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ABSTRACT 

This study presents the results of the characterization of functionalized magnetite 

nanoparticles for targeting breast cancer cells. In this study, spherical magnetite 

nanoparticles with core diameters between 5nm and 30 nm were chemically synthesized by 

the co-precipitation method from ferric and ferrous salts under inert conditions and ambient 

temperature. The sizes and shapes of the magnetite nanoparticles (MNPs) were determined 

by the Transmission Electron Microscopy (TEM). The sizes of the MNPs were within the 

range recommended for biomedical applications such as contrast enhancement in magnetic 

resonance imaging (MRI). The synthesized MNPs were conjugated to LHRH and EphA2, 

which are known targets of receptors that are overexpressed on the surfaces of breast 

tumors. They were then analyzed using Energy-dispersive X-ray spectroscopy (EDS), 

which indicated two large peaks for iron and oxygen as the main two-element composition 

in the synthesized nanoparticles. A Vibrating Sample Magnetometer (VSM) was then used 

to characterize the magnetic properties of synthesized nanoparticles. This revealed a very 

small saturation magnetization of 2.67 emu/g, compared to that of bulk iron oxide 

92emu/g. FTIR spectra of the LHRH- and EphA2-conjugated nanoparticles revealed strong 

broader peaks of 3356 cm
-1

 for the amine  (–NH2) and characteristic peaks for both LHRH 

and  EphA2. The amide (-C=O) peak at 1646 cm
-1

 revealed that EphA2 was properly 

conjugated to magnetite nanoparticles (MNPs). Analysis of the synthesized nanoparticles 

using UV-vis spectroscopy showed the broad peak for pure MNPs, and the peaks of both 

LHRH and EphA2 conjugated nanoparticles. These were found to be between 262nm and 

400nm, which is within the visible range of wavelengths for nanoparticles that are being 

developed for cancer detection and treatment. 

 

 

Key words: Magnetite nanoparticles (MNPs), iron (III) oxide, Energy dispersive 

spectroscopy (EDS), Fourier Transform Infrared Spectroscopy (FT-IR), Transmission 

Electron Microscopy (TEM), UV/VIS spectroscopy, Vibrating Sample Magnetometer 

(VSM).  
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CHAPTER ONE 

INTRODUCTION 

1.1 Introduction  

Cancer is a term used to describe a group of diseases in which abnormal cells develop and 

spread uncontrollably (Section & Epidemic, 2018). It is possible to die if the spread is not 

managed. Cancer kills one out of every six people on the planet, more than AIDS, 

tuberculosis, and malaria combined. It is now the second leading cause of death worldwide 

(after cardiovascular diseases) and in countries with a high or very high Human 

Development Index (HDI) (Section & Epidemic, 2018). According to the International 

Agency for Research on Cancer (IARC), 17.0 million new cancer cases were diagnosed 

worldwide in 2018. 

However, due to the rising prevalence of risk factors such as smoking, poor diet, physical 

inactivity, occupational exposures, environmental factors, and fewer pregnancies, the 

potential cancer burden would almost certainly be much higher. Lung, breast, and 

colorectal cancers, which are linked to these causes, are already on the rise in economically 

transitioning countries, and this trend will continue if preventive measures are not widely 

implemented (Section & Epidemic, 2018). 

“Breast cancer is a pathology that emerges from the breast tissue, especially the milk duct 

(ductal carcinoma representing 80% of the cases) as well as the lobules. Cancer emerging 

from the ductile region is known as ductal carcinoma while those emerging from the 

mammary lobules are known as lobular carcinomas (Medina et al., 2020)” 
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Breast cancer is the most frequently diagnosed cancer in women worldwide with more than 

2 million new cases diagnosed in 2018, accounting for 25% of all new cancer cases in 

women. (Section & Epidemic, 2018). Breast cancer is a prevalent condition in both 

developing and developed countries, and it is the second leading cause of death in Europe 

and the United States, after lung cancer (Medina et al., 2020). 

Triple-Negative Breast Cancer (TNBC) is so-called because it lacks estrogen receptors, 

progesterone receptors, and overexpression of the growth-promoting protein HER2. It 

makes up only 15 to 20 percent of all breast cancers and is characterized by shorter overall 

survival and an early peak of distant recurrences at 3 years after diagnosis. (Shekar et al., 

2020). TNBCs are difficult to diagnose and treat with traditional hormone therapy, such as 

aromatase inhibitors and tamoxifen, and some chemotherapy medications, such as 

Herceptin (trastuzumab), because some breast cancer diagnosis and treatment schemes 

target estrogen, progesterone, and HER2 receptors (Slamon et al., 2001); (Gelmon et al., 

2015); (Andersson et al., 2011). There is, therefore a need for novel approaches to the early 

detection and treatment of triple-negative breast cancer. The majority of deaths occur in the 

first 5 years following initial diagnosis. Late tumor recurrences are unusual with this breast 

cancer subtype and recurrences generally are not observed after 8 years (Collignon et al., 

2016). 

Nanotechnology is a widely used area for specific detection of cancer cells and target 

delivery of drugs for cancer treatment (Ganapathe et al., 2020). Nanoparticles from silver, 

gold, and magnetite have shown potential results in the diagnosis and treatment of diseases. 
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Magnetite nanoparticles are small synthetic or Fe3O4 (magnetite) particles with a core 

varying between 10 nm and 100 nm in diameter. These magnetite nanoparticles are coated 

with certain biocompatible polymers, such as dextran or polyethylene glycol, which 

provide chemical handles for the conjugation of therapeutic agents and also enhance their 

blood distribution profile (Hoffmann et al., 2005). 

Magnetic nanoparticles (MNPs) have attracted considerable attention for various 

biomedical applications (Press, 2012);(Hoffmann et al., 2005); (Wahajuddin& Arora, 

2012);(Stephen et al., 2011) including nanocarriers for biochemical molecules or drug 

delivery, heat mediators in hyperthermia, and contrast-imaging agents in magnetic 

resonance imaging (MRI) and magnetic targeting. In these applications, MNPs of 

homogenous size and uniform shape is desired (Ganapathe et al., 2020). 

Superparamagnetic MNPs exhibit a zero average magnetization in the absence of an 

external magnetic field against agglomeration of MNPs caused by intermolecular 

interaction (Wahajuddin & Arora, 2012). 

