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Abstract 

This dissertation shows the use of material science and engineering approaches in developing 

solutions to problems in the life science with focus in nano and micro-particles for the detection 

and treatment of cancer. It presents the results of experimental and theoretical studies of 

magnetite, gold nanoparticles and injectable multi-functional biodegradable polymer-loaded 

microparticles. Biocompatible magnetite nanoparticles (BMNPs) were produced from 

Magnetospirillum magneticum (M.M.) bacteria that respond to magnetic fields. The BMNP 

concentrations were characterized with UV-visible (UV-Vis) spectroscopy, while the 

nanoparticle shapes, sizes and polydispersity were elucidated via transmission electron 

microscopy (TEM) and dynamic light scattering (DLS), respectively. The structure of the 

particles was also studied using X-ray diffraction (XRD). Carbodiimide reduction was also used 

to functionalize the BMNPs with a molecular recognition unit (Luteinizing Hormone Releasing 

Hormone, LHRH). The resulting nanoparticles were examined using Fourier Transform Infrared 

(FTIR) spectroscopy and quantitative image analysis. Furthermore, the adhesion between 

BMNPs and chemically synthesized magnetite nanoparticle (CMNPs) were demonstrated and 

their potentials for specific targeting of breast cancer cells were explored in the treatment of 

cancer. Also, in-depth examination of molecular recognition units that attach specifically to 

receptors on breast cancer cells and anti-cancer drug to test the assorted targeting methods of 

the gold nanoparticles via atomic force microscopy (AFM) techniques were explored. Further 

study of the effects of adhesion between gold nanoparticles and surfaces that is relevant to the 

potential applications in cancer detection and treatment were presented. Finally, in the case of 

polymer-loaded microparticles, a biosynthesized cancer drug prodigiosin and paclitaxelTM that 

was tested as a control were encapsulated using a single emulsion solvent evaporation technique 

(SESET). The dependence of the particle size and morphology, and the in-vitro release of the 

cancer drugs with respect to their morphology were studied using a combination of scanning 

electron microscopy (SEM), differential scanning calorimetry (DSC), UV-visible 

spectrophotometry (UV-Vis) and Atomic Force Microscopy (AFM). The implications of the 

results are discussed for the development of nanoparticles and injectable microparticles for 

specific targeting and localized drug delivery in the treatment of breast cancer.  
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Chapter 1 

1.0 Introduction 

1.1 Background and Motivation 

Cancer is a major public health problem and was once considered an incurable disease, but today 

most patients diagnosed with early stage cancer will survive their illness. Cancer is currently the 

second leading cause of death after cardiovascular diseases [1,2], while breast cancer is the 

second most common cause of cancer death in women [2]. Current trends also suggest that 

cancer will become the leading cause of death by 2030 [1,2]. Cancer is projected to result in 

more deaths than deaths from AIDS, tuberculosis and malaria combined [3]. Even if the current 

trends in cancer should remain unchanged, the statistics suggest that two thirds of the entire 

global incidence of cancer should occur in low and middle income countries [4].  

 

In most cases, the major challenge is detection of cancer before metastasis [5,6] as well as the 

side effects associated with the treatment methods available [7]. In the absence of a cure, the real 

clinical challenge is early detection. However, the early detection of breast cancer is limited by 

the spatial resolution of the methods that are currently used to diagnose cancer. The current 

detection techniques in breast cancer (mammograms, ultrasound, magnetic resonance imaging 

(MRI) and different types of scan) are not yet considered effective for early stages in cancer 

diagnosis [8]. These types of diagnosis are often made too late to effectively administer the 

current treatments [9].  

 

In the case of cancer treatment, most patients who undergo the bulk systemic cancer treatment 
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(chemotherapy, surgery, radiation therapy, hormonal therapy etc.), often experience significant 

short and long term side effects [10]. Such treatment is also expensive and beyond the reach of 

most people in developing countries [7]. Furthermore, chemotherapy affects normal cells, while 

reducing the therapeutic index of the drugs [11]. Many of the existing cancer drugs also lack 

selectivity and specificity. Hence, incremental improvements in breast cancer therapy are 

unlikely to address the challenges associated with the cost and side effects of breast cancer 

treatment. However, in recent years, there has been increasing interest in the development of 

magnetic nanoparticles for the detection and treatment of cancer [12-14]. These include: MRI 

enrichment/contrast agents [13,14] and nanoclusters for the localized delivery of cancer drugs 

[11]. Microspheres are usually defined as small spherical particles, with diameters in the 

micrometer scale (1 μm - 1000 μm (1 mm)). The term microspheres are sometimes referred to as 

microparticles. Microparticles in a polymeric drug-loaded microparticles form have been used 

effectively in the treatment of prostate cancer [15], atherosclerosis [16] and breast cancer [17], 

by localized drug delivery. This is due to their uniqueness in the delivery of drugs within the 

therapeutic window [18,19,]. 

 

Nanotechnology and nanoscience have been employed as one of the most exciting fields and 

subjects that have provided a solution to the challenges associated with current methods of 

cancer diagnosis and treatment. Nanotechnology is the design, characterization, production and 

application of structures, devices and systems by controlling shape and size at nanometer scale. 

Nanoscience is the study of phenomena and manipulation of materials at atomic, molecular and 

macromolecular scales [20]. Nanoparticles are engineered particulate materials or structures 

whose sizes ranges from1 to 100 nanometers. The study of materials at a nanoscale has provided 
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solutions to some critical problems in the areas of energy generation [21,22], information storage 

[23], environmental remediation [24,25] and biological application [26] to mention but a few. In 

the recent years, there has been increasing interest in the development of nanoparticles for 

potential and emerging applications in medicine [27]. These include potential emerging 

applications in disease detection and treatment [28,29], biological labelling [30], biosensors [31] 

and drug delivery [32].  

