. HCl, Nuclear 

fast red (Sigma), Glacial acetic acid (Merck), Isopropanol (Merck), Xylene 

(Rankem), Cytoseal TM 60, cover slips, micro slides, distilled water, tap water. 

3.8.10.7.2 Method 

The tissue sections were taken on to charged slides and kept in an oven at 50oC 

for 2 hours, deparaffinised by placing in two solutions of Xylene for ten minutes and 

dehydrated by passing through descending grades of alcohol (90%, 70%) for 5 

minutes each and then kept in distilled water for 3 minutes. Sections were covered 
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with potassium ferrocyanide for 5 minutes the potassium ferrocyanide-HCl mixture 

(Appendix) for 20 minutes. Sections were rinsed well in distilled water. Then 

sections were stained with nuclear fast red (Appendix) for 5 minutes at 37oC. 

Sections were rinsed well in tap water. The sections were blotted carefully and 

dipped in absolute alcohol for 10 seconds and then put in xylene for clearing. The 

slides were mounted with cytoseal and cover slipped and air dried overnight before 

observing under the microscope. Control used was normal rat spleen tissue sections. 

3.8.10.8 Cresyl violet staining  

Sections of cerebrum and cerebellum were stained with cresyl violet for 

identification of neural cells. 

Principle  

Cresyl violet is a basic dye. Neurons contain Nissl substance, which is 

primarily composed of rough endoplasmic reticulum, with the amount, form and 

distribution varying in different types of neurons. Because of the RNA content, Nissl 

substance is very basophilic and will be very sharply stained with basic aniline dyes. 

By varying the pH and the degree of differentiation, both Nissl substance and nuclei 

or only Nissl substance may be demonstrated. 

3.8.10.8.1 Materials 

Incubator, microscope, Cresyl fast violet (Appendix), acetic alcohol 

(Appendix), Isopropanol (Merck), Xylene (Rankem), Cytoseal TM 60, cover slips, 

micro slides, distilled water, tap water. 
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3.8.10.8.2 Method 

 The tissue sections were taken on to charged slides and kept in an oven at 

50oC for 2 hours, deparaffinised by placing in two solutions of Xylene for ten 

minutes and dehydrated by passing through descending grades of alcohol (90%, 

70%) for 5 minutes each and then kept in distilled water for 3 minutes. Sections were 

covered with filtered cresyl fast violet, stain for 20 minutes and rinsed in distilled 

water. Differentiation was carried out in 0.25 % acetic alcohol until most of the stain 

had been removed. The sections were blotted carefully and dipped in absolute 

alcohol for 10 seconds and then put in xylene for clearing. The slides were mounted 

with cytoseal and cover slipped and air dried overnight before observing under the 

microscope. 

3.8.11 Light microscopy  

 All stained sections were observed by transmitted light microscopy (Nikon 

Eclipse E 600, Japan). H&E stained sections were observed for histopathological 

changes. Iron distribution was examined in Prussian blue stained tissue sections.  

 Images from different zones (selected after qualitative microscopy) at a 

magnification of 40X of the stained sections were captured with a digital camera 

(Nikon Digital Camera DSi, Japan).  

3.8.11.1 Mast cells and image analysis 

Mast cells were identified in toluidine blue stained section as round oval cells 

with deep blue granules. Total numbers of mast cells in each section were quantified. 

The surface areas of each section were calculated using image proplus (Media 
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cybernetics, Inc: version 5.1, USA). Data was exported to an excel sheet and total 

number of mast cells per mm2 section were calculated for comparison. 

3.8.12 Transmission Electron Microscopic Analysis 

3.8.12.1 Materials 

Tissues pieces of liver, Gluteraldehyde (Electron microscopy sciences, USA), 

acetone, propylene oxide, epoxy resin, embedding kit (Polysciences Inc, USA). 

3.8.12.2 Tissue fixation & Grossing 

 Tissue blocks from liver were collected in 3% buffered gluteraldehyde 

(Appendix) and fixed for 48 h at 4oC. Gluteraldehyde fixed tissues were cut to 1-2 

mm thin pieces. The samples were washed with cold phosphate buffer (pH 7.4), 4 

changes, for 10 minutes each, with sample vials standing in an ice bath. Tissues were 

then placed in 1% OsO4 for 2 hours and thereafter washed with phosphate buffer, 4 

changes for 15 minutes each, in an ice bath. Tissues were then rinsed in distilled 

water for five minutes. 

3.8.12.3 Dehydration 

The tissues were dehydrated in ascending grades of acetone using the 

following protocol: 

50% acetone -10 minutes (2 changes) in cold. 

70% acetone -10 minutes in cold (stored overnight 

in refrigerator). 

70% acetone -10 minutes at RT. 

90% acetone -10 minutes (2 changes) at RT. 

100% acetone -15 minutes (4 changes) at RT. 

100% dry 

acetone 

-15 minutes at RT. 
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3.8.12.4 Infiltration 

Tissues were placed in two changes of propylene oxide for five minutes each 

and then transferred into propylene oxide-resin mixtures of ratio 3:1 for two hours, 

1:1 for two hours and finally kept overnight in vacuum in propylene: epoxy resin 

mixture of ratio of 1:3. Final infiltration was carried out in pure resin prior to 

embedding. 

3.8.12.5 Embedding 

The tissues were embedded in molds containing the epoxy resin - Polybed 812 

mixed with dodecenyl succinic anhydride (DDSA – Hardener), Nadic methyl 

anhydride (NMA – Hardener), Dimethylaminomethyl phenol (DMP – Accelerator) 

in appropriate ratios as per the kit instructions (Polysciences Inc, USA)  and 

polymerized at 60°C in an oven for three days. 

3.8.12.6 Sectioning 

For light microscopy semithin sections (~ 1µm) were cut using a glass knife in 

an ultramicrotome (Leica Ultracut UCT). Once the area of interest was identified, the 

remaining area of the block was trimmed off.  

For TEM, ultrathin sections (50-70 nm) were cut using a diamond knife 

(Diatome®) and collected onto the shiny side of copper grids of 300 mesh sizes.  

3.8.12.7 Staining 

• The semithin sections were stained with Toludine blue. 

• Sections were taken onto a few drops of water on a slide and a drop of 

toludine blue was added. 

• Sections were heated on a hot plate for a few seconds. 
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• The sections were washed well in distilled water and air dried. 

• The sections were mounted using DPX and the photographs were taken using 

the trinocular microscope (Nikon Eclipse Model E600, Japan) and images 

captured using a digital camera (Nikon model DSi, Japan). 

• Area of interests was located in the semi thin sections to take ultrathin 

sections. 

• Ultrathin sections were viewed under TEM without staining. 

3.8.12.8 TEM observation and ultramicrographs 

The grids were then dried and viewed under the Transmission Electron 

Microscope (Hitachi-H 7650, Japan) at an accelerating voltage of 80kV and multiple 

digital images were taken. 

3.8.13 Gene expression studies 

3.8.13.1 Materials 

Tissues pieces of liver from all groups, Qiagen RNA easy fibrous tissue kit 

(Cat.No.74704), liquid nitrogen, pestle and mortar,  Refrigerated centrifuge,  

Minispin (Eppendorf), Tissue homogeniser (Polytron, Germany), Full velocity 

master mix, (Stratagene, USA), forward and reverse primers (Table.2) (ITD, India), 

SYBR green master mix and kit (Roche). 
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Table 2: Primers used for in vivo gene expression studies 

Name of gene Primer Sequence Tm 

HSP-70 Forward : 5’-CTG ACA AGA AGA AGG TGC TGG-3’ 

Reverse : 5’-AGC AGC CAT CAA GAG TCT GTC-3’ 

55.7°C 

57°C 

HO-1 Forward : 5’-ACT TTC AGA AGG GTC AGG TGT CC-3’ 

Reverse : 5’-TTG AGC AGG AAG GCG GTC TTA-3’ 

59°C 

55°C 

Transferrin Forward : 5’-GGC ATC AGA CTC CAG CAT CA-3’ 

Reverse : 5’-GCA GGC CCA TAG GGA TGT T-3’ 

57.2°C 

57.5°C 

Ceruloplasmin  Forward : 5’-ATG TGA TGG CTA TGG GCA ATG-3’ 

Reverse : 5’-TTC CCC TGT GCT TGT ATT GGA-3’ 

56.4°C 

55.6°C 

Beta actin Forward : 5’-AGA GGA AAA TCG TGC GTG AC-3’ 

Reverse : 5’-AGG AGC CAG DGC AGT AAT C-3’ 

57.5°C 

56.8°C 

3.8.13.2 RNA isolation 

Total RNA was isolated from retrieved rat liver tissue samples according to the 

manufacturer’s description. On the day of isolation, around 30 mg tissue was 

weighed out from fresh/frozen samples from control, DEX-SPIONS and PEG-

SPIONS group without thawing and homogenized with a rotor stator homogenizer in 

350 μl of RPE buffer (lysis buffer). Proteinase digestion was done by incubating the 

sample at 550C after the addition of 10 μl proteinase K, followed by ethanol 

precipitation after which the homogenate was applied to RNeasy mini-spin columns 

sitting in 2 ml collection tubes. The columns and tubes were then centrifuged for 1 

min at 13,000 rpm (Eppendorf minispin), the flow-through was discarded and the 

columns were washed with 350 μl buffer and spun at 9,500 rpm for 15 seconds. The 

purified sample was DNAse treated with 10 μl DNase I and 70 μl buffer and 
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incubated at RT for 15 minutes. Thereafter, the columns were washed with 350 μl 

buffer and spun at 9500 rpm for 15 seconds. The columns were subsequently washed 

with 500 μl buffer twice with the flow through being discarded after each 

centrifugation. The columns were transferred to new collection tubes and 50 μl 

RNase freewater was applied to each column twice. The accumulated flow through 

was collected after the centrifugations. Yield and purity of isolated RNA was 

checked in spectrophotometer (Colibri, GmbH) at an absorbance of 260/280 nm. The 

isolated RNA samples were stored in -80oC till downstream analysis was carried out. 

3.8.13.3 Reverse transcription 

cDNA synthesis of RNA samples was carried out. Total RNA at a 

concentration of 1 μg was taken for each reverse transcription using Thermal cycler 

(Appollo Cycler, USA) at annealing temperatures of 53-580C. In 25 μl total volume, 

1 μl dNTP, 2.5 μl stratascript buffer, 0.5 μl RNase inhibitor, 1 μl each forward and 

reverse primer and 0.5 μl (50U/ μl) reverse transcriptase (Stratagene, USA) and the 

RNA template were added. The primer sequences were derived from cited literature 

and are listed in Table 2. All cDNA samples were stored at -20oC until use. 

3.8.13.4 Real time PCR with SYBR green dye 

 Real time PCR was performed to determine the mRNA expression of HSP-

70, HO-1, Transferrin and ceruloplasmin using light cycler system (Roche, USA). 

All reactions were carried out in a total volume of 20 μl containing 10 μl SYBR 

green master mix, 1 μM  forward and reverse primers each and 8 μl template cDNA. 

For each gene, quality and specificity was assessed by examining Melting curves 

following Real-time PCR. The cDNA copy numbers of the target gene were 
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analyzed after normalizing with the copy number of beta actin, the house keeping 

gene. The relative gene expression was calculated using delta-delta Ct method. The 

gene expression in control liver tissue acted as the baseline for comparison. The 

Roche light cycler run was used with the following parameters: 35 cycles, 

denaturation at 940C for six minute, annealing temperature at 53-58.50C (depending 

on Tm of primers) for 30 seconds and elongation temperature at 720C for one minute. 

3.8.14 Elemental analysis by inductively coupled plasma Optical emission 
spectroscopy (ICP-OES) 

3.8.14.1 Materials  

Tissues pieces of liver, spleen, kidney from all groups, Con. HNO3, Con. 

HClO4 (Merck) and digestion tubes. 

3.8.14.2 Method 

Weighed quantity of wet tissues were taken in a boiling tube and digested by 

heating in 5 ml of 50% HNO3, 5 ml of Conc: HNO3 and finally in a mixture of 2 ml 

each of Conc: HNO3 and Conc: HClO4. Heating was done on a sand bath. The clear 

soution thus obtained were diluted to 50 ml in deionized water and then analysed. 

The analysis was carried out (ICP-OES system Perkin Elmer OES-ICP, Model : 

5300DV) as per the work procedure for ICP-OES Analysis(Anderson KA, 

1999)(AOAC International, 2006). The concentration of the analyte element was 

determined from the calibration plot obtained by analyzing standard solutions. The 

results were recorded and processed using Win Lab 32 software to find the total 

amount of the analyte element contained in the tissue  

 
sample ofWeight 

50 x 10ion x Concentrat
  (g/g)amount  Total

-6

=  
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50ion x Concentrat
  g/g)(amount  Total =µ  

3.9 Statistical Analysis 

 All values were expressed as mean ± S.D with n ≥ 4 per group.  All data were 

tested for significance with one-way analysis of variance (ANOVA) using Tukey 

post-hoc test using Graph Pad Prism 6 (San Diego, USA) with p value ≤ 0.05 

considered statistically significant. 
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Chapter 4 

4 RESULTS 

4.1 PHASE I: Synthesis and surface modification of SPIONS 

Superparamagnetic iron oxide nanoparticles synthesised appeared as a dark 

black colour suspension. The DEX-SPIONS and PEG-SPIONS suspensions were 

black brown in colour. 

4.2 Physico-chemical characterisation of nanoparticles 

4.2.1 Transmission electron microscopy 

High resolution is essential to visualize nanoparticles. Transmission electron 

microscopy (TEM) is a technique that is used to characterize the morphology and 

size of nanomaterials. The TEM images of SPIONS indicated uniform size 

distribution of SPIONS, DEX-SPIONS and PEG-SPIONS (Figure 1). The histogram 

of nanoparticle was evaluated using ImageJ software. The corresponding average 

particle size was calculated with the help of a Gaussian fit and the average diameter 

was found to be 10.3 ± 1.4 nm. 
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Figure 1. Transmission electron micrograph of SPIONS. 

4.2.2 Dynamic light scattering and Zeta potential 

The hydrodynamic diameter and Zeta potential values of synthesised and 

surface modified nanoparticles are shown in Table.3. The hydrodynamic diameter of 

synthesised SPIONS, DEX-SPIONS and PEG-SPIONS nanoparticle were 45 nm, 

89.3 nm and 67 nm respectively with zeta value of -11, +7.67 and +6.07 mV 

respectively. 

Table 3: Hydrodynamic diameter and Zeta potential value of synthesised 

nanoparticles 

Particle Hydrodynamic size (nm) Zeta potential value (mV) 

SPIONS 45.00 -11.00 

DEX-SPIONS 89.30 + 7.67 

PEG-SPIONS 67.13 + 6.07 
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4.2.3 X-Ray Diffraction analysis  

Powder XRD analysis of SPIONS nanoparticles (Fig. 2) showed an inverse 

spinel structure of magnetite with the indices (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), 

and (4 4 0). The peak positions exactly matched with PDF number 01-071-6336, 

which further confirmed the formation of magnetite phase of iron oxide particles. 