Luteinizing hormone-releasing hormones (LHRH) and EphA2 receptor antibody which are 

over-expressed in cancer tumors are potential carriers of the nanoparticles and drug 

delivery agents. There are significant studies on the potential of Luteinizing hormone-

releasing hormone (LHRH) conjugated to magnetic nanoparticles (MNPs-LHRH) and 

EphA2 conjugated to magnetic nanoparticles (MNPs-EphA2) as a contrast agent in MRI 

imaging of cancer cells. 
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A study conducted by Obayemi et al (2016) shows that biosynthesized magnetic 

nanoparticles have high adhesion force to both breast cancer cells and normal breast cells 

than chemically synthesized magnetic nanoparticles. Furthermore, the study showed that 

adhesion of LHRH-conjugated BMNPs or BSA-conjugated BMNPs to cancer cells is 

shown to be 6 times greater than that of normal breast cells. This value suggests that 

LHRH-conjugated BMNPs have the potential for the specific targeting of breast cancer 

cells/tissue. (John D. Obayemi et al., 2017). 

The increase in adhesion forces between luteinizing hormone-releasing hormone, LHRH- 

or EphA2, a breast specific antibody(BSA)-conjugated BMNPs to breast cancer cells is 

attributed to van der Waals interactions between the peptides/antibodies from the 

conjugated nanoparticles and the over-expressed receptors (revealed using 

immunofluorescence staining) on the surfaces of the breast cancer (John D. Obayemi et al., 

2017). 

Other studies have shown the applicability of LHRH-MNPs contrast agents for the specific 

detection of cancer through targeted magnetic resonance imaging (MRI) (Jingjie Hu et al., 

2020). Zhou et al., 2006 conducted a study on In vivo distribution of magnetic 

nanoparticles conjugated with Luteinizing Hormone-Releasing Hormone in mice bearing 

breast cancer tumors were studied using TEM analysis. Results suggest that LHRH 

conjugated magnetic nanoparticles target both primary breast cancer cells and their 

resulting metastases in other organs (lung in this study). Furthermore, the accumulation of 

individual nanoparticles in the nucleus of liver cells suggests that LHRH-MNPs are 

potential carriers for delivering drugs or DNA to liver cells with diseases. 
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The study on synthesis and characterization of monodispersed water-dispersible Fe3O4 

nanoparticles and in vitro studies on human breast carcinoma cell lines under hyperthermia 

conditions suggests that the water-dispersible Fe3O4 MNPs will be a potential candidate 

material for application in magnetic-based hyperthermia therapy (Sharma et al., 2018).  

Thus, this study explores the chemical synthesis and characterization of functionalized 

magnetite nanoparticles for the targeting of breast cancer cells and tissues. The results from 

this study will form a basis for comparison of the characterization of nanoparticles and 

conjugated nanoparticles using both distilled water (pH=5.8) and phosphate-buffered 

saline, PBS (pH=7.2) solvents. 

1.2 Objectives 

1.2.1 General Objectives 

The general objective of this study was chemical synthesis and characterization of 

functionalized LHRH and EphA2 conjugated MNPS for specific targeting of breast cancer 

cells and tissues. 

1.2.2 Specific Objectives 

The specific objectives of this study include: 

i. The chemical synthesis of magnetic nanoparticles (MNPs) by co-precipitation 

method 

ii. The PEGylation (functionalization) of chemically synthesized Magnetic 

nanoparticles 

iii. LHRH and EphA2 Conjugation to MNPS for specific detection of breast cancer 

cells.  
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1.3 Scope of Work  

The study will focus on the chemical synthesis and characterization of functionalized 

magnetic nanoparticles for specific targeting of breast cancer cells and tissues. In this 

study, magnetic nanoparticles were chemically synthesized by the co-precipitation method 

and functionalized by coating to polyethylene glycol (PEG). The synthesized nanoparticles 

are conjugated to LHRH and EphA2 over expressed receptors. 

Other researchers have studied the interaction force between the LHRH conjugated to 

Biosynthesized magnetic nanoparticles (BMNPS).  However, there have been no prior 

study of the effects of water and Phosphate Buffered Saline (PBS) on the chemical 

synthesis and structure of functionalized magnetite nanoparticles. These will be explored in 

this study using particles that were produced by the co-precipitation method. 

1.4 Justification for the Study  

“Unlike other cancers which are hormone receptor or HER2 positive, TNBC has no 

targeted treatments, so patients must rely only on surgery, chemotherapy, and radiation, 

which are less effective than targeted treatments and can harm healthy tissue (Collignon et 

al., 2016)”.  Cancer deaths are expected to outnumber those caused by AIDS, tuberculosis, 

and malaria combined each year. The most difficult aspect of cancer is early detection 

before it spreads, as well as the side effects associated with current treatment options.  

A mammary tumor is the second leading cause of cancer death in women (Nazário et al., 

2015). Breast cancer has the potentials to spread out in the body and form metastases in 

almost any vital organs and lymphatic system. The micrometastases may develop even 

after the removal of the primary tumor (Anders & Carey, 2009).  
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It is, therefore, important to detect breast cancers in the early stage. It has been shown that 

biocompatible magnetic nanoparticles (MNPs) can be used to improve cancer diagnostics 

and treatment (Wahajuddin& Arora, 2012);(Hoffmann et al., 2005). These include 

magnetic drug targeting (Wahajuddin & Arora, 2012), hyperthermia (Wahajuddin & Arora, 

2012), magnetic field-assisted radionuclide therapy, and magnetic resonance imaging 

(MRI) contrast enhancement (Stephen et al., 2011). 

The spatial resolution of the approaches commonly used to diagnose cancer limits the early 

detection approach for breast cancer. Existing breast cancer screening techniques 

(mammograms, ultrasound, magnetic resonance imaging (MRI), and various forms of 

scans) are unsuccessful at detecting cancer in its early stages. Hence, the diagnosis is often 

too late for the current treatments to be efficacious (Gegechkori et al., 2017). Most patients 

that undergo the common bulk systemic cancer treatment, often experience excruciating 

pain, with significant short and long-term side effects (Gegechkori et al., 2017). These 

treatments are also associated with high costs. 

This, therefore, has stimulated the need for novel approaches for the detection and 

treatment of cancer cells before and after metastases. This stimulated our recent efforts in 

the development of functionalized magnetite nanoparticles for the early detection and 

treatment of cancer (Hampp et al., 2012). The biocompatible nanoparticles developed are 

functionalized with some molecular recognizing units (MRUs) (Meng et al., 2009); (Zhou 

et al., 2006).  
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When these functionalized nanoparticles are injected into the bloodstream, they can diffuse 

through the capillaries and pores, until they reach receptors on cancer cells that can bind 

specifically to MRUs (such as antibodies and peptides) that are attached to nanoparticles 

(Wahajuddin & Arora, 2012). 