 

In the case of magnetite nanoparticles (MNPs) with clinical sizes (1 to 80 nm), there have been 

significant efforts to develop these nanoparticles for application in cancer detection via magnetic 

resonance imaging (MRI) [33] and treatment by hyperthamia [34]. In MRI, the current spatial 

resolution of detection is of the order of a few millimeters [35]. Their potential has also been 

explored for use as contrast enhancement agent during MRI of tumour tissue [36] and localized 

hyperthamia [34] during cancer treatment. Magnetic nanoparticles have been reported to have 

the ability of binding to drugs, proteins, enzymes, antibodies, or nucleotides. They can also be 

directed to an organ, tissue, cells or tumors using an external magnetic field or be heated by 

alternating magnetic fields for use in hyperthermia [36-38].  

 

The success of any biomedical device depends on many factors including: material, size and 

location (internal/external). However, adhesion of MNPs and gold nanoparticles is an important 

concept that also plays a very important role in the success of a drug delivery device and the 

ability of a device to get to the specific site of interest without the architecture being altered. 

Furthermore, since nano-medicine requires the specific targeting of diseased cells, there is, 
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therefore a need to develop a basic understanding of the adhesion of nanoparticles to diseased 

cells (cancer cells) at a nanoscale. 

 

The use of polymer-based microparticles as a colloidal drug-delivery system has certain 

advantages, such as augmented effectiveness and reduced toxicity of the incorporated agents to 

non-targeted cells and tissues. However, there are also disadvantages: microspheres are 

denatured within several weeks and are, therefore, relatively unstable. Thus, they are not easily 

mass-produced [39]. Microspheres are synthesized from characteristically free-flowing powders 

consisting of proteins/synthetic polymers that are biodegradable. Ideally, they have a particle size 

less than 200 μm. Biodegradable microspheres can be utilized to direct drugs to organ(s) by 

depositing them in the end organ vessels at a control rate and time. Microsphere formulations of 

paclitaxel are particularly well suited to the local treatment of diseases. They are injectable and 

the drug encapsulation tends to occur at a high efficiency with a release that is slow over a period 

of time [40-43]. 

 

To establish understanding in the development of nanoparticle and microparticle as well as their 

applications in cancer detection and treatment, a careful characterization of nanoparticles is very 

crucial. A couple of methods have been used to characterize nanoparticles and microparticles 

that are suited for biomedical applications. The common types of techniques used to characterize 

the shape and size of nanoparticles include; Atomic Force Microscopy (AFM) [44], 

Transmission Electron Microscopy (TEM) [45,46], Scanning Electron Microscopy (SEM) [47], 

Dynamic Light Scattering (DLS) [44,48] and ordinary Optical Microscopy (OM). The technique 

widely used to reveal the chemical composition and crystallographic structure of 
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nanoparticles/microparticles is X-ray Diffraction (XRD) [49,50]. Fourier Transform Infrared 

Spectroscopy (FTIR) [50] is used to study the composition of nanoparticles/microparticles, the 

chemical bonds between component and their surface modification coatings/constituent. The 

Vibrating Sample Magnetometer (VSM) is used to determine the magnetic properties of the 

nanoparticles. 

 

However, the development, functionalization, characterization of nano- and micro-particles in 

the form of magnetite nanoparticles, gold nanoparticles and poly(lactic-co-glycolic acid) (PLGA) 

drug-loaded microparticles is very crucial and significant for the detection and treatment of 

cancer. 

1.2 Research Objectives 

The thesis presents a combination of experimental and theoretical studies that provide new 

insights for the development of nano-(magnetite and gold) and micro-(PLGA drug-loaded) 

particles that have great potential for the detection and treatment of cancer. The following are the 

objectives of the current work: 

• To biosynthesize magnetite nanoparticles from Magnetospirillum magneticum with 

clinically relevant particle sizes between 10 and 60 nm. 

• To understand the mechanism of the formation of magnetite nanoparticles intracellularly 

in M. magneticum. 

• To give new insights into the effects of pH and processing time on the sizes and shapes of 

biosynthesized magnetite nanoparticles.  

• To obtained monodispersed successfully conjugated biosynthesized magnetite 

nanoparticles to LHRH ligands that have potential biomedical relevance. 
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• To explore the effects of adhesion between magnetite nanoparticles and surfaces that is 

relevant to the potential applications in cancer detection and treatment. 

• To study the adhesion forces obtained for dip-coated magnetite nanoparticles that interact 

with peptide or antibody-based molecular recognition units (MRUs) that attach 

specifically to breast cancer cells.  

• To explore the effects of adhesion between magnetite/gold nanoparticles and surfaces 

that are relevant to the potential applications in cancer detection and treatment. 

• To study the adhesion forces obtained for simple dip-coated magnetite/gold nanoparticles 

that interact with peptide or antibody-based molecular recognition units (MRUs) that 

attach specifically to breast cancer cells. 

• To measure the adhesion between magnetite/gold nanoparticles and the constituents of 

cancer drug/MRU’s that are required to deliver nanoparticle/drug into the body for the 

specific detection and localized treatment of cancer. 

• To biosynthesize, purify, characterized and quantify prodigiosin from Serratia 

marcescens subsp. marcescens. 

• To develop multi-functionalized polymeric drugs for effective localization at preselected 

target(s) in therapeutic concentrations. 

• To develop cost effective injectable polymeric drug microspheres for localized breast 

cancer treatment. 

• To study the initial cancer drug release from the polymeric microspheres with 

implications for localized breast cancer treatment. 

• To prepare and characterize porous prodigiosin-loaded injectable microspheres. 
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1.3 Scope and Organization of Thesis 

The scope and the organization of this thesis begin with Chapter 1 which includes the 

background and motivation as well as the scope and organization of the work. This is followed 

by a review of relevant literature in the development and application of magnetite nanoparticles, 

gold nanoparticles and PLGA drug-loaded microparticles for cancer detection and localized drug 

delivery in treatment of cancer as Chapter 2. Chapter 3 presents biosynthesis and the conjugation 

of magnetite nanoparticles with luteinizing hormone releasing hormone (LHRH) for the specific 

targeting of breast cancer cells. This chapter highlights the results of an experimental study of the 

biosynthesis of magnetite nanoparticles (BMNPs) with clinically relevant particle sizes between 

10 nm and 60 nm for the specific targeting and treatment of breast cancer.  