Furthermore, the DEX-SPIONS and PEG-SPIONS (Fig. 2) XRD pattern also 

showed SPIONS peak positions which matched with PDF number. 

4.2.4 Vibrational sample magnetometry 

In VSM analysis, the magnetization curve at room temperature showed zero 

coercivity and remanence for all materials which is a characteristic property of 

superparamagnetic materials. SPIONS (Fig.3a) showed high saturation 

magnetization of 71 emu/g followed by PEG-SPIONS (Fig.3b) and DEX-SPIONS 

(Fig.3c), 59 emu/g and 38 emu/g respectively. 

 

Figure 2. X-Ray Diffraction patterns of SPIONS, DEX-SPIONS and PEG-SPIONS. 
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Figure 3. Vibrational sample magnetometry of a) SPIONS, b) DEX-SPIONS and c) 
PEG-SPIONS. 

4.2.5 Fourier Transform –Infra Red spectra 

The FT-IR spectra of SPIONS, DEX-SPIONS (Fig 4A) and PEG-SPIONS (Fig 

4B) show the vibrational modes associated with C-O and Fe-O groups individually. 

The FT-IR spectrum of SPIONS has shown the prominent peaks at 573, 1621 and 

3382 cm-1. Distinct peaks around 570, 912, 1074, 1102, 1333, 1608, 2920 and 3317 

cm−1were noted in the FT-IR spectra of DEX-SPIONS. Spectrum of PEG-SPIONS 

showed peaks at 566, 842, 969, 1108, 1342, 1467, 1618, 2888 and 3385 cm-1. 
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Figure 4A. FT-IR spectra of SPIONS and DEX-SPIONS. 

 

 

Figure 4B. FT-IR spectra of PEG-SPIONS. 
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4.2.6 Thermo Gravimetric Analysis  

The TGA plot of SPIONS, DEX-SPIONS and PEG-SPIONS (Fig 5) showed 

the distinct stages of thermal decompositions at different temperatures. TGA plot of 

SPIONS shows four similar stages of decomposition around 58.14oC, 216.77oC, 

333.65oC, 583.96oC and 794.60oC corresponding to the total weight loss of 0.72%, 

2.76%, 4.09%, 6.54% and 7.86%. TGA plot of DEX-SPIONS shows four distinct 

stages of thermal decompositions around 126.56oC, 200.74oC, 413.07oC and 

794.74oC corresponding to the total weight loss of 1.08%, 12.59%, 24.75%, and 

28.25%. TGA plot of PEG-SPIONS also shows four similar stages of decomposition 

around 119.81oC, 218.24oC, 270.91oC, 519.27oC and 794.51oC corresponding to the 

total weight loss of 0.69%, 7.61%, 18.31%, 23.08% and 24.72%. 

 

Figure 5. Thermogravimetric analysis of SPIONS, DEX-SPIONS and PEG-SPIONS 
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4.3 PHASE-II: Phase contrast microscopic studies 

Phase contrast microscopic evaluation of the L929 and RAW 264.7 cultures 

after 24 h showed the control cultures to have obtained confluency. The cells of 

L929 had attained the characteristic elongated spindle shaped morphology and 

RAW264.7 macrophages had attained the stellate shape with processes adhering to 

the surface of culture plate and round cells floating in the medium. When cultured in 

presence of 12.5, 25 and 50 µg/ml of SPIONS, DEX-SPIONS and PEG-SPIONS, the 

morphology of the cells was similar to that of control in L929 fibroblast (Fig 6). 

RAW264.7 macrophage cell line also showed similar results. The cells had also 

attained confluency. It was observed that the SPIONS nanoparticles tend to cluster 

and adhere to the fibroblasts and macrophages. Changes in cellular morphology were 

apparent with the cells appearing round with vacuolation in the cytoplasm at higher 

concentration of 50 µg/ml of SPIONS. 

4.4 MTT assay 

The results have shown that the obtained nanoparticles were not cytotoxic to 

the L929 cells and RAW 264.7 macrophages after 24 h exposure to a suspension of 

SPIONS, DEX-SPIONS, PEG-SPIONS at dose range of 50-12.25 µg/ml to the cells 

respectively. The metabolic activity of L929 cells cultured with SPIONS, DEX-

SPIONS and PEG-SPIONS at 50 µg/ml were 63%, 105% and 100% respectively 

(Figure 7a). The metabolic activity of RAW 264.7 macrophage cells cultured with 

SPIONS, DEX-SPIONS and PEG-SPIONS at 50 µg/ml were 90%, 96% and 78% 

respectively (Figure 7b).  



 

Figure 6. Phase contrast micrographs of L929 cells a) control  b&c) 25 and 50 µg/ml 
SPIONS, d&e) 25 an
SPIONS. 
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. Phase contrast micrographs of L929 cells a) control  b&c) 25 and 50 µg/ml 
SPIONS, d&e) 25 and 50 µg/ ml DEX-SPIONS  f&g) 25 and 50 µg/ml PEG

 

. Phase contrast micrographs of L929 cells a) control  b&c) 25 and 50 µg/ml 
SPIONS  f&g) 25 and 50 µg/ml PEG-
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Figure 7. MTT assay in a) L929 cell lines b) RAW 264.7 cell lines 
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SPIONS affected the metabolic activity in concentration dependent manner 

when they were added in the concentration range of 50-12.25 µg/ml to the cells. It 

was observed that the cell proliferation/viability decreased when the concentration of 

SPIONS increased. 

4.5 Live and dead assay 

Under fluorescent light, live cells appeared green in colour and dead cells 

appeared orange or red in colour. Examination of the fibroblast cultures 24 h post 

nanoparticle challenge revealed that at 50 µg/ml concentration, there was a non 

significant decrease in the viability of the cells in culture with SPIONS (Figure 8b) 

and was similar to that of the control (Figure 8a). In DEX-SPIONS (Figure 8c) and 

PEG-SPIONS (Figure 8d) challenged group, more than 95 percentage cells remain 

viable. 

4.6 In-Vitro Oxidative stress analysis  

4.6.1 SOD activity 

The average levels of SOD in HepG2 cells exposed to 50 µg/ml of SPIONS, 

DEX-SPIONS and PEG-SPIONS were 1.19 ± 0.01, 1.88 ± 0.02 and 1.77 ± 0.01 

respectively when compared to control 0.04 ± 0.02. The level of SOD in HepG2 

cells increased significantly in SPIONS, DEX-SPIONS and PEG-SPIONS groups 

(Table.4) when compared to control group. Within nanoparticle treated groups SOD 

level was significantly low in SPIONS group when compared to PEG-SPIONS 

group and DEX-SPIONS. Within coated groups it was significantly low in PEG-

SPIONS group. 
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Table 4. In vitro oxidative stress studies in HepG2 cells showing the levels 

(average ± SD) of SOD, GSH, NO and LPO of control, SPIONS, DEX-SPIONS and 

PEG-SPIONS groups. 

Parameter Control SPIONS DEX-SPIONS PEG-SPIONS 

SOD 0.04 ± 0.02 1.19 ± 0.01* 1.88 ± 0.02*# 1.77 ± 0.01*#@ 

GSH 0.29 ± 0.12 1.00 ± 0.16* 1.09 ± 0.10* 1.27 ± 0.14* 

NO 227.70 ± 4.95 297.00 ± 40.52* 245.85 ± 7.56 298.65 ± 29.00* 

LPO 3.47 ± 0.02 3.97 ± 0.01* # 3.57 ± 0.02*@ 3.45 ± 0.02 

*,#,@ - Significance level p < 0.05 

* - Control vs SPIONS, DEX-SPIONS, PEG-SPIONS 

# - SPIONS vs DEX-SPIONS, PEG-SPIONS 

@ - DEX-SPIONS vs PEG-SPIONS 

 

 

Figure 8. Live and Dead assay a) control, b) SPIONS, c) DEX-SPIONS and d) PEG-
SPIONS. 
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4.6.2 GSH level 

The average level of GSH in HepG2 cells exposed to 50 µg/ml of SPIONS, 

DEX-SPIONS and PEG-SPIONS were 1.00 ± 0.16, 1.09 ± 0.10 and 1.27 ± 0.14 

respectively when compared to control 0.29 ± 0.12. The level of reduced glutathione 

in HepG2 cells was increased (Table.4) significantly in SPIONS, DEX-SPIONS and 

PEG-SPIONS groups as compared to control group. No statistically significant 

difference could be observed within treated groups. 

4.6.3 Nitrite level 

The average level of Nitrite in HepG2 cells exposed to 50 µg/ml of SPIONS, 

DEX-SPIONS and PEG-SPIONS were 297.00 ± 40.52, 245.85 ± 7.56 and 298.65 ± 

29.00 respectively when compared to control 227.70 ± 4.95. The level of nitrite in 

HepG2 cells was increased significantly in SPIONS and PEG-SPIONS groups but 

was not significant in DEX-SPIONS group (Table.4) when compared to control 

group. No statistically significant difference could be observed within treated groups. 

4.6.4 Lipid peroxidation 

The average level of MDA in HepG2 cells exposed to 50 µg/ml of SPIONS, 

DEX-SPIONS and PEG-SPIONS were 3.97 ± 0.01, 3.57 ± 0.02 and 3.45 ± 0.02 

respectively when compared to control 3.47 ± 0.02. A significant increase in lipid 

peroxides level was noted in HepG2 cells SPIONS group and DEX-SPIONS group 

when compared with control groups (Table.4). Within treated groups, lipid peroxide 

level was significantly high in SPIONS group when compared to PEG-SPIONS 

group and DEX-SPIONS and within coated groups significantly high in DEX-

SPIONS group. 
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4.7 Raman chemical mapping of L929 and RAW cells treated with 

SPIONS, DEX-SPIONS and PEG-SPIONS 

Phase contrast image of representative cells with the corresponding confocal 

Raman image of SPIONS, DEX-SPIONS and PEG-SPIONS are shown in figures 9 

A, B and C and figure 10. Raman bands of water (3350–3550 cm−1, valence band 

with maximum at about 3400cm-1) and protein (2800–3020 cm−1, C-H stretching 

region) were identified. The bands at 1664 and 1264 cm−1 are related to the amide I 

and III vibrations. Raman spectra of nucleus region showed, C=N, C=C, and C=O 

double bond stretching frequencies of the planar bases between 1600 and 1700 cm–1. 

“Phosphate” of nucleic acid (phosphodiester linkage) band was observed at ca. 1235 

and 1085 cm–1. The intense band at 1449 cm−1 can be assigned to the CH2 and CH3 

bending mode of proteins. The cluster analysis was performed on the characteristic 

Raman spectral scan obtained and the color coded Raman image is also shown in 

figures along with the corresponding Raman spectra. The blue spectrum and region 

corresponds to the SPIONS present in the cytoplasm of the L929 cells, green being 

the cell and black region corresponds to the medium (buffer). Nanoparticles are 

mostly localized around the cell nucleus in the cytoplasm corresponding to the 

multiplexed signals at 680 cm-1. 

4.8 Haemocompatibility studies  

4.8.1 Haematology 

The percentage change in haematological parameters pre and post treatment 

with SPIONS, DEX-SPIONS and PEG-SPIONS nanoparticles are given in Table 5.  
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Figure 9.  Confocal Raman images of L929 cells with A) SPIONS B) DEX-SPIONS 
C) PEG-SPIONS. a,d,g) Phase contrast images b,e,h) Confocal Raman images c,f,j) 
Raman chemical mapping images 

 

A 

B 

C 
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Figure 10. Confocal Raman image of RAW 264.7 with SPIONS. 

The difference in percentage change in haematological parameters evaluated 

was less than 10% and was found to be insignificant for all parameter studied. 

Table 5: Percentage change in haematology parameters pre and post treatment 

Parameter SPIONS DEX-SPIONS PEG-SPIONS 

WBC 4.24±3.78 5.67±3.76 5.28±3.48 

RBC 1.80±0.96 6.51±2.44 0.34±0.12 

Hb 2.24±1.48 6.80±3.22 1.75±1.12 

HCT 1.39±1.77 7.25±2.31 0.90±0.51 

MCV 0.79±0.18 0.75±0.30 0.60±0.41 

MCH 2.53±2.01 1.45±0.94 1.71±1.05 

MCHC 2.12±1.56 1.43±0.18 1.33±1.24 

PLT 7.34±4.12 3.06±1.36 1.44±0.66 
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4.8.2 Hemolysis assay 

The hemolysis assay is based on RBC lysis and the release of hemoglobin to 

the surrounding medium. The hemolytic potential of the SPIONS, DEX-SPIONS 

and PEG-SPIONS were found to be negligible and fell within the acceptable limit of 

<5%. Hemolysis percent are given in Table 6. This result is confirmed by the 

obtained results of haematological parameters where there is no significant decrease 

in erythrocytes, hemoglobin and hematocrit.  

Table 6: Percentage hemolysis post treatment 

Group  % hemolysis 

SPIONS 0.05 ± 0.015 

DEX-SPIONS 0.09 ± 0.023 

PEG-SPIONS 0.07 ± 0.030 

 

Altogether these data show the safety of SPIONS, DEX-SPIONS and PEG-SPIONS 

nanoparticles in relation to erythrocytes. 

4.9 Genocompatibility by comet assay  

The determination of DNA damage of cells grown with bare and surface 

modified nanoparticles give a clear idea about the genotoxic potential of the 

nanoparticles. The comets resulting from exposure to the SPIONS, DEX-SPIONS 

and PEG-SPIONS did not differ from that of the control. With control and test 

nanoparticles the relatively undamaged cells give comets consisting of a compact 

head without any prominent tail, indicating double-stranded intact DNA (Figure 11). 

The mean comet lengths for the L929 cells exposed to test nanoparticles as 



92 

 

compared with control are presented in Table 7. For test nanoparticles, DNA in the 

head region is more than 99% and in the tail region, it is less than 1%. 

Table 7: Comet assay attributes 

Attributes CONTROL SPIONS DEX-SPIONS PEG-SPIONS 

%DNA in Tail 0.34±0.63 0.02±0.04 0.12±0.17 0.31±0.40 

%DNA in Head 99.66±0.63 99.98±0.04 99.88±0.17 99.69±0.40 

Olive Moment 0.07±0.13 0.00±0.00 0.00 ±0.01 0.02±0.03 

 

 

Figure 11. Comet assay a) control, b) SPIONS, c) DEX-SPIONS and d) PEG-
SPIONS. 
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4.10 Phase-III: Animal experiment-Clinical observation and Gross 

pathology  

All the animals exposed to nanoparticles were observed closely during the 24 

hours. No adverse signs and symptoms were observed in animals treated with 

SPIONS, DEX-SPIONS and PEG-SPIONS. There was no mortality. At the end of 

observation period, all animals were sacrificed. Gross examination showed all the 

organs to be normal. 