Many studies have been done on LHRH-MNPS as a negative contrast agent using 

Magnetic Resonance Imaging (MRI) for specific detection of cancer cells. However, no 

significant work has been done on the Chemical synthesis and characterization of   MNPs 

conjugated to both LHRH and/or EphA2 for specific detection of breast cancer. This study 

will therefore determine the potential of chemical synthesis and characterization of both 

LHRH/EphA2 conjugated MNPs for targeting breast cancer cells. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction 

In this section cancer and breast cancer-related issues will be discussed. Methods on the 

detection and treatment of cancer will be included also. The review of underlying 

experimental methods will be presented in the last subsection. 

2.2 Global Review of Cancer  

Every year, an estimated 1 million new cases of breast cancer are discovered around the 

world. Around 170,000 of these have triple-negative breast cancer (Ismail-khan & Bui, 

2014). Basal-like breast cancer refers to the molecular phenotype of the tumor as described 

by cDNA microarrays, which accounts for around 75% of TNBC cases. 

TNBC is most common in premenopausal African American women; according to a recent 

study, TNBC affects 39% of all African American premenopausal women diagnosed with 

breast cancer (Ismail-khan & Bui, 2014). 

2.3 Background on Cancer  

Cancer survival is affected by factors such as the type of cancer that occurs, the stage at 

which they are diagnosed, the prevalence of screening/early detection services, and 

whether treatment is available. “Several different staging systems are used to classify 

cancer. If cancer cells are present only in the layers of cells where they developed the stage 

is in situ. If cancer cells have penetrated beyond the original layer of tissue, cancer has 

become invasive and is categorized as local, regional, or distant based on the extent of 

spread. (Advanced Breast Cancer : Diagnosis and Treatment, 2020)” 
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Breast cancer is the leading cause of cancer death among women around the world, with an 

estimated 626,700 women dying from the disease in 2018. By detecting and removing 

precancerous lesions, screening can help prevent colorectal and cervical cancers. Breast, 

colorectum, cervix, and lung cancers can all be detected early when treatment is more 

likely to be effective, and screening can help minimize mortality (among long-term current 

or former heavy smokers) (Section & Epidemic, 2018). 

A lump or mass in the breast is one of the most common signs and symptoms of breast 

cancer. Other signs include persistent changes to the breast, such as thickening, swelling, 

distortion, tenderness, skin irritation, redness, scaliness, and nipple abnormalities or 

spontaneous nipple discharge, as well as skin irritation, redness, scaliness, and nipple 

abnormalities or spontaneous nipple discharge. Breast cancer in its early stages normally 

has no symptoms and is diagnosed by mammography screening (Section & Epidemic, 

2018). 

The first step to cancer management and diagnosis includes a careful clinical and 

pathological assessment. Once a diagnosis is confirmed, cancer must be staged to 

determine treatment options and prognosis, and to apply the appropriate treatment 

protocols.(Advanced Breast Cancer : Diagnosis and Treatment, 2020).The primary 

modalities of cancer treatment are surgery, chemotherapy, radiotherapy, hormone therapy, 

immune therapy, and targeted therapy. The majority of cancer patients are diagnosed with 

advanced-stage disease (Nazário et al., 2015). 
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2.4   Methods for Detection and Treatment of Cancer 

TNBCs are biologically aggressive; although some reports suggest that they respond to 

chemotherapy better than other types of breast cancer, prognosis remains poor. This is due 

to two factors: shortened disease-free intervals in the adjuvant and neoadjuvant setting and 

a more aggressive clinical course in the metastatic setting (Ismail-khan & Bui, 2014). 

The most popular clinical imaging and detection modalities used for breast cancer detection 

are X-ray mammography, magnetic resonance imaging (MRI), and ultrasound scanning. 

Breast cancer is also diagnosed by microwave imaging (Aldhaeebi et al., 2020). 

Traditional breast cancer screening methods, such as X-ray mammography, magnetic 

resonance imaging, and ultrasound scanning, have drawbacks such as high costs, harmful 

radiation, and inconveniences to the patients (Aldhaeebi et al., 2020). The conventional 

treatments include surgery, radiation, chemotherapy, hormone therapy, immune therapy, 

and targeted therapy (drugs that specifically interfere with cancer cell growth) (Shekar et 

al., 2020). The conventional treatment of cancer can affect the body systems, such as blood 

circulation, lymphatic and immune systems, and the hormone system (Anders & Carey, 

2009). 

Mammography is the only USFDA approved exam to be used for screening breast cancer 

in women with no prior symptoms. Mammography, however, has recently been subjected 

to immense scrutiny because of comparatively high false negative and false positive tests 

that can prove to be. Furthermore, because of the ionizing radiation associated with X-rays, 

people who use mammography as a screening tool have a higher risk of developing cancer 

(Medina et al., 2020). 
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Another method of breast cancer detection is Ultrasound screening where sound waves are 

transmitted through a transducer, which sends pulses into the breast and detects echoes 

from inside the breast; these echoes are used to form ultrasound images. Ultrasound, on the 

other hand, is not suitable for breast imaging due to its low resolution and inability to 

differentiate between malignant and benign breast tumors (Medina et al., 2020). The 

microwave imaging (MI) method can detect small breast tumors since it is based on the 

electrical properties’ contrast between normal and tumor breast tissues (Aldhaeebi et al., 

2020). These problems include unreliable in vivo contrast estimation, measurement system 

uncertainties, and results that do not comply with other standard detection methods. 

With the development of the nanotechnology field and nanomaterials, several studies 

(Hernández-Hernández et al., 2020) suggested and explored the possibility of improving 

the available cancer detection methods (magnetic resonance imaging (MRI), magneto-

acoustic tomography (MAT), computed tomography (CT), and near-infrared (NIR) 

imaging)by integrating a biocompatible detection system with magnetic nanoparticle 

materials (Aldhaeebi et al., 2020). Magnetic nanoparticles (MNPs) have drawn a lot of 

interest for a variety of biomedical applications (Stephen et al., 2011), such as nanocarriers 

for biochemical molecules or drug delivery, heat mediators in hyperthermia, and contrast-

imaging agents in MRI and magnetic targeting. MNPs of uniform size and shape are 

favoured in these applications (Hoffmann et al., 2005). 

According to the Studies conducted by (Jingjie Hu et al., 2020); John Obayemi (2020) the 

ability of LHRH-MNPs as a negative contrast agent for the specific detection of TNBC has 

been demonstrated. In an experimental study, LHRH-MNPs appeared to darken breast 
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tumors 24 hours after injection for intravenous administration, although contrast 

enhancement was not apparent in animals injected with only MNPs. According to these 

results, the targeted LHRH-MNPs concentrated in various vital organs in non-tumor-

bearing mice, including the liver, spleen, and kidney. 