 

Chapter 4 proceeds to show the experimental results of an atomic force microscopy (AFM) study 

of the adhesion between dip-coated magnetite nanoparticles (biosynthesized and chemically 

conjugated magnetite nanoparticles)  that interact with breast cancer cells. Chapter 5 further 

presents consolidated results of an experimental study of the effects of adhesion between gold 

nanoparticles and surfaces that are relevant to the potential applications in cancer detection and 

treatment. Here, adhesion forces are obtained for dip-coated gold nanoparticles that interact with 

drug, peptide or antibody-based molecular recognition units (MRUs) that attach specifically to 

breast cancer cells were also explored. The implications of the results are then discussed for the 

design of robust gold nanoparticle clusters and for potential applications in localized drug 

delivery and hyperthermia. 
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In Chapter 6, the results of an experimental study of the synthesis and physicochemical 

characterization of injectable multi-functional biodegradable polymer-loaded microparticles with 

sizes ~ 1 - 60 µm were elucidated. These were loaded with a biosynthesized cancer drug 

prodigiosin (PG) (that was obtained from bacteria, Serratia marcescens subsp. marcescens) for 

localized cancer drug delivery for the treatment of cancer. In Chapter 7, a salient summary and 

concluding remarks arising from the study is presented along with suggestions for future work. 
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Chapter 2 

2.0 Literature Review 

2.1 Introduction 

Nanoparticles and drug-loaded polymer microspheres for disease (cancer) targeting and 

treatment have enormous potential to enhance the approaches that are used today. The National 

Nanotechnology Initiative (NNI) described nanotechnology as the study of all particles about 

100 nanometers or less [1]. A nanometer is one billionth of a meter in size. The development of 

functionalized magnetite nanoparticles, a part of which this research addresses, has been the 

focal point of research lately [2-4].   

 

Magnetite nanoparticles (MNPs) are engineered biomaterials particulate materials of size 

between 1 to 100 nm whose magnetic property can be manipulated under the influence of an 

external magnetic field to perform specific functions in biomedical applications [5-8]. Gold 

nanoparticles are chemically stable biocompatible particles whose sizes are between 1 and 100 

nm with strong absorption in visible and near-infrared light regions (450–600 nm) that have the 

ability to scatter light and produce heat due to plasmon resonance. These properties make gold 

nanoparticles relevant in non-biomedical and biomedical applications. 

 

In drug delivery, our previous work [9] explored the potential of an implantable anti-cancer 

treatment device that can locally deliver drugs and heat to the site of a tumor.  Such a device can 

be used, following surgery to remove any remaining cancer tissue, by treatment with localized 

chemotherapy and hyperthermia. The above approach requires surgery for the insertion of the 
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device into the body. The current work in localized drug delivery explores the development 

prodigiosin-loaded microspheres in an effort to reduce the potential side effects of bulk systemic 

cancer treatment. In general, this chapter presents an overview of prior work on magnetic 

(magnetite) nanoparticles, adhesion of both magnetite and gold nanoparticles to surfaces that are 

relevant for the treatment of cancer. It also explores drug-loaded polymer microparticles, with a 

focus on specific targeting and localized drug delivery in the detection and treatment of breast 

cancer. 

2.2 Magnetite and Gold Nanoparticles (AuNPs) 

 

Magnetite, Fe3O4, is a common magnetic iron oxide that has a cubic inverse spinel structure with 

oxygen forming an FCC closed packing and iron cations occupying interstitial tetrahedral sites 

and octahedral sites [10]. The electrons in the structure have the ability to hop between Fe2+ and 

Fe3+ ions in the octahedral sites at room temperature (See Figure 2.1). This makes magnetite an 

important class of half-metallic materials [11]. Magnetite nanoparticles (MNPs) are described as 

engineered particulate materials of size between 1 to 100 nm that can be manipulated under the 

influence of an external magnetic field to perform specific function for biomedical applications 

and diagnostics [12-15]. MNPs that range between size of 1 and 30 nm, have a single magnetic 

domain and do not retain any magnetism after removal of a magnetic field are referred to as 

superparamagnetic iron oxide nanoparticles (SPIONs). In other words, superparamagnetic 

materials are ferro- or ferri-magnetic materials of sizes on the order of tens of nanometers that 

become a single magnetic domain and maintain one large magnetic moment [16]. 
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Gold nanoparticles are unique type of nanoparticles that have been used by many due to their 

shinning color when interacted with visible light. Their optical and electronic properties have 

made them very relevant for both biomedical and non-biomedical applications. The interaction 

of gold nanoparticles with light is strongly influenced by their size, environment and 

morphology. Plasmon resonance is a phenomenon exhibited by gold nanoparticles as a result of 

the interaction of free electron and oscillating electric fields with a ray of light propagating 

causing a concerted oscillation of electron charge that resonate with the frequency of visible light 

[17-20].  

 

Reflectance confocal microscopy [21] and optical coherence tomography [22,23], are 

microscopy techniques that image reflected light and provide detailed, three-dimensional images 

of tissue, without the need for physical sectioning. These techniques provide spatial resolutions 

of ~1-10 μm and a penetration depth, ranging from ~300 μm to 1-2 mm [24]. Gold nanoparticles 

(AuNPs) are particularly attractive in cancer treatment because of their strong absorption of light 

in the visible and near infra-red (NIR) electromagnetic regions [25,26]. They are also 

biocompatible. The peak absorbance wavelength is in the visible range (450–600 nm), NIR light 

is transmitted through normal tissue components with minimal absorption [25]. This optical 

absorption is strongly dependent on the shape and size of the gold nanoparticle [27]. In the next 

sections various methods of formation of magnetite and gold nanoparticles are highlighted. 
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2.2.1 Nanoparticle Synthesis 

This section focuses on the synthesis of magnetite and gold nanoparticles with more emphasis on 

MNPs. In the case of magnetite nanoparticles, several methods are employed for the synthesis. 