4.11 Haematology  

The results of haematological parameters are given in the Fig 12. Haematology 

results of the SPIONS, DEX-SPIONS and PEG-SPIONS treated groups of rats post 

24 h of intravenous injection demonstrated that the white blood cells (WBC), red 

blood cells (RBC), hematocrit (HCT), mean corpuscular volume (MCV), 

hemoglobin (HGB), platelets (PLT), mean corpuscular hemoglobin (MCH), and 

mean corpuscular hemoglobin concentration (MCHC), lymphocytes (LYMP) did not 

change significantly except mixed cells (MXD). The mixed cell populations of 

treated groups were significantly increased when compared to control group. Within 

treated groups, DEX-SPIONS group has shown more number of mixed cells 

followed by PEG-SPIONS and SPIONS group. 

4.12 Biochemical assays 

The results of biochemical parameters are given in the Fig 13. The blood 

biochemical parameters like alkaline phosphatase, glucose, cholesterol, triglycerides, 

uric acid, creatinine, chloride, calcium, phosphorous, albumin and total protein (Fig 

13 a,b,c,d) were within normal limits in treated groups. The SGPT level (Fig 13e) 
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was significantly increased in treated groups and the SGOT level (Fig 13e) was 

significantly increased in DEX-SPIONS group when compared to control group. 

 

Figure 12. Haematology results of the SPIONS, DEX-SPIONS and PEG-SPIONS 
treated rat post 24 h of intravenous injection. White blood cells (WBC), Red blood 
cells (RBC), Hematocrit (HCT), Mean Corpuscular Volume (MCV), Hemoglobin 
(HGB), Platelets (PLT), Mean Corpuscular Hemoglobin (MCH), and Mean 
Corpuscular Hemoglobin Concentration (MCHC). Values represent means ± SD, n = 
4 - 6. 
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Figure 13. Blood biochemistry results of the SPIONS, DEX-SPIONS and PEG-
SPIONS treated rat post 24 h of intravenous injection.a-d) Total Protein (TP), 
Glucose (GLU), Cholesterol (CHOL), Triglycerides (TGY), Alkaline phosphatase 
(ALP), Gamma Glutamyl Transferase (GGT), Albumin (ALB), Calcium (CAL), 
Phosperous (PHOS), Chlorides (CL), Urea (UR), Uric acid and Creatinine (CREA). 
Values represent means ± SD, n = 4-6. (e) Changes in serum SGOT and SGPT level 
(values represents mean ± SD, n=4 to 6, * - p<0.05 Control vs. DEX-SPIONS, PEG-
SPIONS. # - p<0.05 SPIONS vs DEX-SPIONS). (f) Serum total bilirubin content.  
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GGT level (Fig. 13b) was significantly increased in SPIONS group when 

compared to control group. Bilirubin content (Fig 13c) was detected in the serum of 

treated groups and found to be within the normal range for this species but in the 

control group it is below the detectable limit.  

4.13 Flow cytometry 

The results of the Forward Scattering vs Side Scattering dot plot are given in 

the Fig 14. It was demonstrated that the granular cell populations of treated groups 

were significantly increased when compared to control group. 

4.14 Oxidative stress studies in tissues 

4.14.1 SOD activity 

The level of SOD in liver, lung, spleen, kidney and heart tissue homogenates 

of SPIONS, DEX-SPIONS and PEG-SPIONS treated animals was decreased (Figure 

15c) but not statistically significant when compared to control group. Within treated 

groups SOD level was low in SPIONS and PEG-SPIONS group when compared to 

DEX-SPIONS where it was slightly increased. There was an unpredictable variation 

between individual animals in control and treated groups. 

4.14.2 Level of GSH 

The level of reduced glutathione in liver, lung, spleen and kidney tissue 

homogenates of SPIONS, DEX-SPIONS and PEG-SPIONS treated animals was 

decreased (Figure 15b) significantly (p<0.05) except in pulmonary tissue of DEX-

SPIONS when compared to control group. The reduced glutathione level was also 

decreased in heart among treated groups but there is no statistical significance when 

compared to control. 



97 

 

 

 

 

Figure 14. Flow Cytometry results of the SPIONS, DEX-SPIONS and PEG-SPIONS 
treated rat 24 h post intravenous injection. 
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Figure 15. In vivo oxidative stress analysis in liver, spleen, kidney and lung tissues 
(a) Lipid peroxidation (LPO) * - p<0.05 Control vs SPIONS, DEX-SPIONS and 
PEG-SPIONS. (b) Glutothione sulf-hydryl (GSH). (c) Super oxide dismutase (SOD). 
(d) tissue nitrite (NO) level (Values represents mean ± SD, n=4 to 6, * - p<0.05 
control vs SPIONS, DEX-SPIONS and PEG-SPIONS, # - p<0.05 SPIONS vs DEX-
SPIONS, + - p<0.05 SPIONS vs PEG-SPIONS, $ - p<0.05 PEG-SPIONS vs DEX-
SPIONS) 

4.14.3 Lipid peroxidation 

A significant (p<0.05) increase in lipid peroxides level in liver, lung and heart 

tissue homogenates of SPIONS treated animals was noted when compared with 

control groups (Figure 15a). There was a significant (p<0.05) increase in heart lipid 

peroxide level observed between control and PEG-SPIONS group. Significant 

(p<0.05) increase in liver lipid peroxide level was also noted between control and 

DEX-SPIONS group. 

4.14.4 Nitrite level 

The level of nitrite in liver, lung, spleen, kidney and heart tissue homogenates 

of SPIONS, DEX-SPIONS and PEG-SPIONS treated animals was decreased (Figure 
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15d) significantly (p<0.05) except in kidney tissue of PEG-SPIONS when compared 

to control group. There was a significant (p<0.05) decrease in nitrite level in kidney 

tissue of SPIONS as compared to DEX-SPIONS group, in liver tissue of DEX-

SPIONS compared to SPIONS and PEG-SPIONS group, in pulmonary tissue of 

PEG-SPIONS compared to SPIONS group and in kidney tissue of PEG-SPIONS 

compared to DEX-SPIONS group. 

4.15 Histopathology 

The histopathological assessment was carried out on the following tissues  

namely salivary glands, pharynx, trachea, lung, heart, thymus, liver, spleen, kidneys, 

stomach, duodenum, jejunum, ileum, colon, caecum, rectum, ovary, fallopian tubes, 

uterus, vagina, accessory sex glands, skin, skeletal muscle (gluteus), eyes, cerebrum, 

cerebellum and spinal cord. 

Figure16 shows the microscopic observations of the liver. Liver architecture 

was normal in all groups. In SPIONS group (Figure 16b), hepatocytes with discrete 

nucleus, moderate granular cytoplasmic degeneration and multi focal intra 

hepatocyte cholestasis were found compared to control group (Figure 16 a). In DEX-

SPIONS group (Figure 16c), few polymorphonuclear cells and moderate 

proliferation of Kuppfer cells with brown-yellow cytoplasmic pigments were seen in 

the sinusoidal space. Hepatocytes with discrete nucleus and eosinophilic dark 

granular cytoplasm were observed. In PEG-SPIONS group (Figure 16d), very few 

Kuppfer cells with occasional brown-yellow cytoplasmic pigments were seen in the 

sinusoidal space and hepatocytes with discrete nucleus and granular cytoplasm was 

observed. Iron deposits stained blue with Prussian blue stain were present in the 
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cytoplasm of Kupffer cells in the SPIONS, DEX-SPIONS group and they were also 

seen in sinusoids and cytoplasm of hepatocytes in PEG-SPIONS group (Figure 16 e-

h). 

The histological micrographs of kidneys show normal architecture (Figures 

17). In SPIONS group, glomeruli appeared normal in the cortex region. Protein casts 

were observed in the collecting tubular lumen. Tubular epithelial cells with enlarged 

nuclei, formation of prominent nucleoli and marked granular cytoplasm (Figure 17j) 

were observed. In DEX-SPIONS group (Figure 17k) focal tubular degeneration was 

seen with the tubular epithelium showing moderate granular cytoplasmic 

degeneration. In PEG-SPIONS group (Figure 17l) glomeruli architecture was 

normal. Protein casts were noted in the convoluted tubular lumen.  

The pattern of SPIONS nanoparticles distribution in kidney tissues using Perl’s 

Prussian blue staining revealed iron deposits in the cytoplasm of convoluted tubule 

cells in the SPIONS group, DEX-SPIONS group and PEG-SPIONS group. These 

deposits were also seen in the glomerular region in PEG-SPIONS group (Figure 

17m-p). 

Pulmonary architecture was preserved in all groups (Figures 18). In SPIONS 

(Figure 18b) group infiltration of macrophages in the alveolar septa was seen. In 

DEX-SPIONS (Figure18c) group, infiltration of macrophages in the alveolar septa 

and peribronchial region was seen. In PEG-SPIONS (Figure 18d) group, mild 

peribronchial infiltration of macrophages was noted. The pattern of SPIONS 
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Figure 16. Haematoxylin and eosin staining of liver (a) Control (b) SPIONS group showing the bile pigments in the cytoplasm of 
hepatocytes. (c) DEX-SPIONS group showing Kupffer cells. (d) PEG-SPIONS group. Prussian blue staining of liver (e) Control (f) 
SPIONS group with iron laden Kupffer cells. (g) DEX-SPIONS group with iron laden Kupffer cells in the sinusoidal space. (h) PEG-
SPIONS group with iron pigments in the hepatocyte and sinusoidal space. Scale bar 50µm. 
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Figure 17. Haematoxylin and eosin staining of kidney (i) Control (j) SPIONS group showing protein casts in the lumen convoluted 
tubules. (k) DEX-SPIONS group showing the degenerated proximal convoluted tubule. (l) PEG-SPIONS group. Prussian blue staining 
of kidney (m) Control (n) SPIONS group showing iron pigments in the cytoplasm of convoluted tubule epithelium. (o) DEX-SPIONS 
group showing iron pigments in the cytoplasm of convoluted tubule epithelium. (p) PEG-SPIONS group showing iron pigments in the 
lumen of convoluted tubules. Scale bar 50µm. 
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Figure 18. Haematoxylin and eosin staining of lung (a) Control (b) SPIONS group showing the mononuclear cell infiltration in 
alveolar region. (c) DEX-SPIONS group showing the thickening of alveolar septa with mononuclear cell infiltration. (d) PEG-SPIONS 
group. Prussian blue staining of lung (e) Control (f) SPIONS group with iron laden macrophages in the perivascular region. (g) DEX-
SPIONS group with iron laden macrophages in the peribronchial region. (h) PEG-SPIONS group showing the diffuse presence of iron 
pigments in the alveolar region. Scale bar 50µm. 
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distribution in pulmonary tissues was further investigated using Perl’s Prussian blue 

staining for the detection of iron. Iron deposits in the cytoplasm of macrophage cells 

were observed in the SPIONS group in the alveolar region, macrophages of 

peribronchial region in DEX-SPIONS group and perivascular region in PEG 

SPIONS group (Figure 18 e-h). 

Spleenic architecture was normal in all groups (Figures 19). In SPIONS and 

DEX-SPIONS group (Figure 19 j,k), brown siderotic pigments were seen in the 

macrophages in spleenic red pulp. In PEG-SPIONS group (Figure 19l), relatively 

increased numbers of macrophages were observed in the spleenic red pulp. Perl’s 

Prussian blue staining for the detection of iron showed blue pigment deposits in the 

cytoplasm of macrophage cells in the red pulp region in the SPIONS group, DEX-

SPIONS group and PEG-SPIONS group (Figure 19 m-p) with more intensity in the 

later group. Mast cells were absent in DEX-SPIONS and SPIONS group and were 

scant in PEG-SPIONS group as compared to control group. 

Histological sections of heart showed normal architecture (Figure 20 a-d). 

There were no changes in striations and no nuclear changes. Perl’s Prussian blue 

staining showed iron deposits in the perivascular region in the SPIONS group, DEX-

SPIONS group and PEG-SPIONS group (Figure 20 e-h). 
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Figure 19. Haematoxylin and eosin staining of spleen (i) Control (j) SPIONS (k) DEX-SPIONS (l) PEG-SPIONS. Prussian blue staining of 
spleen (m) Control (n) SPIONS (o) DEX-SPIONS (p) PEG-SPIONS. Scale bar 50 µm. 
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Figure 20. Haematoxylin and eosin staining of heart a) Control b) SPIONS c) DEX-SPIONS d) PEG-SPIONS. Prussian blue staining of heart 
e) Control f) SPIONS g) DEX-SPIONS h) PEG-SPIONS. Scale 50 µm. 
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Histological sections of cerebral cortex showed normal architecture in the 

SPIONS group, DEX-SPIONS group and PEG-SPIONS group (Figure 21 a-f). The 

outer pia mater, plexiform layer, pyramidal layer, granular layer and polymorphic 

cell layer showed normal architecture.  Blood capillaries surrounded by a clear 

Virchow-Robin space were observed. Cresyl violet stained sections revealed Nissl 

bodies in the neurons present in the outer cortex region in the SPIONS group, DEX-

SPIONS group and PEG-SPIONS group (Figure 22 a-f). 

Histological sections of cerebellum showed normal architecture (Figure 23 a-

f). The outer molecular layer and inner granular layer were appeared normal. 

Purkinje cells were appeared normal. Granule cells were appeared normal in the 

inner granular layer. 

Sections from salivary glands, pharynx, trachea, thymus, stomach, duodenum, 

jejunum, ileum, colon, caecum, rectum, ovary, fallopian tubes, uterus, vagina, 

accessory sex glands, skin, skeletal muscle (gluteus), eyes and spinal cord appeared 

histologically normal. 

4.15.1 Histomorphometry for mast cells 

In liver, mast cells were observed more in DEX-SPIONS but not statistically 

significant and almost similar in SPIONS and PEG-SPIONS group, when compared 

to control group (Figure 25). Mast Cells were mostly distributed in the periportal 

region in all groups (Figure 24a-d). 

In, kidney, mast cells were absent in the renal cortex in all three groups and 

control group. They were mostly present in the hilus and medulla region in all 

groups. 
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Figure 21. Haematoxylin and eosin staining of cerebrum a&d) SPIONS, b&e) DEX-
SPIONS c&f) PEG-SPIONS.  

 

 

Figure 22. Cresyl violet staining of cerebrum a&d) SPIONS b&e) DEX-SPIONS and 
c&f) PEG-SPIONS. 
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Figure 23. Haematoxylin and eosin staining of cerebellum a&d) SPIONS b&e) 
DEX-SPIONS c&f) PEG-SPIONS. 

In the lung, mast cells were observed to be significantly (p<0.05) more in 

DEX-SPIONS and SPIONS group. Numerous mast cells were also present in PEG-

SPIONS group, though not statistically significant as compared to control group 

(Figure 25). They were mostly distributed in the alveolar region in all groups (Figure 

24e-h). 