Another study conducted by (John D. Obayemi et al., 2017) shows that biosynthesized 

magnetic nanoparticles (BMNPS) has high adhesion force to both breast cancer cells and 

normal breast cells than chemically synthesized magnetic nanoparticles. Furthermore, the 

adhesion of LHRH-conjugated BMNPs or BSA-conjugated BMNPs to cancer cells is 6 

times greater than that of normal breast cells, according to the report. This significance 

indicates that LHRH-conjugated BMNPs could be used to target breast cancer cells and 

tissue specifically. Other studies have shown the applicability of LHRH-MNPs contrast 

agents for the specific detection of cancer through targeted magnetic resonance imaging 

(MRI) (Jingjie Hu et al., 2020). The results of the study showed that there was a significant 

increase of LHRH-MNPs uptake and retention in cancer cells than when compared with 

MNPs targeting only. 

2.5   Magnetite Nanoparticles Review 

The magnetite nanoparticles are used as contrast agents in MRI due to the combined 

advantages of their magnetic properties, biocompatibility, and applicability to in vivo 

studies (Revia & Zhang, 2016); (Bao et al., 2018); (Stephen et al., 2011).  

As magnetite nanoparticles are injected into the body, they produce an additional magnetic 

field (due to an external magnetic field, such as MRI) that attracts hydrogen protons in the 
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vicinity (Stephen and colleagues, 2011). Protons in the vicinity have a shorter relaxation 

time as a result of the combined magnetic moments (Revia& Zhang, 2016). 

Several methods are used for the synthesis of magnetite nanoparticles which include; co-

precipitation, thermal decomposition, hydrothermal and solvothermal synthesis. Other 

methods are microemulsion, ultrasound-assisted methods, microwave-assisted methods, 

and green synthesis (Hernández-Hernández et al., 2020). Due to the high yield of 

nanoparticles and the ease with which the co-precipitation process can be scaled up, it is 

one of the most commonly used methods in the synthesis of MNPs (Hernández-Hernández 

et al., 2020). 

Several experiments have examined the adhesion of LHRH-MNPs to breast cancer cells 

and normal breast cells. According to Hu et al., 2020, the adhesion measured between 

LHRH-MNPs and TNBC cells was significantly greater than the adhesion measured 

between unmodified MNPs and TNBC cells. 

The ability of LHRH-MNPs to bind to human TNBC cells has been discovered to be 

exceptional. Because of the enhanced adhesive interaction triggered by receptor-ligand 

specificity, LHRH-MNPs enter TNBC cells through receptor-mediated endocytosis. Unlike 

MNPs, LHRH conjugated MNPs are used as contrast agents in cancer cell detection and 

recognition. 

Other results on LHRH-MNPs as MRI contrast agent for breast cancer imaging found that 

LHRH-MNPs injected intratumorally retained T2 signals in breast tumors for two weeks, 

demonstrating long-term tumor enhancement potential, while MNPs signal began to 
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recover to the contrast of the original tumor before injection at 24 hours post-injection. 

LHRH-MNPs darkened breast tumors 24 hours after intravenous administration, while 

contrast enhancement was not apparent in MNP-injected specimens. These findings 

demonstrate the utility of LHRH-MNPs as negative contrast agents for the specific 

detection of TNBC (Jingjie Hu et al., 2020). 

Magnetite nanoparticles mainly reduce the T2 relaxation times of the tissues in which they 

accumulate and result in negative contrast (darkening) on T2 weighted images that are 

commonly used for the enhanced visualization and the identification of diseased tissues 

(Stephen et al., 2011). 

2.6 Review of Experimental Methods 

Obayemi et al successfully biosynthesized magnetite nanoparticles, which has resulted in 

the formation of the particle with clinical sizes between 10 nm and 60 nm. These 

biocompatible magnetic nanoparticles are produced in the presence of Magnetospirillum 

magneticum (MM) bacteria that respond to magnetic fields. The dependence of the 

synthesized nanoparticle structure, shape, and size on pH and time were characterized 

using a combination of transmission electron microscopy (TEM), environmental scanning 

electron microscopy (ESEM), UV-visible spectrophotometry (UV-Vis), and x-ray 

diffraction (XRD) (J D Obayemi et al., 2015). 

Carbodiimide reduction with luteinizing hormone-releasing hormone (LHRH), a ligand 

whose receptors are overexpressed in most breast cancer cells (Zhang et al., 2004), also 

functionalized the particles generated. Fourier transform infrared (FTIR) and quantitative 

image processing were used to analyze the resulting particles.  
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The findings indicate that these particles may be used for specific targeting and to enrich 

magnetic resonance imaging (MRI) images in cancer and arteriosclerosis early detection 

and localized treatment (Anuku et al., 2020). 

Enhanced cellular intake of LHRH-conjugated PEG-coated magnetite nanoparticles for 

selective targeting of triple-negative breast cancer cells was investigated in this study 

(Jingjie Hu et al., 2018). The PEG-coated MNPs had circular forms, with an average core 

diameter of about 30 nm, as shown by TEM images. The surface chemistry of the 

nanoparticles was investigated using Fourier Transform Infrared Spectroscopy (FTIR). 

MNPs, glutaraldehyde-activated MNPs, and LHRH-conjugated MNPs all had peaks that 

were similar to PEG-coated iron oxide in their FTIR spectra (Gupta & Wells, 2004); 

(Zhang & Zhang, 2005); (Zhang et al., 2002). 

Among them were the Fe-O bond at 590 cm
-1

 and the O-H group on the particle surface at 

3300 cm
-1

. Peaks at 1010, 1076, 1107, and 1153 cm
-1

 reflect the C-O-C and C-H bonds in 

PEG. The Fe3O4 core of the magnetite nanoparticles used in this analysis is coated with 

PEG. The MNPs' surfaces have functional amine groups that enable LHRH peptides to be 

conjugated to these PEG-coated MNPs (J Hu et al., 2018); (Jingjie Hu et al., 2020). 

A TEM analysis of functionalized magnetic nanoparticles targeting breast cancer cells 

revealed that TEM can be used to investigate the subcellular distribution of functionalized 

magnetic nanoparticles in mice with breast cancer (Zhou et al., 2006). The researchers 

discovered that dispersed LHRH-MNPs were found in tumor cells, as well as cells in the 

lungs and livers. 
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In kidney cells, no LHRH-MNPs were identified. Furthermore, LHRH-MNPs tend to 

aggregate and form clusters in tumor cells and cells in the lungs where metastases were 

developed. These suggest that MNPs functionalized using LHRH can be used to target both 

primary cancer cells and metastatic cells. 