These techniques include physical, chemical, biological and hybrid methods [28-31]. Physical 

methods of synthesis deal with generation of magnetic nanoparticles in the gas or solid phase 

using high-energy treatments including condensation methods and methods of nanodispersion of 

a compact material. In contrast, the chemical synthesis of nanoparticles involves reactions that 

are carried out in solutions at moderate temperature. Biological methods of synthesis involve of 

the use plants and microorganisms in the synthesis of magnetic nanoparticles, while hybrid 

methods involve various combinations of any of the above methods. A review of some the 

conventional physical, chemical and biological syntheses are presented in this work.  

2.2.1.1 Microemulsion Method 

The method involves the use of thermodynamically stable isotropic liquid mixture of water or 

aqueous phases, (oil with surfactant and co-surfactant) in the formation of nanoparticles. In this 

method, surfactants tend to form reverse micelles, while the co-surfactants reduce the 

electrostatic repulsion force between the surfactant molecules. The particles size and morphology 

can be controlled under certain conditions in this method [32-35]. 

 

The microemulsion method can be direct, reverse or bi-continuous, depending on what solution 

is dispersed in the other. The most frequently used method for the synthesis of magnetic 

nanoparticles is the reverse microemulsion method also referred to as reverse micelle solution. In 

this method, water is dispersed in oil (w/o). The production of magnetic and nanosized particles 
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through this route has been proved to be adequate, versatile and simple [32-37].  

 

Tartej et al. [35,36] in a related work have also observed that fine droplets at the micro level of 

the aqueous phase are trapped within the area in which surfactant molecules are dispersed in a 

continuous oil phase. They showed that the surfactant-stabilized microcavities tend to enhance a 

confinement effect that limits particle nucleation, growth and agglomeration. This was 

demonstrated by using a micellar solution (a ferrous sulfate, Fe(DS)2), producing nanosized 

magnetic particles whose sizes were controlled partially by the surfactant concentration and 

temperature [38]. The microemulsion method is therefore easy to scale up for large scale 

production using relatively inexpensive and simple equipment.  

2.2.1.2  Sol-gel Method 

This is a wet-chemical technique popularly used in the field of materials science and 

engineering. It is usually applicable in most technologies like ceramics technology, reactive 

material and separation, chromatography, nanotechnology [39], and is often used in the synthesis 

of magnetic nanoparticles (MNPs), heteroelement and some fused bimetallic particles [40]. 

Conventionally, sol-gel processing refers to the hydrolysis and condensation of metal alkoxide. 

The synthesis of magnetic nanoparticles starts from a colloidal reaction which serves as the 

precursor for an integrated network of either discrete particles or network polymers [41]. Klein et 

al. [42] revealed that the sol-gel method is a cheap and low temperature technique that controls 

the product’s chemical composition. It can be used for the synthesis of nanoparticles for 

applications in biosensors, medicine, electronics, optics, electronics, and photovoltaics [42].  
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2.2.1.3   Co-precipitation Method 

 

The co-precipitation method is one of the most widely used in the synthesis of magnetic 

nanoparticles. This is a water-based method, where metal oxide precipitation and a 

polymerization reaction are carried out at the same time. In this method, the developing particles 

are trapped inside tiny polymer beads. The synthesis process is divided into two parts. Firstly, 

ferrous metal hydroxide suspensions are partially oxidized with different oxidizing agents [43]. 

Secondly, stoichiometric mixtures of ferric and ferrous hydroxide are aged in aqueous media, 

yielding spherical magnetite particles with homogenous sizes [44]. The chemical equation for the 

second process is given by [45]; 

2Fe3+  +  Fe2+  +  8OH-   =   Fe3O4  +  4H20              

The sizes and shapes of the nanoparticles can be controlled by changing the pH, ionic strength, 

temperature and other pre-existing conditions [46]. However, the crystallinity and size 

uniformity of the magnetic nanoparticles are poor, and there seems to be a problem of 

aggregation produced by this method [46]. 

2.2.1.4  Thermal Decomposition 

This method could also be referred to as thermolysis, which often involves a chemical 

decomposition that is caused by heat (endothermic reaction). The heat is used to break down the 

chemical bond in the compound. However, in cases in which the decomposition reaction is 

exothermic, a positive feedback loop is created [47]. This may lead to a thermal runaway and an 

explosion. The decomposition of iron precursors to obtain magnetic nanoparticles in the presence 

of hot organic surfactants results in samples with good size control, narrow size distribution (5-

12 nm) and good crystallinity. The nanoparticles are also easily dispersed with a resulting 

http://en.wikipedia.org/wiki/Crystallinity
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product that has good potential applications in nanomedicine e.g, in cell separation and magnetic 

resonance imaging [47].  

 

Sun et al. [48] worked earlier on thermal decomposition of magnetic nanoparticles. Hence, the 

resulting method is often referred to as the Sun method. Their method [48] involves the high 

temperature (> 220oC) decomposition of an organic iron precursor in the presence of oleic acid 

that decomposes to form organic ligands [48]. In this case, the nanoparticles produced avoid 

aggregation when the hydrophobic ligands form a dense coating around the nanoparticles. 

However, the nanoparticles that are synthesized are soluble only in nonpolar solvents due to the 

coatings involved. To solve this problem, hydrophilic polymer coatings have been proposed [49]. 

 

 There are two popular adopted approaches in the production of magnetic nanoparticles by 

thermal decomposition [49]. In the first method, the thermal decomposition of metal carbonyl 

precursors is followed by an oxidation step in air [49] or oxidation by an oxidant at elevated 

temperatures [50]. The second method involves decomposition of precursors with a cationic 

metal center in the absence of reducing agents [51]. Another special case of thermolysis is called 

pyrolysis. It involves the simultaneous change of chemical composition and physical phase 

which is an irreversible process. It also involves thermochemical decomposition of organic 

materials at elevated temperatures, without the participation of oxygen.  