In spleen, mast cells were absent in DEX-SPIONS and SPIONS group and 

occasional mast cell was observed in PEG-SPIONS group compared to control 

group. 

In heart, mast cells were observed significantly (p<0.05) more in PEG-

SPIONS and followed by DEX- SPIONS and SPIONS groups as compared to 

control group (Figure 25). They were mostly distributed in the peri vascular region in 

all groups and additionally in the sub endocardial region of SPIONS group (Figure 

24i-l). 
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Figure 24. Toluidine blue staining showing the presence of mast cells in liver (a) Control (b) SPIONS group periportal region. (c) DEX-SPIONS 
group periportal region. (d) PEG-SPIONS group periportal region. Lung (e) Control alveolar region. (f) SPIONS group alveolar region. (g) DEX-
SPIONS group alveolar region. (h) PEG-SPIONS group alveolar region. Heart (i) Control group perivascular region (j) SPIONS group perivascular 
region (k) DEX-SPIONS group perivascular region (l) PEG-SPIONS group perivascular region.  Scale bar 20 µm. 
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Figure 25. In vivo histomorphometry analysis of mast cell count (values represents 
mean ± SD, n=4 to 5, $ - p<0.05 Control vs. DEX-SPIONS, * -p<0.05 Control vs 
PEG-SPIONS, # - p<0.05 SPIONS vs PEG-SPIONS). 

 

 

4.16 Transmission electron microscopy study of liver 

The ultrastructural images of liver injected with DEX-SPIONS, PEG-SPIONS 

and SPIONS are shown in fig 26. In SPIONS (Figure 26 a,b), DEX-SPIONS (Figure 

26 c,d) groups, Kuppfer cells with aggregates of iron particles were seen in the 

cytoplasm but were not in PEG-SPIONS group (Figure 26 e,f). The few Kuppfer 

cells in reflect the absence in TEM. The absence is correlated with the few Kuppfer 

cells observed in H&E stained semi-thin sections. 
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Figure 26. Ultrastructural image of Kuppfer cell in liver (a) SPIONS group with 
nanoparticles (arrow) in cytoplasm. (b) DEX-SPIONS group with nanoparticles ( 
arrow) in cytoplasm. (c) PEG-SPIONS group with no nanoparticles seen in 
cytoplasm. Scale bar100 nm. 
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4.17 Gene expression studies 

4.17.1 Haemoxygenase-1 (HO-1) 

In liver, HO-1 gene was up regulated 4 fold in DEX-SPIONS and 3 fold in 

PEG-SPIONS group when compared to control group (Figure 27a). 

4.17.2 Heat Shock Protein-70 (HSP-70) 

In liver, HSP-70 gene was up regulated 20 fold in DEX-SPIONS group and 0.3 

fold in PEG-SPIONS group when compared to control group (Figure 27b). 

4.17.3 Transferrin  

In liver, three and fifteen fold increase in the expression of Transferrin was 

observed in DEX-SPIONS and PEG-SPIONS group respectively when compared to 

control group (Figure 27c). 

4.17.4 Ceruloplasmin 

In liver, eleven and three fold increase in the Ceruloplasmin gene expression 

was observed in DEX-SPIONS and PEG-SPIONS group respectively when 

compared to control group (Figure 27d). 
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Figure 27. Relative and fold expression of genes, a) Haemoxygenase-1 b) Heat shock 
protein-70 c) Transferrin d) Ceruloplasmin using real-time PCR. 
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4.18 Results of ICP-OES Elemental analysis 

Elemental distribution of Fe, Cu, Zn, Mg and Mn in liver, spleen and kidney 

are shown in figure 28. 

The iron content was increased significantly in liver and spleen of SPIONS, 

DEX-SPIONS and PEG-SPIONS groups when compared to control (figure 28a) and 

within treated group was increased significantly in DEX-SPIONS group. 

Copper content was significantly increased in liver and kidney of SPIONS 

group alone when compared to control (figure 28b). 

Zinc level was significantly increased in liver, kidney and spleen of SPIONS 

group when compared to control group. Within treated groups, was increased 

significantly in DEX-SPIONS group in liver and spleen and SPIONS group in 

kidney (figure 28c). 

Magnesium level was significantly increased in spleen of DEX-SPIONS group 

when compared to control group (figure 28d). 

Manganese was significantly increased in liver and spleen of SPIONS, PEG-

SPIONS and DEX-SPIONS group and significantly decreased in kidney of SPIONS, 

DEX-SPIONS group when compared to control group (figure 28e). 

Co, Cr, Mo, Ni, Se, Sr and V were present but below the detectable limit. 
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Figure 28. ICP-OES elemental analysis in liver, kidney and spleen a) Iron b) Copper 
c) Zinc d) Magnesium e) Manganese. p<0.05 * - Control vs SPIONS, DEX-SPIONS 
and PEG-SPIONS, # - SPIONS vs DEX-SPIONS and PEG-SPIONS, $ - DEX-
SPIONS vs PEG-SPIONS. Values are represented as mean ± S.D. with n = 3. 
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Chapter 5 

5 DISCUSSION 

5.1 PHASE-I: Synthesis and surface modification of SPIONS 

Superparamagnetic Iron oxide nanoparticles were prepared by the standard 

chemical co-precipitation method. The most common method for production of 

magnetic nanoparticle populations involves synthesis via the co-precipitation of 

ferrous and ferric salts in an alkaline medium (Massart, 1981) (Gupta and Gupta, 

2005). Shortcoming of co-precipitation method is polydispersity with wide range of 

particle diameter. Hence, a wide variety of factors (temperature, stirring rate, 

solution pH, drop size) have been adjusted during the synthesis of the iron oxide 

nanoparticles in order to control size, magnetic characteristics, stability in solution, 

surface properties, and coatings. It is reported that Fe3O4 nanoparticles can be 

produced in the sizes range from 8 to 20 nm by changing the operational parameters 

like concentration of sodium oleate, reaction temperature, solution pH, and stirring 

rate (Sun et al., 2007). The obtained nanoparticles were uniform in size with average 

diameter of 10.3 nm and similar results were reported by Kang et al, (1996) and 

Cheng et al, (2005). 

Stabilization of magnetic iron oxide nanoparticles for a long time without 

agglomeration is crucial for several applications. Especially Fe3O4 nanoparticles are 

not very stable under ambient conditions and can be easily oxidized to γ-Fe2O3. In 

order to avoid possible oxidation in the air, the synthesis of Fe3O4 nanoparticles must 
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be done in anaerobic conditions (Binh et al., 1998) hence, synthesis was carried out 

in nitrogen atmosphere. 

The main reason for the agglomeration of magnetic iron oxide nanoparticles is 

the large surface area-to-volume ratio. In the absence of any proper surface coating, 

the magnetic nanoparticles try to minimize their surface energy by forming 

agglomerations. The clustering process takes place through attractive interaction 

between hydrophobic surfaces of the nanoparticles. Bare SPIONS can subsequently 

be coated in monomers and polymers through non-specific adsorption following 

their purification to make them less agglomerative so as to be more suited for 

biomedical applications (Petri-Fink et al., 2005). 

The SPIONS were stabilized in aqueous condition by the surface modification 

through polymeric molecules. Two types of polymers were used for surface 

modification of SPIONS namely dextran and polyethylene glycol. Dextran (DEX), a 

natural branched polysaccharide, which is nontoxic, biodegradable and hydrophilic 

was chosen to facilitate the intra cellular uptake of dextran coated SPIONS (Mehvar, 

2000). Moreover, DEX enables optimum polar interactions with iron oxide surfaces, 

improves the blood circulation time, stability, and biocompatibility (Carmen Bautista 

et al., 2005). 

Polyethylene glycol (PEG), a synthetic polyether compound has the ability to 

provide a steric barrier to protein adsorption and it protects surfaces from interacting 

with immune cells which results in reduced uptake by macrophages of the reticulo 

endothelial system and increased blood circulation time (Schellekens et al., 2013). 

PEG was chosen as it enhances the hydrophilicity and water-solublility, which 
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improves the biocompatibility and blood circulation times (Mondini et al., 2008). 

Gupta and Wells, (2004a) have used a microemulsion polymerization process to 

prepare a poly (ethyleneglycol) modified superparamagnetic iron oxide nanoparticles 

with magnetic core and hydrophilic polymeric shell. 

The different surface modifications of SPIONS could strongly influence their 

biodistribution and cellular interactions (Lee et al., 2006) (Fruijtier-Pölloth, 2005). 

Hence, two types of surface modified SPIONS were used in the present study. 

5.2 Physico-chemical Characterisation of nanoparticles 

5.2.1  Transmission electron microscopy 

The size of the particle core was determined by TEM images. It provided 

details on the size distribution and the shape. Cheng et al, (2005) reported that the 

average particle diameter of iron oxide synthesised by chemical co-precipitation was 

found to be 9.1±2.1 nm and Sun et al, (2007) reported that Fe3O4 nanoparticles can 

be produced in the sizes ranging from 8 to 20 nm which correlate very well with the 

SPIONS synthesised in the present study. 

5.2.2 Dynamic light scattering and Zeta potential 

The hydrodynamic diameter of SPIONS is smaller followed by PEG-SPIONS 

and DEX-SPIONS which could be due to the coating material. Both dextran and 

PEG are hydrophilic and moreover dextran being a high molecular weight polymer, 

the hydrodynamic diameter is largest among the three SPIONS. In the literature, the 

average size of the PEG-modified nanoparticles was reported to be around 40–50 nm 

with narrow size distribution (Gupta and Wells, 2004a). However, the higher 
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hydrodynamic diameter of PEG-SPIONS could be due to the higher molecular 

weight (8000 da) of PEG polymer used for coating. 

5.2.3 X-Ray Diffraction analysis  

X-ray diffraction (XRD) method was used to characterize the crystal structure 

and analysed the particular phase of the in house synthesised nanoparticles. The 

XRD pattern of synthesised SPIONS, DEX-SPIONS and PEG-SPIONS 

demonstrated that the surface modification did not interfere with the phase purity of 

the crystals. The results are well supported by the findings of (Sun et al., 2007) 

(Saraswathy et al., 2014) (Beeran et al., 2015). 

5.2.4 Vibrational sample magnetometry 

The VSM analysis showed there was a reduction in magnetization saturation in 

coated nanoparticles when compared to bare nanoparticles. Coating effect of dextran 

and polyethyleneglycol over the magnetic particles would have caused the reduction 

in the magnetization value. The results were well supported by the findings of (Sun 

et al., 2007) (Saraswathy et al., 2014). Superparamagnetic property exhibited by the 

particles indicated the single domain existence and the absence of aggregation. 

Experimental value for magnetization saturation in magnetic iron oxide 

nanoparticles have been reported to span the 30–80 emu/g range, lower than the bulk 

magnetic value 100 emu/g. In addition, Fe3O4 nanoparticles are not very stable under 

ambient conditions and are easily oxidised to Fe2O3 or dissolved in an acidic 

medium (Binh et al., 1998). 
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5.2.5 Fourier Transform –Infra Red spectra 

Fourier Transform infrared spectroscopy (FTIR) technique was used to 

determine the chemical functional groups especially dextran and polyetheylene 

glycol in the surface of synthesised nanoparticles. 

SPIONS showed prominent peak of Fe-O vibration at ~570 cm-1 corresponding 

to the magnetite phase (Beeran et al., 2015). The peak at ∼3382 cm−1 is attributed to 

the stretching vibrations of -OH, which is also assigned to OH− absorbed by Fe3O4 

nanoparticles (Sun et al., 2007). The distinct peaks around 2932, 1018 cm−1 

corresponding to the C-H and C-O deformations of dextran, confirmed the presence 

of surface attached dextran molecule in the DEX-SPIONS (Saraswathy et al., 2014). 

Similarly, the PEG-SPIONS peaks at 2912 cm-1 and 955 cm-1 corresponded to –CH2 

stretching and out of plane bending vibrations. Also the ether group peaks around 

1105 cm-1 corresponded to C-O-C stretching and peak around 1344 cm-1 coming 

from C-H bending vibrations. The presence of stretching and bending peaks of PEG 

confirmed the successful modification of SPIONS surfaces with PEG polymeric 

molecules (Larsen et al., 2009). 

5.2.6 Thermo Gravimetric Analysis 

TGA was done to estimate the amount of coating material present in order to 

calculate the dose during in vivo experiment. TGA plot of DEX-SPIONS shows four 

distinct stages of thermal decompositions around 126.56oC, 200.74oC, 413.07 oC and 

794.74oC corresponding to the total weight loss of 1.08%, 12.59%, 24.75%, and 

28.25 % due to elimination of bound water, exothermic phase transition, 

endothermic phase transition and linear degradation respectively. These phase 
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transitions indicates the step by step degradation due to the dissociation of dextran-

Fe bonds. The shift observed in the decomposition temperature of DEX-SPIONS 

from that of pure dextran is due to the effect of catalytic behaviour of iron oxide 

nanoparticles in the system (Saraswathy et al., 2014). The high temperature of 

around 800oC required to eliminate the total weight of 28.25% of dextran shows the 

strong binding of the same to the material. TGA plot of PEG-SPIONS also shows 

four similar stages of decomposition around 119.81oC, 218.24oC, 270.91oC, 519.27 

oC and 794.51o C corresponding to the total weight loss of 0.69%, 7.61%, 18.31%, 

23.08% and 24.72%. Significant weight loss for PEG-SPIONS was noticed between 

270oC - 800oC which could be due to decomposition of PEG polymers which 

absorbed on the surface of SPIONS (Gupta and Gupta, 2005). 

5.3 PHASE-II: In vitro Cell culture and Phase contrast microscopic 

studies  

It should be noted that in vitro tests that produce specific and quantitative 

toxicity results are particularly convenient for the initial evaluation of toxicity and 

biocompatibility of SPIONS. In the present study, murine L929 fibroblasts cells and 

RAW264.7 macrophages were incubated with bare and coated SPIONS at varying 

concentrations. Phase contrast images revealed the close association of bare and 

coated SPIONS along the cellular margins on the dorsal surface of the fibroblasts 

and macrophages. The binding of bare and coated SPIONS did not induce any 

drastic changes in cellular morphology relative to the controls. This suggests that 

interaction of bare and coated SPIONS did not affect the adherence property of the 

cells. Our results are in agreement with earlier reports (Gupta and Wells, 2004a), 
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who reported that after incubation with immortalized fibroblasts, PEG-coated 

SPIONS did not affect cell adhesion behavior or morphology (Gupta and Curtis, 

2004). Laurent et al, (2008) reported the sedimentation of magnetic nanoparticles, as 

this phenomenon effectively leads to an apparent increase in magnetic nanoparticle 

concentration at the cell surface and so should be taken into account when 

performing toxicity assays. 