In 2018, Hu et al investigated the adhesion of LHRH agonist-conjugated PEG-coated 

magnetite nanoparticles to breast cells using a combination of experimental and analytical 

methods. A mixture of atomic force microscopy and molecular dynamics simulations are 

used to assess the adhesive association of ligand-conjugated nanoparticles with cells in 

vitro (Jingjie Hu et al., 2018). LHRH-magnetic nanoparticles (MNPs) have a greater 

adhesion to breast cancer cells than normal breast cells, according to their findings (Anuku 

et al., 2020). Therefore, the presence of triptorelin/LHRH molecules leads to increased 

specificity during the targeting of breast cancer cells. This increase in specificity was 

attributed to the increased incidence of over-expressed LHRH receptors on the surfaces of 

breast cancer cells.  This study concludes that the work of adhesion between triptorelin-

MNP-coated AFM tips and breast cancer cells is 14 times more than the work of adhesion 

between triptorelin-MNP-coated AFM tips and normal breast cells (Anuku et al., 2020). 

Obayemi et al. (2017) discovered that the average adhesion forces between ligand-

conjugated BMNPs-LHRH coated-AFM tips and MDA-MB-231 triple-negative breast 

cancer (TNBC) cells are over six times greater than normal breast cells in their sample. The 

enhanced adhesion of LHRH-conjugated or EphA2- conjugated MNPs to TNBC cells was 

due to the increased occurrence of LHRH and EphA2 receptors on the surfaces of breast 

cancer cells, according to the researchers (Anuku et al., 2020). 
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CHAPTER THREE 

RESEARCH MATERIALS AND METHODS 

3.1 Introduction 

This chapter presents the materials and chemicals used, materials characterization methods, 

and experimental protocols that were used during the synthesis and conjugation of 

magnetite nanoparticles.  

3.2 Materials 

3.2.1 Equipment and Glassware 

Some of the important laboratory apparatus used includes; nitrogen gas cylinder, three 

necks round-bottomed flask, micropipette, beaker, syringe, test tubes, test tube rack, test 

tube holder, hot plate, vacuum oven, shaker, centrifuge machine, magnetic stirrer, magnetic 

bar, spatula. 

3.2.2 Chemicals and Reagents 

All solvents were dried before use. Ferric chloride (99%), oleic acid (90%), Ferrous 

chloride (99%), Sodium hydroxide (NaOH), distilled water, Luteinizing hormone-

releasing- hormone (LHRH), and Ephrine receptor A2 (EpHA2). Other reagents include 

MT-PEG, CT-PEG, N-hydroxysuccinimide (NHS), EDS, phosphate-buffered saline (PBS). 

NHS and EDS were purchased from Thermofisher, Waltham, MA, USA, while EphA2 and 

LHRH from Invitrogen and BACHEM, Torrence, CA, respectively. 
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3.3 Materials Characterization 

3.3.1 Ultraviolet-Visible Spectroscopy 

Ultraviolet-visible light spectroscopy more commonly referred to as UV-Vis spectroscopy 

is a technique used in analytical chemistry applications to characterize materials.  

Light sources are used either one or two, to emit light over the ultraviolet and visible light 

spectra (200-800nm) (Helms, 1983). The concentration of the analyte within the sample is 

calculated by the equation Beer-Lambert law. This gives: 

                                                                                           Equation 1: Beer Lambert Law 

Where I0 is the incident light, I is the transmitted light, ε is the molar extinction coefficient 

of the analyte and L is the path length which is the distance traveled by light through the 

cuvette(Helms, 1983). The UV-vis spectroscopy was used to study the optical property of 

both synthesized nanoparticles and    LHRH/ EphA2 conjugated nanoparticles.  

In this study, 3mg of nanoparticles were measured and 5mls of distilled water was added. 

The mixture solution was sonicated and characterized by UV-Vis spectroscopy using water 

(pH=5.8) and phosphate-buffered saline (pH=7.2 separately. The data were collected using 

Specord: 200Plus (Analytic Jena, Made in Germany). UV-vis spectroscope graph was 

plotted by using origin lab software package version 2019 (9.65) 

3.3.2 Fourier Transform Infrared Spectrometry 

Fourier Transform Infrared (FTIR) is a characterization technique with the ability to 

identify materials and determine the quality of a sample. This method identifies materials 

by the “fingerprints” of molecules as each FTIR spectrum is unique to the measured 

molecules. The Fourier transform is performed manipulating the data so that it can easily 
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be read and compared to other spectra for the determination of the compound functional 

group (Helms, 1983).  

The conjugation process was elucidated using Fourier Transform Infrared (FTIR) 

Spectroscopy. Spectra were acquired using Nicolet iS5 ID1 Transmission (Thermo 

Scientific, USA). FTIR spectra were plotted using Origin Lab software package version 

2019 b (9.65). 

3.3.3 Transmission Electron Microscopy (TEM) 

The size and morphology of Fe3O4 particles are investigated by Transmission Electron 

Microscopy (TEM). Transmission electron microscopy a technique that utilizes electrons 

as a light source to create extremely high-resolution images of samples. TEM uses a 

tungsten filament to send electrons through a vacuum column within the microscope to the 

sample (Helms, 1983). 

In this study 50 μl nanoparticles suspensions (MNPs, LHRH-MNPs, EphA2-MNPs) were 

separately placed onto Transmission Electron Microscopy (TEM) grids (Electron 

Microscopy Sciences, CF300-Cu, Hatfield, PA, USA) that were studied in Philips CM100 

TEM (Philips, Amsterdam, Netherlands). The core diameter of nanoparticles was 

determined by analyzing TEM micrographs with the Image J software package. 

3.3.4 Vibrating Sample Magnetometry 

The magnetic property of the synthesized nanoparticles was determined using a vibrating 

sample magnetometer (VSM), (Model 740 VSM, Lake Shore Cryotronics, Inc., 

Westerville, Ohio, USA). During VSM analysis, 0.5 mg of the samples were placed on a 

silicon wafer with a cross-sectional area of 5× 5 mm (J D Obayemi et al., 2015). 
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3.3.5 Energy Dispersive X-ray Spectroscopy (EDS): This was used to analyze the 

elemental composition of synthesized nanoparticles (Model Evo LS 10, Carl Zeiss, Berlin, 

Germany). 

3.4 Experimental Procedures 

3.4.1 Magnetite Nanoparticle Synthesis 

Synthesis of pure Fe302 nanoparticles was done by co-precipitation method of ferric and 

ferrous salts were reacted in the oxygen-free atmosphere at ambient temperature. 3mg of 

Fe203 and 3mg Fe302 were measured separately using analytical balance followed by the 

addition of 50 mls of distilled water in a beaker that contains Fe203 and Fe302.  