2.2.1.5  Solvothermal Synthesis 

This method involves the synthesis of nanoparticles from chemical reactions that occur under 

high temperature and pressure.  The temperature is typically above the boiling point of the 

http://en.wikipedia.org/wiki/Organic_matter
http://en.wikipedia.org/wiki/Organic_matter
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solvent. Due to the high pressure involved, the reactions in most cases are carried out in an 

autoclave. Wang et al. [52,53], established this process as one of the reliable ways to grow 

crystals of many materials, one of which is magnetic nanoparticles. The resulting crystalline 

materials are dislocation free single crystal particles and grains that have a higher levels of 

crystallinity than particles produced from other methods [52-58]. However, the reaction typically 

occurs at a slow rate over a narrow regime of temperatures [55]. 

2.2.1.6  Biological Synthesis 

Until recently, chemical and physical methods were the popular methods of synthesizing 

magnetic nanoparticles. These methods often require several processing steps, controlled pH, 

high temperature, controlled pressure and the use of expensive equipment. The chemical 

synthesis of nanoparticles may also involve the use of toxic chemicals as solvents and surfactants 

[59]. These tend to limit their potential greatly for biomedical applications like drug delivery 

system or magnetic resonance imaging (MRI). However, MNPs produced by some of the 

chemical and physical methods have been approved by the US Food and Drug Agency (FDA), as 

well as the Europe Medicine Agency (EMA) for biomedical applications [60,61]. 

 

Furthermore, most chemical synthesis procedures employ specialty chemicals and often yield 

particles in non-polar organic solutions [41]. These tend to preclude and limit their application in 

biomedicine. In contrast, the biosynthesis of nanoparticles from microorganisms has the ability 

to produce nanoparticles with controlled sizes and shapes under non-toxic conditions [59]. The 

formation pathways of these nanoparticles are non-toxic and low cost. These pathways can also 

be used to form magnetic nanoparticles with a range of sizes. The particles generated by these 
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processes have higher catalytic reactivity, greater specific surface area and an improved contact 

between the enzyme and metal salt in question, due to the bacterial carrier matrix [62, 63]. 

 

Biosynthesis of magnetic nanoparticles can be carried out using plants or micro-organisms. The 

nanoparticles can also form intracellularly or extracellularly on micro-organisms. Since the 

micro-organisms employ target ions from their environment or medium, they can process metal 

ions into the elemental metals using enzymes that are generated by cellular metabolism. The 

nanoparticles are formed intracellularly, when the process involves the transportation of ions into 

the microbial cell to form nanoparticles in the presence of enzymes. In contrast, the nanoparticles 

can also be formed extracellularly when metal ions that are trapped on the surfaces of cells are 

reduced in the presence of enzymes [63-65]. 

 

In the case of gold nanoparticles, they are synthesized in an aqueous solution through the 

reduction of chloroauric acid (HAuCl4). The conventional methods for the synthesis of gold 

nanoparticles are the Turkevich method, the Brust method and the Reductant and stabilizer-free 

approach. Others methods involve biosynthesis. The Turkevish method involves the use of 

sodium citrate as a reducing agent and as a stabilizer. The presence of sodium citrate affects the 

particle size formed during this process. When the quantity of sodium citrate is reduced, the 

particle sizes increases and vice versa. The Brust method involves the use of sodium borohydride 

(NaBH4) as a reducing agent and tetraoctylammonium (TOAB) as a stabilizer. In the Reductant 

and stabilizer-free approach, an electrochemical deposition (ED) technique is carried out. Here, 

gold nanoparticles are uniformly deposited on thin film by ED. Particles sizes and distribution 
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density can be well controlled by the potential of the ED. The methods described above are 

classified as physical and chemical methods of synthesis.  

 

In contrast with the chemical and physical methods, the biosynthesis of gold nanoparticles 

provides a novel approach to the development of relatively non-toxic and environmentally 

benign methods [66,67]. Biosynthesis methods have the potential to replace the conventional 

methods of chemical synthesis that are normally used to synthesize gold nanoparticles [68-70]. 

Furthermore, the biosynthesis of gold nanoparticles can be achieved through the use of 

environmentally benign fungi, plants and bacteria, [66,68-78]. These provide useful new 

pathways and insights to the synthesis of particles with a variety of shapes and sizes [79,80]. 

 2.3 Magnetite and Gold Nanoparticles for Cancer Detection and Treatment 

2.3.1 Magnetic Nanoparticles for Cancer Detection and Treatment 

Depending of their synthesis pathways, magnetite nanoparticles (MNPs) are explored for 

potential applications as contrast agents and drug delivery agents in localized cancer therapy 

[81,82]. In the case of potential applications as contrast agents in magnetic resonance 

imaging.[83,84], Meng et al. [85] have shown that superparamagnetic  iron oxide contrast agents 

can provide sub-millimeter resolution in the imaging of breast cancer tissue in mice. Other 

researchers have shown that magnetic nanoparticles can be combined and conjugated together to 

cancer drugs [82]. Based on their unique magnetic, chemical, physical, optical, thermal, and 

mechanical properties, MNPs that are superparamagnetic nanoparticles offer a great potential for 

several biomedical applications including cancer detection and treatment [86–89], including:  

a) Drug delivery; 
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b) Tissue repair; 

c) Cellular therapy such as cell labelling, targeting and as a tool to separate and purify cell 

populations; 

d) Hyperthermia; 

e) Magnetic resonance imaging (MRI); 

f) Magnetofection. 

2.3.2 Gold Nanoparticles for Cancer Detection and Treatment 

Gold nanoparticles have been used to enhance laser therapy through interactions that occur 

between gold nanoparticles and laser beams [90-92]. Similarly, anti-cancer drugs that are 

tethered to gold nanoparticles have been explored to treat targeted cancer cells/tissue and 

metastatic cancer cells in the blood stream [93,94].  Colloidal gold nanoparticles have been 

shown to have a good potential for cancer diagnosis and therapy [95]. These are attractive 

because gold has been approved and used for treatment of human disease. Gold nanoparticles 

have been used as contrast agents in vitro based on their ability to scatter visible light [96] and 

their strong absorption of light in the visible and near infra-red (NIR) electromagnetic regions 

[91,92].   