Phase contrast microscopic studies revealed morphologically that there were 

no deleterious changes due to SPIONS but to study the functional changes, further 

investigative studies employing the MTT assay and live and dead assay were 

undertaken. 

5.4 MTT assay 

The MTT (3- (4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

and PI (Propidium Iodide) live/dead assay are most commonly used in vitro tests for 

nanoparticle  mediated toxicity and cell viability. These assays are aimed at 

investigating vital cellular activity such as cell death and cell viability. 

The proliferation/viability of fibroblasts was measured by MTT assay after 

culturing for 24 h and showed that cell proliferation and metabolic activity was more 

favorable in case of coated particles than with uncoated ones. Many toxic effects 

caused by magnetic nanoparticle may stop mitochondrial activity which is measured 

by assays such as MTT (Mosmann, 1983). In the present study, cytotoxicity 

evaluation was carried out using two types of immortalised cell lines, namely 

fibroblast and macrophage since, the degree of toxicity has been known to vary with 
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cell type, magnetic nanoparticles, and a combination of these two factors (Bulte, 

2009). 

In the present study, the data suggests that the surface modified nanoparticles 

did not affect the viability and metabolic activity drastically but the bare SPIONS 

have cytotoxic effect at higher concentration. For instance, it has been reported that 

uncoated SPIONS caused significant cell death in dermal fibroblasts while lung cells 

appeared not to be affected (Mahmoudi et al., 2012). This specifies the importance of 

cell type and magnetic nanoparticle relationship. Mahmoudi et al, (2011a) also 

showed that uncoated and coated SPIONS were less toxic as previously thought and 

induced toxicity in various cell lines at greater doses than permitted for humans. 

Cytotoxicity tests for human glia, human breast cancer and normal cell lines 

exhibited almost nontoxicity and reveal biocompatibility of Fe3O4 nanoparticles in 

the concentration range of 0.1–10 µg / ml, while accountable cytotoxicity had been 

noted at 100 µg/ml (Ankamwar et al., 2010). At higher concentrations more particles 

tend to sediment enhancing the cytotoxic effect and could be the reason for the 

cytotoxic effect (Laurent et al., 2012). 

5.5 Live and dead assay 

Toxic cellular effects are translated into impaired mitochondrial activity, 

membrane leakage and morphological changes. This can have adverse effects on cell 

viability, proliferation and metabolic activity (Yang et al., 2009). From the present 

study it can be noticed that surface modified SPIONS minimally affected the cell 

viability or proliferation capacity. In DEX-SPIONS and PEG-SPIONS challenged 

group, more than 95 percentage cells remain viable. The results indicated the 
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biocompatible nature of the coatings and confirm low toxicity of surface modified 

nanoparticles. Similar results were reported earlier also by Gupta and Wells, (2004a). 

Similarly, dextran-coated SPION labeled with the Tat-internalizing peptide showed 

no significant effects on cell viability (Lewin et al., 2000). 

5.6 In vitro Oxidative stress analysis  

Oxidative stress arises when there is an imbalance between damaging oxidants 

also referred to as reactive oxygen species (ROS) such as hydrogen peroxide, 

hydroxyl radicals, and the protective antioxidants such as superoxide dismutase, 

catalase and glutathione sulf-hydryl. ROS are primarily formed by the incomplete 

reduction of oxygen. It has been reported that dissociated iron oxide magnetic 

nanoparticle can promote the formation of ROS and hydroxyl radicals, and as a 

result may lead to cellular toxicity along with impaired cell metabolism and 

increases in apoptosis (Yang et al., 2009). In the present experiment ROS would 

have generated from the surface of magnetic nanoparticle, the leaching of metal iron 

ions from the core, or release of oxidants by enzymatic degradation of the magnetic 

nanoparticle. It is reported that elevation of low molecular weight iron species due to 

magnetic nanoparticle biodegradation may be implicated in tissue damage via 

oxidative stress (Crichton et al., 2002).  

In the present study, SOD, GSH, LPO and tissue nitrite level were found to be 

significantly altered post nanoparticle exposure in HepG2 cells. It has been reported 

that cell proliferation, mitochondrial activity, or cell viability were not affected when 

human skin fibroblasts were treated with AgNO3. However, Ag+ strongly increased 

the production of reactive oxygen species, including superoxide anion radicals. 
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These effects correspond to a strong decrease in intracellular reduced glutathione and 

to an increased susceptibility to H2O2-induced cell death (Cortese-Krott et al., 2009). 

Studies using C10 lung epithelial cells have shown that the large and small 

agglomerates of carboxylated SPIONS have similar inherent potency for the 

generation of ROS, induction of stress-related genes and eventual cytotoxicity. It is 

also suggested that reactive moieties on the agglomerate surface are more efficient in 

catalysing cellular ROS production than molecules buried within the agglomerate 

core (Sharma et al., 2013). 

Another study reported that SPIONS induced oxidative stress in two human 

cell lines; skin epithelial A431 and lung epithelial A549. Prepared SPIONS were 

polygonal in shape with a smooth surface and had an average diameter of 25 nm. 

SPIONS were found to induce oxidative stress in a dose-dependent manner, evident 

by depletion of glutathione and induction of reactive oxygen species (ROS) and lipid 

peroxidation (Ahamed et al., 2013).  

5.7 Raman chemical mapping of L929 and RAW cells treated with 

SPIONS, DEX-SPIONS and PEG-SPIONS 

A nanocarrier can be internalized simply because of its physical proximity to 

the membrane or because of interactions with specific receptors, originating via a 

number of different internalization paths. Interpretation of toxicity results depends 

upon an understanding of how nanoparticles and the living systems interact. To 

understand the toxicity of nanoparticles, we need to accurately measure how they are 

distributed in the cell after exposure, and how they interact with specific organells. 

The most common method for studying biodistribution in cells exposed to 
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nanoparticles at high magnification is transmission electron microscopy (TEM). 

TEM analysis is intrusive and requires extensive sample preparation and manual 

inspection to distinguish nanoparticles from naturally occurring cell structures. 

Fluorescence microscopy and confocal light microscopy are powerful techniques for 

studying biodistribution, but they require intrinsically fluorescent nanoparticles or 

fluorescence-labeled nanoparticles and the cells are usually stained. These methods 

often require extensive sample preparation and labeling is intrusive in the sense that 

it intrinsically modifies the surface properties of the nanoparticles, which may lead 

to biased results. Similarly, attaching labeling molecules to the surfaces of 

nanoparticles may alter their surface chemical properties, agglomeration state, etc., 

and hence alter their intrinsic bio-response (Marquis et al., 2009). It is therefore 

necessary to develop new, label-free techniques that complement these well-

established methods. Raman micro spectroscopy is a label-free technique that has the 

potential to be used for nanoparticle-uptake studies. For the present experiment, 

Raman spectroscopy a label free technique was used to study the nanoparticle uptake 

using L929 fibroblast cells and RAW 264.7 macrophages. The fibroblasts were used 

as it is reported to have phagocytic activity (Arora et al., 2013) (Arbi et al., 2015). 

Raman spectroscopy was used as a tool as Raman z-scans can prove the intracellular 

distribution and colocalization of the nanoparticles with different intracellular 

environments (Estrela-Lopis et al., 2011b). 

Another study, Raman spectroscopic mapping of the cells in combination with 

K-means cluster analysis was used to clearly identify and localise the polystyrene 

nanoparticles in exposed cells, based on their characteristic spectroscopic signatures. 

Principal component analysis identifies the local environment as rich in lipidic 
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signatures which are associated with localisation of the polystyrene nanoparticles of 

50 nm or 100 nm in the endoplasmic reticulum (Dorney et al., 2012). 

Shah et al, (2011) used confocal Raman spectroscopy to visualize 

polyethylene-coated gold nanoparticles in cells. They studied two to three cells 

exposed to nanoparticles for 2 h, 12 h, and 24 h. The cell nucleus as well as the 

nucleoli could be resolved in the images, which were constructed by integrating the 

CH stretching band at 2800–3050 cm−1. They found that nanoparticles reached the 

perinuclear region after 24 h of exposure. Lamprecht et al, (2012) used the CH 

stretching mode to identify organelles in cells. Using Raman spectroscopy, they were 

able to localize functionalized carbon nanotubes inside cells, primarily accumulated 

around the nucleus but not inside the nucleus. 

Results of the present study show uptake of SPIONS, DEX-SPIONS and PEG-

SPIONS into the cytoplasm of fibroblasts and macrophages after 24 h, correlate with 

those in literature. 

5.8 Haemocompatibility studies  

Heamocompatibility tests were included in this study as it is reported that 

study of haematological change caused by newly synthesised SPIONS is of 

importance and should be included in the toxicity and compatibility tests to be made 

in the development of these particles (Mayer et al., 2009). 

5.8.1 Haematology 

The test results of haematological parameters studied, indicated that 50 µg/ml 

concentrations of SPIONS DEX-SPIONS and PEG-SPIONS under test, the 



129 

 

difference in percentage change in haematological parameters evaluated is less than 

10% which is well within the acceptable limit prescribed by standard ISO10993-4. 

Similarly, it has been reported that studied bioferrofluids coated with poly (4-

vinyl pyridine) (P4VP) and polyethylene glycol (PEG) have no effect on the 

complete blood count (erythrocytes, Leucocytes, Platelets, Hemoglobin and 

hematocrit) and neither they show in vitro hemolytic effect on blood (Ali et al., 

2013). 

5.8.2 Hemolysis assay 

Nanoparticles can potentially damage the cell membrane and even the 

cytoplasm since they can penetrate inside cells. They can cause hemolysis by acting 

on the membrane of red blood cells. If hemolysis is severe the number of red cells 

decreases and haemoglobin in plasma can be detected with the naked eye. If 

hemolysis is subtle it can only be detected by a laboratory test for free hemoglobin in 

plasma (Rugal et al., 2007) (Ostomel et al., 2007) (Simberg et al., 2009). 

The hemolysis rates were lower than 5%, which lie within the recommended 

value in ISO 10993–4 standard. Furthermore, It has been shown that these 

nanoparticles do not have any observable adverse effect on erythrocytes, leukocytes, 

platelets, hemoglobin and hematocrit at the concentration tested (50 µg/ml). 

These findings showed that the synthesised SPIONS satisfied the requirements 

of hemolysis test on medical materials. Synthesised SPIONS have no effect on the 

complete blood count neither they show hemolytic effect on blood in vitro. Further 

experiments using small animals in vivo also did not show any adverse effect on 
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erythrocytes, leukocytes, platelets, hemoglobin level and hematocrit values 

indicating the haemocompatible nature of the synthesised nanoparticles. 

In the present study, PEG showed insignificant increase in hemolysis 

compared to SPIONS and DEX-SPIONS due to hydrophilic nature of polymer. It has 

been reported that PEGylated poly (N-isopropylacrylamide) nanoparticles are 

hemocompatible with insignificant toxicity (Gulati et al., 2010). 

5.9 Genocompatibility study by comet assay 

The direct interactionn of the metal oxide NPs with the DNA and protein may 

alter their structure and function. Additionally, if these NPs agglomerate within the 

cell and cannot gain access to the nucleus, there are possibilities for their direct 

contact with DNA during the process of mitosis when the nuclear membrane breaks 

down. The Comet assay or single cell electrophoresis is a sensitive and rapid 

technique for quantifying and analyzing DNA damage in individual cells for the 

evaluation of genotoxicity (Widziewicz et al., 2012). This assay can be used to detect 

DNA damage caused by double strand breaks, single strand breaks, alkali labile 

sites, oxidative base damage and DNA cross-linking with DNA or protein. The 

Comet assay gains special significance in the field of nanomaterials research due to 

the short period between exposure to genotoxic agent and genetic effect (s) 

becoming apparent. In the present investigation, the time (24 h) elapsed between 

exposures and measuring of the DNA damage is adequate for the repair of the 

possible lesions and enables to detect whether or not the chemical is able to produce 

the DNA damage. As per the assay the SPIONS, DEX-SPIONS and PEG-SPIONS 

did not evoke a significant effect on DNA migration on the electric field at the 
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applied concentrations and were found to be non-genotoxic. From the assay it is 

clear that the neither iron oxide nanoparticle nor the degradation products leaching 

from them affect the genomic integrity of the genetic materials. 

In a study, the human lung epithelial cell line A549 was exposed to the iron 

oxide particles. DNA damage was determined using the comet assay and for iron 

oxide particles (Fe3O4, Fe2O3), no or low toxicity was observed (Karlsson et al., 

2008).  

Comet assay revealed that level of DNA damage was observed only with 

higher concentration of SPIONS (100 µg) in skin epithelial A431 and lung epithelial 

A549cells (Ahamed et al., 2013). Similarly, no genotoxicity was observed due to 

exposure of human lymphocytes to MSA- or DMSA-MNPs (Lima et al., 2013).The 

non genotoxic results in the present studies indicate the safety of the nanoparticles in 

tested concentration. 

5.10 Phase-III: Animal experiment 

It is pertinent to evaluate the acute systemic effect of synthesised SPIONS in a 

suitable animal model. Female Wistar rats were alone used in this study because it is 

reported that iron is distributed differently in male and female rats (Ben-Assa et al., 

2009) (Kong et al., 2014). Also the issue of sex influence on the biodistribution and 

toxicity of nanoparticles is debated, with reports of differences between males and 

females (Chen et al., 2013). A dose of 5 mg Fe/kg body wt. was fixed for this study 

since it was the highest dose tested in the clinical Phase II studies for MRI imaging 

(Wang et al., 2001). 
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The various interactions of NPs with fluids, cells, and tissues need to be 

considered from the route of entry through the wide range of possible pathways 

ending at potential target organs. The systemic administration of nanoparticles by 

intravenous route was selected since it is the most preferred route of administration 

of MRI contrast agents as well as drug delivery agents. Acute changes in the blood 

and histological changes in the tissues and organs were also evaluated. Schlachter et 

al, (2011) administered magnetic nanoparticles systemically to validate toxicity 

which included histology on injection sites and major metabolic sites (liver, 

pancreas, kidneys and brain) to look for signs of spreading and accumulation of 

MNP. 

5.11 Haematology and Flow cytometry 

To quantify the toxicity analysis of synthesised nanoparticles, the important 

step is an assessment of standard hematological and biochemical parameters of the 

target organs (liver, kidney and spleen) of SPION. When SPIONS are intravenously 

administered, the first physiological system they interact with is the blood and blood 

components. 

The hematology results showed the blood counts to be within the normal range 

although there was a slight increase in the percentage of mixed cells in all three 

treated groups. This could be expected on an acute immune response to the foreign 

materials (nanoparticles). This is well supported by the literature (Xu et al., 2013) 

(Varma HK, 2014). 

Flow cytometry results showed that the granular cell populations of treated 

groups were significantly increased when compared to control values. It was 
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reported that Ni nanoparticles significantly increased the WBC count in all dose 

groups and no significant changes were observed in the other hematological 

parameters measured (Magaye et al., 2014). This particular experiment was 

attempted to find out if there was any difference in the scatter pattern in dot plot. The 

results obtained were complementary and substantiated the finding of routine 

haematology. 