 

Figure 1: Synthesis of magnetite nanoparticles 

The mixture was made homogenous using a magnetic stirrer for 30 minutes.  The mixture 

solution was transferred into a three-necked round-bottomed flask and covered using a lid 

and left one hole to be connected to the N2 cylinder.0.1 ml oleic acid was added to prevent 

further oxidation of magnetite to hematite. While the three-neck round-bottomed flask on 
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the hot plate sodium hydroxide (NaOH) was added drop by drop using a pipette to form 

black precipitate (magnetite). The addition of Sodium hydroxide was stopped and stirred 

for at least 5 minutes under Nitrogen gas conditions.  The contents were allowed to cool for 

at least 20 minutes under room temperature. 

The resulting magnetite nanoparticles were washed using distilled water and ethanol 

several times until all the sodium salts were completely removed by testing the pH to 7. 

The nanoparticles formed were dried using a vacuum oven at 60
0
C for 1 day to obtain 

black nanoparticles. 

 

Figure 2: Magnetic separation of synthesized nanoparticles 

2FeCl3(s)   + FeCl2(s) + 8NH3 + 4H20    → Fe3O4(S)   +8NH4Cl 

Equation 2: Chemical equation for iron oxide synthesis 
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Ionically 

 Fe
3+

 + Fe
2+    →    

Fe304(S) 

Equation 3: Ionic equation for the iron oxide synthesis  

 

 

 

 

 

 

Figure 3: Synthesis of magnetite nanoparticles by co-precipitation 

3.5 Pegylation of MNPs Procedures 

Magnetic nanoparticles were coated with PEG-based on the following protocol. A known 

weight of magnetite nanoparticles was measured using balance followed by the addition of 

Phosphate-buffered solution (PBS). The mixture was sonicated for 30 minutes to allow 

homogenous mixing of the solution. The mixture solution was decanted to remove any 

particles that may settle at the bottom.  

The solution was divided into two portions in different test tubes each 2.5mls (solution A 

and B). PBS was added to the mixture solution to make each one up to 5mls. An equal 

volume of CT-PEG and MT-PEG was added to solution A. The contents were transferred 

and placed on the shaker and allowed to react for 2 hours. The solution was centrifuged at 
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the speed of 1500rpm for 5 minutes. The above contents were analyzed using UV-vis 

spectroscopy and FTIR spectroscopy. 

 

                Figure 4: MNPs Top Layer, PEG solution Bottom Layer 

3.6 Conjugation of Magnetic Nanoparticles (MNPs - EphA2) 

The conjugation of MNPS to the EphA2 receptor was done based on the following 

procedures. A known weight of NHS and EDC were weighted in analytical balance 

separately followed by dissolving in distilled water in each test tube. EDC was pipetted and 

added to the PEG-coated sample solution. The solution was then allowed to react for 1 hour 

using a shaker.115  L of NHS were pipetted into the above-reacted contents containing 

EDC and reacted for 15 minutes. A small volume EphA2 receptor was measured and added 

to 2mls of PBS. The solution was then allowed to react for four hours and characterized 

using UV-vis spectroscopy and FTIR spectroscopy. 
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Figure 5: Schematic pathway of EPHA2 conjugated to Nanoparticles 

3.7 Conjugation of LHRH-MNPS 

1mg of LHRH was measured using a micropipette and dissolved in 1ml of PBS solvent. 

The measured solution was added to the PEGylated solution. The solution was allowed to 

react for 4 hours. The sample solution was characterized using FTIR and UV-vis 

techniques. 

To make LHRH-MNPs, LHRH peptides were cross-linked to the surface of MNPs using 

glutaraldehyde cross-linking chemistry. The amine groups in LHRH peptides interacted 

with the remaining carbonyl groups in glutaraldehyde when they were incorporated into 

glutaraldehyde active MNPs. As a result, the carbonyl groups that were present in 

glutaraldehyde-activated MNPs vanished from the LHRH-MNPs' spectra, indicating that 

conjugation was efficient (Jingjie Hu et al., 2018).  

As compared to their neutral or negatively charged counterparts, positively charged 

nanoparticles are usually taken up to a greater extent under higher cell phagocytosis rates. 

 



26 
 

 

 

 

 

 

 

 

Figure 6: Schematic of LHRH conjugated nanoparticles 

 

Figure 7: Schematic of reaction pathway for the functionalization of MNPs with LHRH 



27 
 

3.8 Characterization of Magnetite Nanoparticles (MNPs) and Conjugated Magnetite 

Nanoparticles 

Pure MNPs, EphA2-MNPs, and LHRH-MNPs were characterized through several 

techniques, following established protocols.  

Nanoparticle size and morphology were analyzed using Transmission Electron microscopy 

(TEM). The MNPs were analyzed using UV-vis spectroscopy (Specord 200 Plus, 

Germany) to determine the absorption peak and wavelength. The conjugated MNPS to 

LHRH and EphA2 were further analyzed using Fourier Transform Infrared Spectroscopy 

(FTIR) (Thermo Scientific Nicolet iS5, Germany) to determine the chemical composition 

of the nanoparticles before and after conjugation. A vibrating–sample magnetometer 

(VSM) was used to measure the magnetic properties of MNPs (Hu et al., 2020). The 

elemental composition of synthesized nanoparticles was determined using Energy Dispersive 

X-ray spectroscopy (EDS). 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Introduction 

This chapter presents results findings after characterization of nanoparticles on the 

structure of pure MNPs and EphA2 or LHRH conjugated to nanoparticles. 

4.2 Nanoparticles Characterization 

4.2.1 Nanoparticles analysis (synthesis and structure) 

4.2.1.1 Energy Dispersive X-ray spectroscopy (EDS) 

 

 

 

 

 

 

 

Figure 8: EDS of synthesized magnetite nanoparticles 

EDS shows that synthesized nanoparticles rich in iron and oxygen elements observed in the 

dominant peak in Figure 8. Note that other minor elements shown by the short peaks are 

Carbon and Hydrogen due to coated oleic acid to the nanoparticles. 

0 
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4.2.1.2 Transmission Electron Microscopy (TEM) 

TEM micrographs of the nanoparticles are presented in Figure 11. These show that the 

Magnetite nanoparticles are spherical and have core diameters ranging from 5 to 30nm 

range. This shows the synthesized magnetite nanoparticles size is within the range suitable 

for biomedical application. The histogram in Figure 10 shows core diameter distribution 

with a large number of nanoparticles size from 10nm to 35nm. 

 

 

 

 

 

 

 

 

 

 

Figure 9: TEM Micrograph of Synthesized Magnetite Nanoparticles 

 

10  nm 
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Figure 10: Histogram core Diameter Distribution of Nanoparticles 

4.2.2 Magnetic Properties of MNPs  

A vibrating sample magnetometer was used to investigate the magnetic properties of 

synthesized magnetite nanoparticles (VSM). Figure 11 shows typical moment versus 

magnetic field (M-H) plots for MNPs, displaying hysteresis loops estimated at 300 K in an 

applied magnetic field of up to 1000 kOe. MNPs have a saturation magnetization value of 

2.67 emu/g. 