 

Sokolov et al. [96] have shown the use of gold conjugated to EGFR antibodies to label cervical 

biopsies for identification of precancerous lesions for reflective imaging. Photoacoustic 

tomography has been used to image gold nanoparticles to a depth of 6 cm in a system [97]. This 

property of gold nanoparticles could be very useful for in-vivo imaging.  Thorek et al. [98] have 

also shown that the cellular uptake of spherical gold nanoparticles is dependent on their size, 
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with 50 nm being the optimal diameter [30]. Furthermore, in a subcutaneous model of colon 

cancer, gold nanoparticles conjugated to tumor necrosis factor (TNF) have been shown to 

accumulate in tumors [95]. 

2.3.3 Passive and Active Targeting 

Passive and active targeting strategies can be used to deliver nanoparticles and enhance the 

intracellular concentration of drugs in cancer cells while avoiding toxicity in normal cells 

[99,100,101]. Passive targeting (Figure 2.2) takes advantage of the size of nanoparticles and 

exploits the unique anatomical and pathological abnormalities of the tumor vasculature. In this 

case, nanoparticles (gold and magnetite) can accumulate and extravasate inside the interstitial 

space which contributes to an “enhanced permeability”. When lymphatic vessels are absent or 

ineffective in tumors, it leads to inefficiency in the drainage of the tumor tissue that contributes 

to an “enhanced retention”. Together these two phenomena constitute the “Enhanced 

Permeability and Retention” (EPR) effect. The EPR, considered as a gold standard in the design 

of new anti-cancer drug delivery system, was first explored by Matsumura et al.[102]. 

 

In the case of active targeting (Figure 2.2, Ref [103]), targeting ligands are grafted at the 

nanoparticle’s surface [103]. The ligand is chosen to bind specific receptors overexpressed by 

tumor cells or tumor vasculature that are not expressed by normal cells. Another important factor 

in the choice of targeting ligands is the homogeneity of the expression of the receptor on all 

targeted cells. Furthermore, to target cancer cells, several overexpressed receptors have been 

investigated e.g., the transferrin receptor, the LHRH receptor, the folate receptor, glycoproteins, 

the epidermal growth factor receptor (EGFR) or integrins [103]. To target tumoral endothelium, 
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targeting ligands have to recognize specific receptors such as the vascular endothelial growth 

factor receptors, the integrins, the vascular cell adhesion molecule-1 or the matrix 

metalloproteinases [103,104].  

2.3.4 Magnetic Resonance Imaging (MRI) 

Magnetic Resonance Imaging (MRI) in a more general sense is a technique that utilizes pulses of 

radio wave energy and magnetic fields to diagnose disease by creating images of structures and 

organs inside the body. It is also a non-destructive and non-invasive approach that reconstructs 

three-dimensional and two-dimensional pictures of internal living structures without restriction 

in depth or volume. It has been described as a process by which images are generated, based on 

the nuclear magnetic resonance signals of the water proton (1H) nuclei in the specimen [105].  

 

MRI, in some cases, gives some structural details that are not possible with other imaging 

methods like ultrasound; x-ray or computed tomography (CT) scans. When diagnosing with 

MRI, the part of the body involved is subjected to a strong magnetic field. MRI is essentially 

used to probe tumors, bleeding, injury, infection or blood vessel diseases [106-109]. Research 

has shown that, to enhance the images during MRI, a contrast material or agent is needed. This is 

why, in a standard clinical MRI scan, contrast media commonly used. The most commonly used 

contrast agents are gadolinium (Gd) chelates. Because of the problem of agglomeration or 

accumulation in the liver, incorporated with their non-specificity, they provide a short time 

imaging window [110,111]. For these reasons, magnetic nanoparticles (Fe3O4) are used in-vivo 

as contrast agents to produce local changes of the proton resonance in MRI for disease diagnosis. 

This makes MRI the most successful imaging method currently in use. Superparamagnetic iron 
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oxides have been reported to be effective as MRI agents [112].  

 

Meng et al. [85] fully described in-vivo and in-vitro studies of the intake of LHRH–SPIONs and 

SPIONs into breast cancer cells. From their findings, they show how MNPs enter and 

accumulate in the breast cancer cells as a function of particle size and exposure time. Meng et al. 

also explained that the uptake of the LHRH–SPIONs is much greater than that of the 

unconjugated SPIONs in both in-vitro and in-vivo cases. The increased uptake of intracellular 

accumulated LHRH–SPIONs is shown to provide T2 contrast enhancement that could lead to 

improved spatial resolution in MRI by classical T2 imaging. Such improved detection could be 

very significant for the early detection of cancer [85].  

 

Zhou et al. [113], in another approach see the effectiveness of MRI in breast cancers diagnosis 

and treatment with hormone-conjugated nanomaterials. Using TEM to measure sub-cellular 

distributions of SPIONs in the tumors and tissue, they showed that LHRH-SPIONs effectively 

have the potential to target cancer cells in both the primary breast tumors and the lung 

metastases. In a similar breast cancer study, Zhou et al. [114] revealed that accumulation of 

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

MNPs are also potential carriers for effectively delivering drugs or DNA to liver cells with 

diseases. 

2.3.5 Hyperthermia 

The term hyperthermia simply referred to treatment by heat in cancer therapy [115]. It involves 

the exposure of cancer cells/tissue to temperatures of about 41 – 46 oC so as to kill or shrunk 
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them [116,117]. Hyperthermia can be used to treat cancer by local or regional means. These 

methods are called local and regional hyperthermia. Local hyperthermia also known as thermal 

ablation is used to destroy tumors in a specific area, while the regional hyperthermia occurs 

when the regional body temperature is raised beyond the normal body temperature, so as destroy 

cancer cells/tissue.  