5.12 Biochemical assays 

In the rat, serum glutamic-pyruvic transaminase (SGPT) is specific for cellular 

damage in the liver. Serum glutamic oxaloacetic transaminase (SGOT) is also useful 

but not as specific. Reduction in liver function and cholestasis can be assessed by 

substances produced by the liver, including albumin, globulin, total protein, alkaline 

phosphatase (ALP), and total bilirubin. Indicators of kidney function include 

creatinine and urea, although these are not as specific or sensitive. Results did not 

indicate significant toxicity compared to control animals and reflected normal 

variation present in populations of animals (James, 1993). 

Blood chemistry showed increase in SGOT and SGPT enzyme level in treated 

groups. These enzymes are mainly associated with the hepatocytes (Zimmerman, 

1999). The altered SGOT and SGPT level in treated group is due to damage caused 

by the sudden increase in Fe ions which has more avidity towards the mitochondria 

(Walter et al., 2002). Higher and more prolonged oxidative stress levels, cellular 

perturbation and disarray result in decrease in mitochondrial membrane potential, 

leading to cell death (Fariss et al., 2005). Since, the nanoparticles are first taken up in 

the Kupffer cells in the liver, it is suggested that the increase of SGOT and SGPT 
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levels is due to slow transfer of presumably toxic degradation products of the surface 

modified SPIONS from the macrophages to the hepatocytes (Singh et al., 2010). 

This was observed by the increased number of Kupffer cells present in the DEX-

SPIONS group correlating with statistically significant increase in SGOT level in 

DEX-SPIONS group. Liver is one of the major target organs and a dominant site of 

accumulation of nanoparticles (Patlolla et al., 2011) (Yang et al., 2008). Kumari et 

al, (2013) have reported that SGPT and SGOT activity increased significantly in 

serum at the 1,000 and 2,000 mg/kg doses of Fe2O3 nanoparticles in female wistar 

rats in an acute oral toxicity study. Another study showed that increased serum level 

of SGOT 24 h after Fe2O3 MNP formulation injection in male Sprague- Dawley rats; 

however, there was slight transient increase in the serum SGPT level also (Jain et al., 

2008). Similar results were shown in a previous study with large pluronic-coated 

SPIONS nanocomposites tested in rats, where increased levels of SGOT and SGPT 

was observed up to 3 days post-injection (Gu et al., 2012). 

Serum determination of gamma-glutamyl transferase activity is considered to 

be an index of hepatobiliary dysfunction and recent epidemiology and pathology 

studies have suggested its independent role in the pathogenesis and clinical evolution 

of cardiovascular diseases. GGT is the enzyme responsible for the extracellular 

catabolism of glutathione (GSH, gamma-glutamyl-cisteinyl-glycine), the main thiol 

intracellular antioxidant agent in mammalian cells. It is present, linked through a 

small lipophilic sequence of its larger subunit, on the cell surface membrane of most 

cell type. Although the same protein is produced in all tissues, differences in the 

sugar moieties allow that only the liver GGT is detectable in serum. 
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Increased GGT level in SPIONS group may be due to the oxidative stress 

caused by the iron. Experimental studies have indicated that higher intake of iron 

may lead to elevated level of GGT in serum (Lee et al., 2004). 

In in-vivo experiments, it has been shown that GGT activity directly related to 

the oxidative events, playing role in the evolution of atheromatous plaque and 

induces LDL oxidation in the presence of iron ions (Paolicchi et al., 1999). 

Regarding the possible association between GGT and inflammatory process, it 

should also be considered that GGT has a key role in the interconversion of the 

glutathione containing inflammatory mediator leukotriene C4 into leukotriene D4 

(Ulus et al., 2007). 

The association of GGT to lipoproteins suggests that LDL lipoproteins can 

carry GGT activity in the tissues where free iron is also present. In the extracellular 

milieu, GGT is the only enzyme responsible for GSH catabolism by hydrolysis of its 

gamma-glutamyl bond between glutamate and cysteine. This reaction produces 

cysteinyl-glycine moieties, which are usually taken within intracellular milieu by the 

action of membrane dipeptidases, as precursors for GSH resynthesis (Whitfield, 

2001). Cysteinyl-glycine is a powerful reducer of Fe3+ in the extracellular milieu that 

is able to simultaneously generate Fe2+ and a free thiyl radical. Subsequent reactions 

lead to the formation of superoxide anion radical and hydrogen peroxide (Pompella 

et al., 2004). These GGT-mediated reactions have been shown to catalyze the 

oxidation of LDL lipoproteins, likely contributing to oxidative events (Pang et al., 

1996). Because of the iron dependence of GGT mediated reactions, the described 

association between increased body iron stores and excess risk of acute myocardial 
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infarction suggests that iron metabolism could influence the predictive value of 

serum GGT (Tuomainen et al., 1998). 

The present study indicates that the oxidative stress mediated by GGT could 

have played a relevant role in the SPIONS induced cytotoxicity. 

There is a substantial increase in bilirubin content in blood in all three treated 

groups which correlates with the cholestasis noted in liver histology. It has been 

reported that the iron is excreted through bile in conjugated form through 

Hemeoxygenase-1 mediated heme degradation in the cells (Maines, 2000). Hemin-

mediated increase in HO-1 protein expression and haemoxygenase activity is 

associated with augmented bilirubin levels and protection against oxidative stress in 

bovine smooth muscle cells (Clark et al., 2000). 

5.13 Oxidative stress 

Nanoparticles with their small size and large surface area have been reported to 

interact with proteins and enzymes within mammalian cells and to generate ROS. 

When the depletion of the antioxidant defense mechanism occurs and ROS 

accumulate, an inflammatory response can be initiated leading to the disturbance and 

destruction of the mitochondria resulting in eventual cell death (You et al., 2005). 

Levy et al, (2011) reported that SPIONS can be degraded in a simulated lysosomal 

acidic environment. Inside the cells, the iron oxide nanoparticles will degrade in 

lysosomes and endosomes and release free iron ions (Fe2+, Fe3+) (Singh et al., 2012). 

The iron ions are then available for Haber–Weiss–Fenton reactions and are 

associated with increases in ROS generation (Emerit et al., 2001). The Haber–Weiss 

reaction is the main pathway when antigens crosslink the IgE on mast cells, resulting 
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in Fe3+ accumulation in the intracellular region. Oxidative stress and trace elements 

kinetics are potential factors related to the pathogenesis of asthma and other allergies 

(Nakashima et al., 2005). 

The present investigation has shown that exposure to SPIONS had significant 

effects on rat organs, suggesting that reactive oxygen species (ROS) were generated 

under the experimental conditions employed. A significant increase was observed in 

lipid peroxidation level in the SPIONS treated group. The change in activities of 

antioxidant enzymes and lipid peroxidation levels in present study was regarded as 

evidence of increased ROS production during the exposure period and may reflect 

the pathological process of the exposure. 

SOD is a specific antioxidant enzyme which dismutates O−2 and forms H2O2 as 

a result, which is scavenged by peroxisomal CAT or GSH-Px. It protects the cells 

against toxic effect of superoxide radicals (Scherz-Shouval and Elazar, 2011) (Apel 

and Hirt, 2004). In the present study, the association between increase in MDA level 

and decrease in SOD activities and GSH level indicates that there is oxidant-induced 

tissue damage in liver, kidney, lung, heart and spleen. Srinivas et al, (2012) have 

reported that SPIONS increase the plasma malondialdehyde (MDA) level as an 

indicator of lipid peroxidation and lower the activity of blood superoxide dismutase 

(SOD) level and decrease the intracellular glutathione (GSH). The present study 

indicates that SPIONS exhibits its toxicity by increasing lipid peroxidation and 

surface coating using dextran and PEG substantially reduced the lipid peroxidation 

in the organs examined. This could be due to better clearance from the system. 

Studies indicated nano ceria-induced hepatic injury and oxidative stress, 



138 

 

respectively. It has been been observed that a single vascular infusion of nano ceria 

could lead to persistent hepatic retention of particles (Tseng et al., 2012). Similarly, 

several studies with Ag NPs have demonstrated toxicity through an oxidative stress 

pathway. Decreased GSH levels and an up-regulation of oxidative stress and 

inflammatory genes were observed (Hussain et al., 2005) (Schrand et al., 2008). 

Increased production of nitric oxide may protect the cells from oxidative stress 

and this  explain the elevated levels of nitrite in control group compared to SPIONS, 

DEX-SPIONS and PEG-SPIONS. 

5.14 Histopathology 

Studies have shown that SPIO surface properties can influence uptake of 

nanoparticles by phagocytic cells. For example, carboxydextran-coated SPIO (of 

equal or even smaller sizes) appear to be internalized by macrophages to a greater 

extent than dextran-coated SPIO (Matuszewski et al., 2005). Yet another study 

reported an increase in liver uptake with an increase in hydrodynamic diameter from 

33 to 90 nm of dextran-coated magnetite nanoparticles (Chouly et al., 1996). 

In the present study, the hydrodynamic diameter of DEX-SPIONS nanoparticle 

was 89 nm and this group showed more Kupffer cells in the liver followed by 

SPIONS group. In general, in vivo cellular uptake increases with hydrodynamic size, 

suggesting larger nanoparticles are more susceptible to opsonization an immune 

response that adsorbs a class of proteins called opsonins to foreign materials. Mono 

nuclear phagocytic system cells, such as the Kupffer cells in the liver, readily 

recognize opsonin-labeled nanoparticles for rapid removal through phagocytic 
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processes (Metz et al., 2004b) (Owens and Peppas, 2006) (Alexis et al., 2008) 

(Aggarwal et al., 2009). 

Macrophages remove large foreign particles through endophagocytic 

pathways. For example, SPIONS that are hydrophobic, aggregating, cationic or 

tagged with specific proteins called opsonins are quickly recognized and taken up by 

MPS cells (Almeida et al., 2011). 

Furthermore, Fang et al, (2006) showed that protein adsorption to 

nanoparticles coated with the same 5,000 Da PEG, but different hydrodynamic 

diameters – 80 and 243 nm – increased from 6% to 34%, respectively. Aminated, 

cross-linked starch and aminosilane coated MNPs were modified with 5 kDa or 20 

kDa polyethylene glycol chains. These modified PEG-MNPs were studied in RES 

simulations in vitro using RAW264.7 macrophages in cell culture medium at 37 °C 

and a 7 to 10 fold less uptake in RAW264.7 macrophages when compared to 

unmodified starch MNPs was observed (Cole et al., 2011). The above results were 

very well correlated with our observation of low uptake by Kupffer cells in the liver 

PEG –SPIONS group and more uptakes seen in the DEX-SPIONS group. 

Histology sections were also examined by Prussian blue staining (iron) to 

observe the degradation and clearance of the nanoparticles accumulated in the liver 

and spleen. Particularly, in the liver, most of the nanoparticles were found in the 

Kupffer cells located in the linings of the sinusoids, not in the hepatocytes. This was 

substantiated in the magnified images of transmission electron micrographs, where 

iron particles were observed in cytoplasm of Kupffer cells in SPIONS and DEX-

SPIONS groups. Concerning iron oxide nanoparticle clearance, it is known that they 
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are primarily phagocytosed by the Kupffer cells in the liver (Sadauskas et al., 2007). 

TEM micrographs indicated that Kupffer cells exhibit uptake patterns and 

metabolism of the iron oxide nanoparticles found in cytoplasm of SPIONS and 

DEX-SPIONS groups. In addition, the relatively inefficient uptake or no uptake in 

Kupffer cells of PEG-SPIONS group indicated that these nanoparticles might not 

have been taken up by adsorptive or receptor-mediated endocytosis which could be 

attributed to the non immunogenic nature of PEG (Schellekens et al., 2013). In PEG-

SPIONS group, the accumulation of iron was not appreciated in the Kuppfer cells.  

In spleen also iron staining was similar to that of control group. In another 

study, the results showed that the residence time was doubled for PEG coated 

nanoparticles and consequently particle accumulation in liver and spleen was 

reduced. Post-mortem histological analyses showed no alterations in the liver and 

confirm heterogeneous distribution of NPs in the organ, in agreement with magnetic 

measurements and iron analysis (Ruiz et al., 2013). 

The kidney in DEX-SPIONS group showed occasional convoluted tubule 

damage which was not seen in PEG-SPIONS group. This may be due to the fact that 

PEG is amphiphilic and easily excreted through the kidney when compared to 

dextran which has a higher molecular weight and cannot be easily excreted by 

kidney tubules. It was also described that polyvinyl alcohol coated SPION were first 

excreted within the primary urine through glomerular filtration system of the kidneys 

and then reabsorbed in the proximal tubuli (Neuberger et al., 2005). Studies have 

shown that the ferric nitrilotriacetate that is filtered by the renal tubules is rapidly 

reduced, and the resulting Fe2+ initiates lipid peroxidation in the lumen. Peroxidation 
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of polyunsaturated fattyacids occurs, followed by acute renal tubular necrosis 

(Deiana et al., 2001). It has been reported that uncoated iron oxide nanoparticles may 

have harmful effects in the liver, kidney, and lungs when administered by a single 

intravenous injection (Hanini et al., 2011). 

An earlier report has shown the presence of clustered SPION microbubbles 

predominantly in the lungs as early as 10 minutes post injection. The frequency of 

microbubbles declined in the pulmonary vasculature and increased in pulmonary, 

hepatic, and splenic macrophages over time, resulting in a relative shift from the 

lungs to the spleen and liver. Meanwhile, macrophages showed increasing signs of 

cytoplasmic iron accumulation, initially in the lungs and then followed by other 

organs (Barrefelt et al., 2013). In the present study, the observation also well 

correlated with the literature. 

In the present study large number of macrophages in the red pulp region took 

up the iron particles in treated groups were observed. Hemosiderin was also stained 

blue in the spleen by Prusian blue stain but the difference in staining intensity was 

more in treated groups when compared to control. In the spleen, PVA coated 

SPIONs were found clearly accumulated in the macrophages located in the red pulp, 

the primary site of splenic filtration but not in the white pulp (Neuberger et al., 

2005). In a study carried out following systemic administration of 138 mM Poly 

Ampholyte coated MNPs, (Wang et al., 2015) have reported normal histological 

structures of heart, liver and kidney which were similar to that of normal control 

mice, with the exception of slight proliferation, haemorrhage and infiltration of 

inflammatory corpuscles at the germinal center of the mouse spleen. Numerous 
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alveoli, alveolar ducts and alveolar sacs could be seen, and the alveolar space was 

filled with gas without any sign of edema. Alveolar interval showed mild 

broadening, and alveolar epithelial cells were seen. The lung also showed slight 

congestion and a little infiltration of inflammatory corpuscles. 