Both values are very small when compared to the 92 emu/g stated for bulk Fe3O4. The 

decrease in saturation magnetization may be due to the small size of the nanoparticles, 

which lowers the relative mass ratio of the magnetic component (Jingjie Hu et al., 2020).  
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The magnetization curve in Figure 11 also shows that the nanoparticles are 

superparamagnetic, that is, on the application of an external magnetic field, they become 

magnetized up to their saturation magnetization, and on the removal of the magnetic field, 

they no longer exhibit any residual magnetic interaction. The particles are very small in 

size as the magnetic property depends on the sizes of the particles. Since these 

nanoparticles are so small, they don't have several domains like large magnets do; instead, 

they form a single magnetic domain and behave like a "single super spin" with a high 

magnetic susceptibility (Hoffmann et al., 2005). 
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Figure 11: Hysteresis loop for vibrating sample magnetometer (VSM) of MNPs 

with applied field ranging   from -1000kOe to +1000kOe 
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4.3   Characterization of Conjugated Nanoparticles 

4.3.1 UV-vis spectroscopy 

The UV-Vis spectra when Phosphate-Buffered Saline (PBS) solvent is used presented in 

Figures 12 – 15. These show high intensity absorbance bands for both PEGylated MNPs 

and pure MNPs, while the EphA2-conjugated MNPs spectra exhibit low absorbance bands. 

The synthesized magnetite nanoparticles absorb a UV-visible spectrum in the wavelength 

of 380nm, as shown in Figure 12. A narrow absorption band was observed at 978nm. 

 

 

 

 

 

 

 

 

Figure 12: UV-Vis spectroscopy of (a) EPHA2 conjugated nanoparticles (b) PEG-

coated MNPs and (c) pure MNPs using phosphate Buffered Saline solvent 

When water is used as a solvent/ reference sample in Figures 13 and 14 EphA2 Conjugated 

magnetite nanoparticles (EphA2-MNPS) and LHRH-MNPs show low absorbance 

compared to PEGylated MNPs and pure MNPs. The broad absorption band is observed at 

wavelength 384nm for the PEG-coated MNPs spectrum. 
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Figure 13: UV-Vis spectroscope of (a) PEG-coated MNPs (b) pure magnetite 

nanoparticles and (c) EphA2 conjugated to MNPs using water solvent 

UV-Vis spectroscope analysis of PEG-coated nanoparticles reflects the broader peak at 

384nm, the wavelength of light absorption for magnetite nanoparticles. Figure 13 reveals 

the minor absorption peak at 972 nm showing conjugation to nanoparticles. A similar 

characteristic pattern is observed from 500nm to 1100nm for EphA2-MNPs and LHRH-

MNPs when water is used as a solvent. 

 

 

 

 

 

 

Figure 14: UV-Vis of (a) LHRH conjugated nanoparticles, (b) pure magnetite, and(c) 

PEG-coated magnetite using water as a solvent 
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In the case of the conjugation of nanoparticles using Phosphate-buffered saline (PBS) as a 

solvent, Figure 14 presents a low absorbance spectrum for Luteinizing Hormone Releasing-

Hormone below that of pure MNPs and PEG-coated MNPs. Also, there is a similar 

characteristic pattern for the three spectra from 450 nm to 1100 nm. Furthermore, the 

conjugation of EphA2 and LHRH to magnetite nanoparticles using water (pH 5.8) gives 

higher absorbance compared to that of Phosphate Buffered Saline (pH 7.2). This suggests 

that, at high pH, there is lower absorbance than at lower pH 

 

 

 

 

 

 

 

 

Figure 15: UV-Vis of (a) pure MNPs (b) LHRH conjugated magnetite nanoparticles 

and (c) PEG-coated magnetite nanoparticles using Phosphate Buffered 

Saline solvent 

4.3.2 Fourier Transform Infrared (FT-IR) Spectroscopy 

Fourier Transform Infrared (FTIR) spectroscopy was used to confirm the conjugation 

process. Figures 16, 17, and 18 present FTIR spectra for obtained for: (a) MNPs; (b) 

glutaraldehyde-activated MNPs; (c) LHRH-MNPs, and (d) EphA2-MNPs.  
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Figure 16: FTIR spectra of pure magnetite 

FTIR spectra analysis of MNPs presented Peaks in Figure 16 were observed at 3656cm
-1

, 

1700cm
-1

and 885cm,
-1

 which corresponds at an–O-H stretch, -C=O stretch, This suggests 

that the broad and medium peak 3656cm
-1

 is hydroxyl functional group found in magnetite 

nanoparticles coated with oleic acid. 

 

 

 

 

 

 

 

Figure 17: FTIR spectra of (a) EphA2 conjugated to magnetite nanoparticles and (b) 

PEG-coated magnetite nanoparticles using PBS solvent 
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From Figure 17 absorbance bands are observed at wavenumber 3356cm
-1

, 1646cm
-1

, 

1408cm
-1

 and 1014cm
-1

.  The medium and broad Peak 3356 cm
-1

 is a characteristic peak of 

N-H stretch for the amine group. Absorbance bands 1646cm
-1

, 1408, cm
-1

 and 1014cm
-1

 

corresponds to C=0, and C-F. The N-H functional groups depict the EphA2 receptor 

structure made up of amino acids. The amide (-C=O) peak at 1646 cm
-1

 shows that EphA2 

was properly conjugated to MNPs. 

 

 

 

 

 

 

 

 

Figure 18: FTIR spectra of (a) LHRH conjugated magnetite nanoparticles and (b) 

PEG-coated magnetite nanoparticles in PBS solvent 

FTIR spectra analysis of LHRH conjugated to MNPs in Figure 18 shows peak positions at 

3356cm
-1

, 1640cm
-1

, 1014cm
-1

, which corresponds at -N-H stretch, -C=0, and C-F stretch. 

The peak position at 3418 cm
-1

 is a characteristic peak for -0-H stretch for oleic acid used 

during synthesis to stabilize the nanoparticles to prevent oxidation of nanoparticles to 

hematite.   
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This suggests that the broad peak 3356 cm
-1

 is a characteristic absorption peak for the 

secondary amine (N-H) functional group that is found in the Luteinizing hormone 

Releasing hormone (LHRH). The 1640 nm is a characteristic peak of the amide group (-

C=0) showing conjugation of magnetite to LHRH has taken place.  