 

Conventional hyperthermia, incorporated with magnetic nanoparticles (superparamagnetic 

nanoparticles) truly offers immense advantages in specific localized cancer treatment. 

Rosensweig [118] showed that superparamagnetic iron oxides nanoparticles have impressive 

levels of heating at low magnetic fields as compared to ferromagnetic material which require 

much higher magnetic field strength for effective heat generation. The amount of current 

resulting in heat generation is proportional to the size of the magnetic field and the size of the 

object [119].  

 

Man Von Ardenne [120], in the eighteenth century, was the pioneer to specifically treat cancer 

patients by this method. This was followed by a chemotherapeutics approach in the treatment of 

cancer. The chemotherapeutic technique is known to damage normal organs and tissue by 

causing necrosis, coagulation and carbonization during the therapy. The reason is because the 

therapeutic temperature is 54 oC and the treatment is not localized [121]. However, studies have 

shown that the optimal temperature range for hyperthermia is between 43 – 44 oC [117] within 

this temperature regime, and the programmed cell death that occurs has been shown to be 

effective in cancer treatment [116]. More recently, Jordan et al. [120] in 1999 revealed that 

magnetic nanoparticles can be used to target cancer cells via immobile specific targeting 
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functional groups. This is due to their higher specific adsorption rates when compared to those of 

bulk particles. 

2.3.6 Plasmon Resonance 

This prominent spectroscopic feature of noble metal nanoparticles (NPs) is the surface plasmon 

resonance (SPR), which gives rise to a sharp and intense absorption band in the visible light 

range. The physical origin of the absorption is a collective resonant oscillation of the free 

electrons of the conduction band of the metal [122-124]. For a spherical nanoparticle, this is 

much smaller than the wavelength of the incident light. This response to the oscillating electric 

field can be described by the dipole approximation of Mie theory [122,125]. The large absorption 

cross-section values of the surface-plasmon resonance band imply that a NP is able to efficiently 

acquire a vast amount of energy when irradiated with light at the appropriate wavelength [122].  

 

Gold as plasmonic nanoparticles exhibit interesting absorbance, scattering, and coupling 

properties based on their geometries and relative positions [126]. These unique properties have 

made them applicable in solar cells, signal enhancement for imaging, spectroscopy, and cancer 

treatment. The surface plasmon resonance can be tuned by varying the size or shape of the 

nanoparticles, leading to particles with tailored optical properties for different applications [126]. 

Research has shown that the absorption of gold nanorods functionalized with epidermal growth 

factor is sufficient to amplify the effects of low power laser light such that it can be used for 

targeted radiation cancer treatments [127].  

2.3.7 Adhesion Mechanism and Theory 

In classical Hertzian contact theory [128], it is assumed that no adhesion exists between elastic 
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spheres in contact. However, at small scales, such as those involved in tip-sample contacts in the 

AFM, the surface to volume ratio is high. Hence, the adhesion arising from attractive forces is 

generally not negligible and must be taken into account. Adhesion is the bonding of two phases 

on a micro or atomic scale [129]. Adhesion measurements at a nanoscale between particles can 

be achieved with the aid of Atomic Force Microscope (AFM).  

 

The AFM invented in 1986 by Binnig, Quate and Gerber [130], is a high resolution scanning tool 

that is used to map the topography of a surface or to measure surface properties. The AFM can 

provide much more information on adhesion forces that are experienced by the micro-cantilever, 

as the probe tip is brought close to a sample surface and then pulled away. This technique can be 

used to measure the long range attractive or repulsive forces between the probe tip and the 

sample surface [131]. Samples can be investigated under ambient air or submerged liquid 

conditions, with no need for stiff or conductive surfaces with the aid of an AFM. The AFM has 

allowed for the characterization of biological samples, including living cells [132-134]. The 

AFM has also been used to study nanoparticles [135], drugs [136], ligand-receptor interactions 

[137-139], and nano-scale drug-delivery systems [140]. 

 

The adhesion of nanoparticles to drugs and biological materials usually provides a basis for the 

robustness of drug delivery or detection systems that are nanoparticle-based. Derjaguin-Muller-

Toporov (DMT), Johnson-Kendall-Robert (JKR) and Maugis-Dugdale (MD) models form the 

basis for obtaining the adhesion energies from adhesion forces today. The while DMT model 

applies to weak interactions between stiff materials with small radii [141], JKR model considers 

strong interactions between compliant materials with large radii [142] and the MD model [143] 
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lies between the DMT and JKR models.  

The operation mode of the AFM is described based on the type of interaction between the tip and 

the sample as well as the way the tip is moved across the sample surface. AFM operational mode 

could be categorized as contact, intermittent contact or tapping and non-contact mode. In the 

contact mode (Figure 2.3a, Ref [144]), the tip is in continous contact with the sample surface, 

which causes the cantilever to deflect. As the tip is scanning across the surface, the feedback 

control system keeps the bending of the cantilever constant. This occurs by moving the cantilever 

toward or away from the sample surface to keep the laser position fixed on the photodiodes. The 

up/down movement of the cantilever is used to generate data on the surface topography [144]. 

 

In the case of the tapping mode (Figure 2.3b, Ref [144]), the first stage involves the bringing of 

the coated AFM tips close enough to the substrate for adhesive interactions to occur (A). The 

second stage involves jumps to contact with the surface when significant van der Waals forces 

are present (B). During the third stage, the tips then undergo elasticity as they are displaced 

further in the same direction (C). Upon their retraction, the displacements are reversed, as the 

loads are reduced to zero in the fourth stage (D). However, the tips do not detach at zero load, 

due to the effects of adhesion. Consequently, the retraction has to be continued until the adhesive 

interactions are overcome by the applied forces (See Figure 2.4). This finally results in the pull-

off of the AFM tips from the substrates (E) [145]. 

From Hooke’s law, the resulting pull-off force, F, is a measure of the adhesion. This is given as: 

F = kδ                   (1) 

Where k in equation (1) represents the stiffness of the AFM cantilever while d is the 

displacement of the AFM tip at the onset of pull-off [145] (represented as the length, EA in 
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Figure (2.4)).   