5.14.1 Histomorphometry for mast cells 

In cases where the MNPs are incorporated into the therapy and transplanted 

within the body, the risk of MNPs migrating through the organism, entering and 

accumulating within organs is a constant concern. This could trigger an 

immunological or an inflammatory response by the body. To my knowledge, this is 

the first report on the effects of surface modified SPIONS on mast cell distribution in 

major organs. 

In a recent study (Zhao et al., 2014), it has been reported that oxidative stress 

and mast cells interact with each other and promote intestinal ischemia-reperfusion 

induced acute lung injuries. 

The decrease in NO induces mast cells which we can appreciate in all treated 

groups. Increased circulatory availability of nanoparticles might have reduced NO 

level in organs examined, which in turn could have induced the mast cells in the 

major organs examined compared to control.It has been reported that NO regulates 

mast cell function (Brooks et al., 1999) (Coleman, 2002) (Gilchrist et al., 2004). It is 

apparent that NO is important in both allergic and non-allergic functions of mast cell 

(Metzger et al., 2006).  

Dextrans are known to elicit IgG and IgE antibody-mediated reactions and this 

could be correlated to the increased mast cells in DEX-SPIONS group in lungs. 
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Santosh et al, (2010), reported adverse reaction to an iron oxide with a carbohydrate 

shell composed of modified dextran clinically consistent with anaphylaxis, with 

markedly elevated serum tryptase level. 

The results of the present investigative study clearly show that oxidative stress 

induced mast cells in all treated groups. Previous studies have demonstrated that 

activation of the intracellular oxidative burst was an important regulatory mechanism 

of mast cell responses (Suzuki et al., 2009) (Suzuki et al., 2003). 

5.15 Transmission electron microscopy studies of Liver 

It is reported that following internalization, SPION generally accumulate in 

lysosomes where the iron oxide core is broken down to iron ions through low pH 

exposure and these ions are incorporated into the hemoglobin pool (Weissleder et al., 

1995). Intracellular dextranase further assist with the degradation process by 

cleaving the dextran moiety. 

SPIONS uptake depends on the surface aspects of materials, which may be 

described according to their chemistry, hydrophilic/hydrophobic characteristics, or 

surface energy (Nel et al., 2006) (Lunov et al., 2011). These surface characteristics 

determine how the nanoparticles adsorb to the cell surface and more particularly, 

determine the cell behavior on contact. In SPIONS group, because of large surface 

area to volume ratio, the magnetic nanoparticles tend to agglomerate and adsorb 

plasma proteins (Nel et al., 2009). The variation of the protein corona composition 

can define the amount and fate of particles inside the cells, which strongly affect the 

toxicity behavior of particles (Mahmoudi et al., 2011b). The body's reticulo 

endothelial system (RES), mainly the Kupffer cells in the liver, usually takes up 
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these nanoparticles due to the hydrophobic surface. The low toxicity of nanoparticles 

coated with PEG may be attributed to the fact that PEG is hydrophilic, and it protects 

surfaces from interacting with cells or proteins. It has been demonstrated that PEG-

modified nanoparticles can interact with cell membranes, resulting in enhanced 

cellular response, as these coatings on the nanoparticles are biocompatible, non-

immunogenic, and non-antigenic (Liu et al., 2011) (Soenen et al., 2011). The initial 

biodistribution of SPIONS into the cells of the RES is dependent upon the half-life 

in the blood, the coating material and the size of the SPIONS administered (Chouly 

et al., 1996). Generally, SPIONS that exhibit long blood half-lives will have limited 

distribution into the sinusoidal cells of the liver (comprising mainly endothelial and 

Kupffer cells) with significant uptake into the RES cells of other organs such as the 

spleen, lymph nodes and bone marrow (Réty et al., 2000). However, sinusoidal liver 

cells will take up the majority (>70%) of the injected dose of particulate materials 

exhibiting relatively short blood half-lives (Briley-Saebo et al., 2004). SPIONS with 

smaller particle diameters are known to circulate for longer duration than particles 

with larger diameters. The coating material used to stabilise the particles may 

influence both the pharmacokinetics and biodistribution of the particles into liver 

cells (Weissleder et al., 1995) (Varma HK, 2014) (Weissleder et al., 1989). 

Ferumoxtran-10 an ultra small superparamagnetic iron oxide nanoparticle was taken 

up by macrophages, mostly in liver, spleen, and lymph nodes, within 24 hours after 

bolus injection and underwent progressive metabolism (Bourrinet et al., 2006). 
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5.16 Gene expression studies 

Gene expression studies of few iron handling genes were studied, namely 

transferrin and ceruloplasmin and the cytoprotective genes HO-1 and HSP70 in liver 

which is the major organ involved in the metabolism of SPIONS. These genes are 

also associated with oxidative stress. 

The major means of metal detoxification in cells is induction of antioxidant 

proteins, metal transporters, and metallothionein. Heavy metals activate the nuclear 

factor erythroid-derived 2-like 2 (Nrf2) and induce the expression of phase II 

antioxidant genes, including NADPH-quinone oxidoreductase, glutathione S-

transferase Ya subunit, haemeoxygenase 1, and both subunits (catalytic and 

modifying) of glutamate cysteine ligase (GCL) an essential enzyme involved in the 

synthesis of GSH (Leonard et al., 2004). 

In addition to in vitro and in vivo studies, gene-expression analysis is an 

important factor in molecular studies, with real-time reverse transcription (RT) 

polymerase chain reaction (PCR) becoming the method of choice for high 

throughput and accurate expression profiling of selected genes under single 

experiment conditions. Quantitative real-time RT PCR analysis provides substantial 

microarray like information on nanotoxicity-related changes in a host of gene 

expressions, which can be assayed simultaneously with high sensitivity and 

specificity, offering multiple gene expression profiling. 

5.16.1 Haemoxygenase -1 

The inducible isoform of haemoxygenase (HO-1) has been proposed as an 

effective system to counteract oxidant-induced cell injury. The cytoprotective effect 
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has been attributed to increased generation of the antioxidant bilirubin during haem 

degradation by HO-1. The results in the present study has shown that the HO-1 gene 

expression was upregulated 4 folds and 3 folds in DEX-SPIONS and PEG-SPIONS 

group respectively in liver tissue, oxidative stress was observed and more noticeably 

bilirubin content also was increased in those treated groups. 

 Clark et al, (2000) have reported that after stimulation of vascular smooth-

muscle cells with hemin which is a prooxidant and potent inducer of the HO-1 gene, 

it was found that hemin-mediated increase in HO-1 protein expression and 

haemoxygenase activity was associated with increased bilirubin levels. The majority 

of bilirubin production occurred early after exposure of cells to hemin. It was also 

observed that this protective effect was manifested only when cells were actively 

producing bilirubin as a consequence of increased haem availability and utilization 

by HO-1. 

In another study when PEG-35 was used as a rinse solution, reducion in 

hepatic injury and improvement in liver function were noted after reperfusion. The 

PEG-35 rinse solution prevented oxidative stress, mitochondrial damage and liver 

autophagy. Further, it increased the expression of cytoprotective heat shock proteins 

such as HO-1 and HSP70, activated AMPK, and contributed to the restoration of 

cytoskeleton integrity after ischemic reperfusion injury in Sprague dawley rat 

(Zaouali et al., 2014). This correlated with expression of HO-1 and HSP70 in liver 

tissue of PEG-SPIONS group in the present study. 

HO-1 can be induced by a variety of seemingly disparate stimuli, most of 

which are linked by their ability to provoke oxidative stress. Although constitutive 
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expression of HO-1 in the liver is restricted to Kupffer cells, the gene is inducible in 

nonparenchymal as well as in parenchymal liver cells. HO-1 induction potentially 

confers protection against oxidative stress in a variety of experimental models, such 

as liver ischemia/reperfusion secondary to transplantation or 

hemorrhage/resuscitation. Induction of HO-1 may protect the cell against oxidative 

injury by (a) controlling intracellular levels of "free" heme (a prooxidant), (b) 

producing biliverdin (an antioxidant), (c) improving nutritive perfusion via CO 

release, and (d) fostering the synthesis of the Fe-binding protein ferritin. Although 

protective effects of up-regulation of the HO pathway presumably through 

production of bile pigments and CO-have been reported for a variety of cells and 

tissues, including the liver, evidence suggests that the protective action might be 

restricted to a rather narrow threshold of over expression.  

5.16.2 Heat shock protein -70 

In liver, HSP-70 gene was upregulated in DEX-SPIONS group when 

compared to control group which could be due to oxidative stress induced by the 

excessive load of transitional metal ions. In PEG-SPIONS group, the up regulation 

of HSP-70 was very minimal. 

In response to many metabolic disturbances and injuries, the cell mounts a 

stress response with induction of a variety of proteins, most notably the 70 kDa heat 

shock protein (HSP-70). Heat shock proteins (HSPs) are induced by stressful stimuli 

and are thought to assist in the maintenance of cellular integrity and viability. HSPs 

consist of both stress-inducible and constitutive family members, as well as members 
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that are associated with specific organelles. Constitutively synthesised HSPs perform 

housekeeping functions. 

They function as molecular chaperones by helping nascent polypeptides 

assume their proper conformation by binding to nascent proteins via their C-terminal 

domain. HSPs are also involved in antigen presentation, steroid receptor function, 

intracellular trafficking, nuclear receptor binding and apoptosis (Sharp et al., 1999). 

However, many HSPs are up regulated by stress which in the present study is 

the oxidative stress caused by the coated SPIONS. The up regulation of HSP-70 may 

prevent protein unfolding or aggregation and enhance cell survival in the present 

study. 

5.16.3 Transferrin  

Iron is an essential metal for almost all living organisms due to its involvement 

in a large number of iron-containing enzymes and proteins. Cellular iron homeostasis 

involving the iron regulatory proteins IRP1 and IRP2 and their interactions with the 

iron regulatory elements, affecting either mRNA translation (ferritin and erythroid 

cell δ-aminolaevulinate synthase) or mRNA stability (transferrin receptor) are 

important. If iron were free within the cell, the element can catalyze the conversion 

of hydrogen peroxide into free radicals that cause damage to cellular structures. To 

prevent that kind of damage, living organisms bind iron atoms to different proteins 

such as heme, ferritin, and transferrin that allow use of the benefits of iron (Walker 

et al., 2001) (Wallander et al., 2006). In liver, the high levels of cytoprotective 

enzymes and low antioxidants, indicates that to observe toxic effects substantial 
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levels of iron loading are required. In reticuloendothelial cells, such as macrophages, 

relatively small increases in cellular iron (2–3 fold) could affect cellular signalling. 

In the present study, the results have shown that the upregulation of transferrin 

gene expression along with cytoprotective genes like HSP-70 and HO-1 could be due 

oxidative stress in the cells caused by the coated iron oxide nanoparticle degradation. 

Soenen et al, (2010a) reported that the citrate-coated particles induced the highest 

level of ROS and the greatest increase in transferrin receptor 1 up regulation and 

interfered cell functionality intensely. 

5.16.4 Ceruloplasmin 

Ceruloplasmin is a ferroxidase that oxidizes toxic ferrous iron to its nontoxic 

ferric form. Studies in a ceruloplasmin gene-deficient (Cp −/−) mouse has shown 

increased iron deposition in several regions of the CNS such as the cerebellum and 

brainstem. Increased lipid peroxidation was also seen in some CNS regions. 

Cerebellar cells from neonatal Cp −/− mice were also more susceptible to oxidative 

stress. The authors reported that ceruloplasmin plays an important role in 

maintaining iron homeostasis in the CNS and in protecting the CNS from iron-

mediated free radical injury (Patel et al., 2002). In the present study, the elevated 

level of expression of ceruloplasmin in DEX-SPIONS and PEG-SPIONS group 

could have important implications in protecting cells from iron induced toxicity. 

5.17 ICP-OES Elemental analysis 

Fe, Cu, Zn, Mg, and Mn elemental distribution in liver, spleen and kidney were 

found to be disturbed in treated groups. 
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In mammals and man, a trace element is defined as one that makes up less than 

0.01% of the body’s mass. Together, the 50 or more trace elements found in the 

body, both normal and abnormal, make up less than 0.2% of the total weight of the 

body. Iron, fluorine, and zinc, the most abundant trace elements, comprise 0.006%, 

0.0037%, and 0.0033% of the body, respectively. By comparison, the least abundant 

bulk elements, magnesium and silicon, make up 0.027% and 0.026%, respectively, 

of the body. There are two general classes of abnormalities associated with trace 

elements: specific deficiency-from dietary inadequacies, imbalances, or secondary to 

other diseases and accumulation of innately toxic trace elements from the 

environment, which can either displace essential elements from their metabolically 

active sites and cause conditional deficiency, or act directly as cellular toxins. 

Manganese is essential for glucose and lipid metabolism, oxidative 

phosphorylation and a number of other basic biochemical processes and it is 

essential that human beings have adequate amounts. 

Both kinds of abnormalities can be diagnosed by analyses of trace elements in 

plasma or serum, red blood cells, and urine. Furthermore, secondary changes occur 

as a result of systemic disease; they are not yet under stood. 

SPIONS accumulation / distribution should be studied to understand the 

cellular toxicity concerns. So, the present study evaluated the distribution of iron in 

liver, kidney and spleen. Simultaneously, the study checked the alterations in some 

of the divalent metal cations also in those organs. 

The effects of trace element are heavily dependent on one another. Thus, high 

intakes of zinc, cadmium or copper interfere with the utilization and tissue storage of 
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iron. Low concentrations of dietary iron enhance the absorption of not only dietary 

iron, but also of lead, zinc, cadmium cobalt and manganese (Tapiero et al., 2003). 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is one of 

the most commonly used techniques for elemental ion quantification. However, it 

must be pointed out that this technique determines total tissue iron. In addition to the 

exogenous iron, animal tissues are also rich in endogenous iron in the form of iron-

containing proteins (e.g., hemoglobin, transferrin, and ferritin). In experimental 

condition the control tissues which did not receive any SPIONS may be considered 

to be base line values. 

A study by Cortese-Krott et al, (2009) showed that human skin fibroblasts 

treated with concentrations of AgNO3 induced oxidative stress. Furthermore Ag+ 

induced a transient intracellular zinc release and increased the mRNA and protein 

expression of the zinc-binding protein metallothionein by activating the metal-

responsive transcription factor 1and affecting intracellular zinc homeostasis in the 

fibroblasts. 
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6 SUMMARY  

6.1 Summary 

Nanoparticles have the potential to be used in different biological and medical 

applications as tools for noninvasive imaging, drug delivery and recently as 

theranostic agents. Properties present only at nanoscale level, like the switchable 

magnetic properties of superparamagnetic iron oxide (SPIONS) nanoparticles, make 

these materials unique and useful for applications in biomedical field of MRI 

imaging, magnetic hyperthermia and drug delivery. In order to prevent the 

agglomeration, to improve the biocompatibility and to increase functionalisation, the 

surfaces of the SPIONS are modified with inorganic materials and organic materials 

including polysaccharides and polymers. Many studies have demonstrated that 

though SPIONS have various applications, they also have the potential to cause 

adverse effects to the system.  