4.4 Discussion 

All nanoparticles used for biomedical and bioengineering applications must have a scale 

smaller than 100 nm, with an average narrow particle size distribution/monodispersed, and 

superparamagnetic properties (Provenzano et al., 2009);(Shinkai et al., 1999);(Obayemi et 

al., 2015), according to The Royal Society and The Royal Academy of Engineering (2004). 

Figures 10 show the TEM findings for CMNPs synthesized at pH 7.0. The nanoparticles 

were mostly spherical, varying in diameter from 5 to 30 nm. 

The Fourier Transform Infrared (FTIR) spectra of ligand conjugated biosynthesized iron 

oxide nanoparticles (BMNPs-LHRH) (in the transition mode) revealed a similar pattern 

with broad bands in the low-frequency field. The iron oxide skeleton is to blame for this 

(Zhou et al., 2006). The iron oxide spectra in other regions have weak bands. The spectra 

obtained between 4100 and 500 cm1 were found to be similar to magnetite (Fe3O4) (Gupta 

& Wells, 2004). FTIR spectral analysis of LHRH peptide bound magnetite nanoparticles 

also revealed the presence of characteristic bands of –NH2 (3400 and 2850 cm−1) and the 

signatures of LHRH (Obayemi et al., 2015). 

The saturation magnetization values of MNPs are 2.67 electromagnetic units per gram 

(emu.g
-1

), according to hysteresis loops measured at 300 K in an applied magnetic field of 

up to 1000 kOe.  This is a low value as compared to the 92 emu.g
-1

 recorded for bulk iron 
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oxide Fe3O4. The decrease in saturation magnetization is likely due to the nanoparticles' 

small size, which lowers the magnetic component's relative mass ratio. This demonstrates 

that the synthesized MNPs have superparamagnetic properties, which are desirable for 

several biomedical applications. 

Similar characteristics were observed in the magnetization curves that were obtained from 

the biologically synthesized magnetite nanoparticles with saturation magnetization of 2.5 

emu/g Fe compared to the bulk 90 emu/g (Obayemi et al., 2015). However, the saturation 

magnetization levels of the chemically synthesized magnetite were much greater than those 

of the biosynthesized magnetite.  Furthermore, when the applied magnetic fields were 

withdrawn, both chemically synthesized and biosynthesized magnetite nanoparticles 

showed negligible hysteresis in their magnetization curves, which decreased from 

saturation values to almost zero (negligible residual magnetization) (Obayemi et al., 2015). 

The UV-Vis results presented in Figures 12 -15 show that a broader absorption band was 

observed for wavelengths in the range between 250 nm and 440 nm.  Lower absorbance 

bands were observed in both EphA2-conjugated to MNPs and LHRH-conjugated MNPs. 

Unlike the biosynthesis of nanoparticles, the chemical synthesis method results in a high 

production yield of nanoparticles.  Also, the conditions for synthesis are simple and easy to 

scale-up. Such ease of scale up has facilitated the approval by the U.S. Food and Drug 

Administration (FDA) of this process as method for producing MRI contrast agents 

(Hernández-Hernández et al., 2020). 
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CHAPTER FIVE 

SUMMARY AND CONCLUSION 

5.1 Introduction 

This chapter provides a summary of the major findings obtained from this study. 

Recommendations for future work are also presented.   

5.2 Summary 

Iron Chloride was used for the chemical synthesis of magnetite nanoparticles with sizes 

between 5nm and 30nm. The reaction between ferric chloride and ferrous chloride was 

precipitated by the addition of Sodium Hydroxide (NaOH). The formation of magnetite 

nanoparticles was confirmed via EDS and VSM technique showing elemental composition 

and magnetic property, respectively. Two broad and sharp peaks were observed in EDS 

analysis composed of iron and oxygen, elements found in MNPs. 

UV–Visible spectroscopy was used to identify magnetite at a wavelength of ~384 nm. 

FTIR was also used to show that magnetite nanoparticles were successfully conjugated to 

LHRH and EpHA2. Subsequent TEM studies of the magnetite nanoparticles revealed that 

the particles were spherical shape, with sizes between 5 and 30 nm that are needed for 

applications in MRI contrast agents and nanoparticles for hyperthermic cancer treatment. 

VSM was used to study the magnetic properties of the MNPs. There was no diamagnetic 

contribution to the superparamagnetic behavior of the particles. They are particularly 

interesting because they lose their magnetism when a magnetic field is removed. They can 

also enable enhanced MRI imaging and potential applications in localized hyperthermia.  
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The FTIR results presented also confirm that the LHRH and EphA2 ligands are chemically 

bound to the magnetite nanoparticles through amines. The LHRH-conjugated magnetite 

nanoparticles may be suitable for potential applications in the detection and targeted 

treatment of breast cancer. 

5.3 Conclusions 

In this study, we synthesized spherical MNPs with sizes ranging between 5nm to 30nm 

through the co-precipitation method to improve cell biocompatibility. The PEG molecules 

were successfully coated on the surface of MNPs, as revealed by FTIR and UV-vis 

spectroscopy to prevent nanoparticle agglomeration. From the subsequent data acquired 

from TEM, VSM, UV-VIS Spectroscopy the MNPs were confirmed to be monodisperse 

and superparamagnetic. Taken together, we have synthesized and characterized MNPs and 

LHRH/EphA2 conjugated MNPs as a novel, superparamagnetic and biocompatible 

material that has a potential application as magnetic carriers for breast cancer detection or 

treatment. 

5.4 Recommendations for Future Work 

This study explores the synthesis and characterization of functionalized magnetite 

nanoparticles for targeting breast cancer cells. Experiments on functionalized magnetite 

nanoparticles to target breast cancer cells were not carried out because of time constraints, 

limited project funds, and the COVID-19 pandemic, which resulted in difficulties in 

accessing laboratory facilities. There are recommended for future work. 

The zeta potential technique should also be used to determine surface charges of 

nanoparticles, and hence determine the dispersion stability. In-vivo studies are needed to 
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study the effects of chemically synthesized nanoparticles with those of biosynthesized 

MNPs on MRI contrast and potential hyperthermic effects that can be induced by laser 

interactions or the controlled application of magnetic fields.  

There is a need to study the effects of magnetite nanoparticles with rod-shaped and non-

spherical morphologies.  Such shapes can change the MRI contrast, as well as the potential 

hyperthermic heating that can be achieved by the application of magnetic fields, as well as 

interactions with laser beams.   

There is the potential to find out how the size of MNPs and electrostatic potential depends 

on pH and ionic strength of the precipitating solution.  Further research is also needed to 

develop a basic understanding of how nucleation and growth processes (in biochemical 

environments) affect MNPs shape and size. Finally, there is a need for further research to 

study the potential toxicity effects associated with the nanoparticles that were presented in 

this study.   
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