The present study was carried out in three phases with the objective to 

understand the adverse events caused by different surface modification of SPIONS at 

cellular and molecular level. In phase I, SPIONS nanoparticle was synthesised by 

chemical co-precipitation method and average particle diameter was 10.3 nm. The 

surfaces were modified with Dextran (DEX-SPIONS) and Polyethyleneglycol (PEG-

SPIONS). The hydrodynamic diameter of SPIONS, DEX-SPIONS and PEG-

SPIONS were 45, 89 and 67 nm respectively and zeta potentials were -11.00, + 7.67, 

+ 6.07 mV respectively. XRD results have shown that the synthesised particles were 

magneteite and FT-IR indicated the presence of characteristic peaks for Dextran and 
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PEG specific molecules over the surface of SPIONS. VSM results have 

demonstrated the superparamagnetic property of synthesised particles.  

In phase II, the nanoparticles were tested for cytocompatibility and 

haemocompatibility. The cytotoxicity results have shown that the synthesised 

SPIONS, DEX-SPIONS, PEG SPIONs were non cytotoxic to L929 and RAW 264.7 

cells after 24 h exposure. In vitro cytocompatibility with fibroblasts and RAW 264.7 

cells showed more favourable cell proliferation and metabolic activity in coated 

particles than uncoated ones. SPIONS nanoparticle affected the metabolic activity in 

concentration dependent manner when they were added in the concentration range of 

50-12.25µg to the cells. It was observed that the cell proliferation/viability decreased 

when the concentration of SPIONS increased. 

Live and dead assay also indicated that more than 95% cell viability in coated 

as well as uncoated nanoparticle groups but substantial increase in viability was 

observed in coated group compared to uncoated group. Haemocompatibility results 

have shown that the haematological parameters and hemolysis % of SPIONS, DEX-

SPIONS and PEG-SPIONS were well within the acceptable limit. 

The confocal Raman microscopic studies demonstrated the uptake of 

nanoparticles by L929 fibroblast cells and RAW 264.7 macrophages. The 

nanoparticles were mostly distributed in the cytoplasm.  

Oxidative stress results in HepG2 cells showed significant increase in lipid 

peroxides level in cell lysates of SPIONS treated cells when compared with control. 

The level of reduced glutathione, superoxide dismutase and nitrite level in cell 
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lysates of SPIONS, DEX-SPIONS and PEG-SPIONS treated cells were decreased 

significantly when compared to control. 

Intravenous administration of the SPIONS, DEX-SPIONS and PEG-SPIONs 

in rats in phase III of the study did not result in any adverse signs and symptoms. 

The results of haematological and biochemical parameters shows that in 

haematology, the mixed cell populations of treated groups were significantly 

increased when compared to control values which, could be expected from an acute 

immune response to foreign materials, here SPIONs. The biochemical parameters, 

namely SGOT level was significantly increased in DEX-SPIONS group, GGT level 

was significantly increased in SPIONS group when compared to control group. 

Bilirubin content was detected in the serum of treated groups and found to be within 

the normal range for this species but in the control group it is below the detectable 

limit. 

Oxidative stress results showed significant increase in lipid peroxides level in 

liver, lung and heart tissue homogenates of SPIONS treated animals when compared 

to control groups. The level of reduced glutathione in liver, lung, spleen and kidney 

tissue homogenates of SPIONS, DEX-SPIONS and PEG-SPIONS treated animals 

were decreased significantly except lung of DEX-SPIONS when compared to control 

group. The level of SOD in liver, lung, spleen, kidney and heart tissue homogenates 

of SPIONS, DEX-SPIONS and PEG-SPIONS treated animals were decreased but 

not statistically significant when compared to control group. The level of nitrite in 

liver, lung, spleen, kidneys and heart tissue homogenates of SPIONS, DEX-SPIONS 
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and PEG-SPIONS treated animals were decreased significantly except kidney of 

PEG-SPIONS when compared to control group. 

Liver architecture was normal in all groups. In SPIONS group, hepatocytes 

with discreet nucleus, moderate granular cytoplasmic degeneration and multi focal 

intra hepatocyte cholestasis were found compared to control group. In DEX-SPIONS 

group, few polymorphonuclear cells and moderate proliferation of Kuppfer cells 

with brown-yellow cytoplasmic pigments were seen in the sinusoidal space. 

Hepatocytes with discrete nucleus and eosinophilic dark granular cytoplasm were 

observed. In PEG-SPIONS group, very few Kuppfer cells with occasional brown-

yellow cytoplasmic pigments were seen in the sinusoidal space and hepatocytes with 

discrete nucleus and granular cytoplasm was observed. Iron deposits in the 

cytoplasm of Kupffer cells were observed in the SPIONS, DEX-SPIONS group and 

iron deposits were also seen in sinusoids and cytoplasm of hepatocytes in PEG-

SPIONS group. Mast cells were observed more in DEX-SPIONS but not statistically 

significant and also in SPIONS and PEG-SPIONS group compared to control group. 

Mast Cells were mostly distributed in the periportal region in all groups.  

The histological micrographs of kidneys show normal architecture. In SPIONS 

group, glomeruli appeared normal in the cortex region. Protein casts were observed 

in the collecting tubular lumen. Tubular epithelial cells with enlarged nuclei, 

formation of prominent nucleoli and marked granular cytoplasm were observed. In 

DEX-SPIONS group, focal tubular degeneration was seen with the tubular 

epithelium showing moderate granular cytoplasmic degeneration. In PEG-SPIONS 

group, glomeruli architecture was normal; Protein casts were noted in the convoluted 
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tubular lumen.  Iron deposits in the cytoplasm of convoluted tubule cells were 

observed in the SPIONS group, DEX-SPIONS group and PEG SPIONS group. 

These deposits were also seen in the glomerular region in PEG-SPIONS group. Mast 

cells were absent in the cortex region in all three groups and control group. They 

were mostly distributed in the hilus and medulla region in all groups.   

Pulmonary architecture was preserved in all groups. In SPIONS group, 

infiltration of macrophages in the alveolar septa was seen. In DEX-SPIONS group, 

infiltration of macrophages in the alveolar septa and peribronchial region was seen. 

In PEG-SPIONS group, mild peribronchial infiltration of macrophages was noted. 

Iron deposits in the cytoplasm of macrophage cells were observed in the SPIONS 

group in the alveolar region, macrophages of peribronchial region in DEX-SPIONS 

group and perivascular region in PEG-SPIONS group. Mast cells were observed 

significantly more in DEX-SPIONS group and in SPIONS, PEG-SPIONS group it 

was more but not statistically significant compared to control group. Mast Cells were 

mostly distributed in the peribronchial and alveolar region in DEX-SPIONS group 

and in the ventral border of alveolar region in PEG-SPIONS and SPIONS group.  

Spleenic architecture was normal in all groups. In SPIONS and DEX-SPIONS 

group, brown siderotic pigments were seen in the macrophages in the spleenic red 

pulp. In PEG-SPIONS group, there was relatively increased number of macrophages 

were observed in the spleenic red pulp area. Iron deposits were observed in the 

cytoplasm of macrophage cells in the red pulp region in the SPIONS group, DEX-

SPIONS group and PEG-SPIONS group with more intensity in the later group. Mast 
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cells were absent in DEX-SPIONS and SPIONS group and were scant in PEG-

SPIONS group as compared to control group.  

Histological sections of heart show normal architecture. There were no 

changes in striations and no nuclear changes. Iron deposits in the perivascular region 

were observed in the SPIONS group, DEX-SPIONS group and PEG-SPIONS group. 

Mast Cells were mostly distributed in the peri vascular region in all groups and in 

addition in the sub endocardial region of SPIONS group. Mast cells were observed 

significantly more in PEG-SPIONS and followed by DEX- SPIONS group and 

SPIONS group compared to control group.  

The ultrastructural images of liver injected with DEX-SPIONS, PEG-SPIONS 

and SPIONS shown aggregates of iron particles in the cytoplasm of Kuppfer cells in 

SPIONS, DEX-SPIONS group.  Particles could not be identified in the cytoplasm of 

Kupffer cells in PEG-SPIONS group. The absence is correlates with few Kuppfer 

cells seen in H&E section.  

Gene expression studies revealed that transferrin and ceruloplasmin genes were 

up regulated in coated groups when compared to control group which could be due 

to iron over load. Similarly HSP-70 and HO-1 genes were also up regulated when 

compared to control group which could be due to oxidative stress induced by the 

excessive load of transitional metal ions.  

Elemental analysis showed that iron content was increased significantly in 

spleen of treated groups when compared to control. Copper content was significantly 

increased in SPIONs group alone when compared to control. Calcium level was 

significantly increased in kidney of PEG-SPIONS group and spleen of DEX-
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SPIONS group when compared to control group. Magnesium and Zinc level was 

significantly increased in spleen of DEX-SPIONS group. Manganese was 

significantly increased in liver and spleen of SPIONS, PEG-SPIONS and DEX-

SPIONS group and significantly decreased in kidney of SPIONS, DEX-SPIONS 

group when compared to control group. 

6.2 Conclusion  

In conclusion, results of this short term investigation into cellular effects of 

superparamagnetic iron oxide nanoparticles and surface modified nanoparticles show 

evidence of intracellular oxidative stress and iron accumulation. Though the SPIONS 

as well as Dextran and PEG coated nanoparticles are cytocompatible in vitro, twenty 

four hours posts intravenous administration in rats does give rise to adverse 

intracellular effects. This suggests that exposure of the cell mileu to SPIONS either 

as bare nanoparticles or surface modified nanoparticles, makes the cell more 

sensitive to oxidative stress. Degradation of the coatings wit release of SPIONS into 

the cytoplasm may have lead to the cytotoxic changes observed. The resultant iron 

overload, leads to induction of cytoprotective gene expression. This iron over load in 

major organs including liver and kidney also leads to altered elemental distribution 

in the body. Furthermore, the increased mast cells in these organs are important in 

reference to the coatings used for improving the biocompatibility of iron oxide 

nanoparticles.  

The present in depth investigative study of intracellular effects of one time 

administration of superparamagnetic nanoparticles, as used as contrast agents in MRI 

and theranostics, advocates caution.  
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6.3 Future direction 

Future, investigations should focus on elucidation of the long term effect of 

SPIONS on divalent metal cation homeostasis. There is a need to study gene 

expression associated to the iron transport and other divalent metal cation transport 

using specific knock out models. 
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Appendix 

Phase II reagents 

Dulbecco Modified Eagle’s Medium (DMEM) preparation 

Dissolved one vial containing powder DMEM in 50 ml FCS, added 50 ml 

water until complete dissolution using a magnet stirrer and sterilized by filtration 

through sterile Millipore filter (0.22 mm) 

Flouresceindiacetate (FDA) /Propidiumiodide (PI) staining working solution  

Component       Volume 

Culture medium without FCS     5 ml 

FDA (5 mg of FDA in 1 ml acetone)    8 μl 

PI (2 mg of PI in 1 ml PBS)     50 μl 

1X Phosphate buffer saline (pH-7.4) 

Dissolved the following in 800 ml distilled water  

 NaCl   – 8 g 

 KCl   – 0.2 g  

 Na2HPO4  – 1.44 g 

 KH2PO4  – 0.24 g 

Adjusted the pH to 7.4 using HCl. 

Made up the volume to 1000 ml with additional distilled water 

Sterilized by autoclaving. 
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Phase III reagents 

Neutral buffered formalin  

Disodium hydrogen phosphate anhydrous (6.5 g) (Merck, India), Sodium 

dihydrogen phosphate monohydrate (4 g) (Merck, India), 100 ml of formaldehyde 

37-41% (Merck, India) and 900 ml distilled water. The salts were dissolved by 

stirring, pH of the solution was adjusted to 7 and made up to one litre. 

Harris’s Haematoxylin 

Haematoxylin (Merck) was dissolved in absolute alcohol by stirring in a 

magnetic stirrer. Potasium alum (Merck) was dissolved in water by gentle heating 

with the help of an electric heater (Bajaj electricals, Pune). Haematoxylin solution 

was poured into the alum solution while it was hot and allowed to boil rapidly. This 

was stirred using a glass rod. Mercuric oxide and sodium iodate were slowly added 

to it. The reaction vessel was then plunged into a basin of cold water. Glacial acetic 

acid was added to the reagent and filtered. 

Eosin stain 

Eosin (water soluble) (Merck, India) was mixed with isopropyl alcohol in a 

ratio of 10:1000 (gm/ml) using a magnetic stirrer. 

Acid alcohol 

Seven hundred millilitres of isopropyl alcohol was made up to 1000 ml with 

distilled water. From this 10 ml was discarded and 10 ml of con. HCl (Merck, India) 

was added to it. 
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Scott’s tap water 

Potassium bicarbonate -  2 grams 

Magnesium sulphate  -  20 grams 

Distilled water   -  1 litre 

Potassium bicarbonate was dissolved in a little of water. Magnesium sulphate 

was dissolved in water in a separate beaker. Dissolved bicarbonate was poured into 

the magnesium sulphate solution and mixed well. The solution was then made up to 

one litre with water. 

Sorensen’s phosphate buffer  

Stock A  - 0.2 M Na2HPO4  

Stock B  - 0.2 M NaH2PO4 

Sorensen’s phosphate buffer (0.1 M) was prepared by mixing 40.5 ml of stock 

A and 9.5 ml of stock B.  

3% buffered gluteraldehyde 

The stock 8% gluteraldehyde (Polyscience, USA) was diluted to 3% using 

Sorensen’s phosphate buffer. 

Perl’s Prussian blue stain. 

5% Potassium Ferrocyanide: 

Potassium ferrocyanide(Merck) -25.0 gm 

Distilled water -500.0 ml 
 
5% Hydrochloric Acid: 

Hydrochloric acid, conc. -25.0 ml 

Distilled water - 475.0 ml 
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Working Solution: 

5% potassium ferrocyanide -25.0 ml 

5% hydrochloric acid -25.0 ml 

Neutral fast red stain 

Neutral fast red (sigma) - 1.0 g 

Distilled water - 100.0 ml 

Glacial acetic acid - 1.0 ml 

Cresyl violet stain 

0.5% Cresyl Echt Violet: 

Cresyl Echt Violet Acetate (Sigma)- 0.5 gm 

Distilled water - 100.0 ml 

Toluidine blue stain 

Toluidine blue stock solution: 

Toluidine blue O (Sigma) – 0.5g dissolved in 50 ml 70% Alcohol 

1% NaCl solution: 

 NaCl (Merck) – 0.5g in 50 ml distilled water 

Working solution 

 Toluidine blue stock 5 ml and 1% NaCl solution 45 ml (Make fresh) 