2.4 Polymer Drug Microspheres 

Microspheres are sometimes referred to as microparticles. They are spherical microscopic 

particles that are normally free flowing powders consisting of proteins or synthetic polymers 

which are biodegradable in nature with a size range from 1–1000 μm [146,147]. The use of 

microspheres as a drug-delivery system means that the system has an augmented effectiveness 

and reduced toxicity of the incorporated agents/drug to non-targeted cells and tissues. Polymeric 

microspheres as a drug delivery system are primarily developed for sustained release of drugs for 

prolonged systemic therapeutic effects after subcutaneous or intramuscular administration. 

Microsphere formulations of drug are particularly well suited to the local treatment of diseases as 

they are injectable; the drug encapsulates at high efficiency and is released slowly over a period 

of time [148-151]. 

 

Microspheres of poly(lactic acid) (PLA), and its co-polymer poly(lactic-co-glycolic acid) 

(PLGA) have been studied extensively due to the biocompatibility and biodegradation of these 

polymers [152-155]. Biodegradable microspheres can be utilized to direct drugs to organ(s) by 

releasing them to the site of interest. Its success depends on the size of the microsphere used and 

on the mode of administration (intravenous / intra-arterial) [156,157]. This work focuses on the 

development of PLGA-based injectable drug microspheres by the single emulsion solvent 

evaporation technique (SESET). This is also called emulsion-solvent extraction/evaporation 

method. Drug polymer (PLGA) microspheres for drug delivery systems have been fabricated by 

phase separation or precipitation, emulsion/solvent evaporation [158-163], and/or spraying 
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methods [164-168] or a combination of these techniques.  

 

The SESET is essentially the most commonly used method in the preparation of microspheres 

because it is simple and easy [169-171]. The SESET involves the dissolution of polymer in a 

suitable organic solvent (water immiscible solvent), and the drug is dispersed or dissolved in this 

polymeric solution. The resultant solution of drug and polymer in the organic solvent is then 

emulsified in an aqueous continuous phase (stabilizer) to form discrete droplets. Microspheres 

are then formed when the organic solvent first diffuse into the aqueous phase and then evaporate 

at the water/air interface. As the solvent evaporates, the microspheres harden and free flowing 

microspheres can be obtained after suitable filtration and freeze drying. 

2.4.1 Drug Delivery 

There is a need to deliver the drugs precisely and safely to their target site at the right time and to 

control their release so as to achieve the maximum therapeutic effect. This is why localized 

cancer drug delivery systems offer numerous advantages over bulk chemotherapy. This includes 

the reduction of short and long term effects and a reduction in the amount of drug that is needed 

to have a therapeutic effect. These possibilities have stimulated extensive interest in the 

development of nanoparticles for localized cancer treatment. Some of the drug delivery systems 

available currently include liposome systems, drug conjugates, controlled delivery of cancer 

therapeutics and transdermal drug delivery patches using controlled released microchips [172]. 

    

In the case of magnetic nanoparticles, there have been numerous efforts in their use for drug 

delivery systems. Freeman et al. [173] in 1960 also proposed that magnetic particles (Fe3O4) 
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could be used for localized treatment, with the aid of magnetic field. One of the main limitations 

of magnetic drug delivery is the strength of the external field that can be applied to obtain the 

necessary magnetic gradients that are needed to control the residence times of the nanoparticles 

in the desired area or which triggers the drug desorption. Neuberger et al. [121] suggested that 

this can be overcome partly by the use of hybrid nanoparticles with permanent Nd-Fe-B shell 

that encapsulate superparamagnetic iron oxide nanoparticles core [174]. 

 

In the case of drug polymers, there have been significant research efforts to explore their efficacy 

for controlled drug release [141-151,154,160,162-166,171].  Polymeric drug-based particles have 

been used effectively in the treatment of prostate cancer [175], atherosclerosis [176] and breast 

cancer [177] by localized drug delivery. This is due to their uniqueness in the delivery of drugs at 

the required dosage and time [178, 179].  The use of polymeric cancer-based drug particles has 

limited the use of the conventional methods, which have severe side effects and are not cost 

effective [178-180]. The synthesized drug-based polymer microsphere is used for localized 

chemotherapy that can reduce the concentrations of cancer drugs that are needed for effective 

treatment.  

 

Another advantage of using injectable polymer-based drugs is their low/minimal incidence of 

toxicity [178,179,181,182] and hypersensitivity reactions [179]. Paclitaxel is one of the best 

known effective anticancer drugs against breast cancer, ovarian cancer, colon cancer, small and 

non-small cell lung cancer, and neck cancer [183-186]. Paclitaxel has been encapsulated 

efficiently, prior to slow/controlled release over a period of months [150,187-192]. The release 

has shown to be controlled by diffusion and bulk erosion of the poly-lactic poly-glycolic acid 
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(PLGA) copolymers [180]. 
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Figure 2.1:  Inverse spinel structure of magnetite 
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Figure 2.2: Passive and active targeting of nanocarriers. Nanocarriers can reach tumors 

selectively through the leaky vasculature surrounding the tumors. Ligands grafted at the surface 

of nanocarriers bind to receptors (over)-expressed by cancer cells (green) or angiogenic 

endothelial cells (pink). Adapted from Ref [103]. 
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Figure 2.3: Schematic Setup of an AFM in (a) Contact Mode and (b) Tapping Mode (Adapted 

from Ref. [144]). 
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Figure 2:4: Schematic of Typical Deflection-Displacement Plot with Corresponding Stages of 

Force-Displacement Behavior (Adapted from Ref. [145]). 
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Chapter 3 

3.0 Biosynthesis and the Conjugation of Magnetite Nanoparticles 

with Luteinizing Hormone Releasing Hormone (LHRH) for the 

Specific Targeting of Breast Cancer Cells 

 

3.1 Introduction 

Cancer is currently the second leading cause of death after cardiovascular diseases [1,2], while 

breast cancer is the second most common cause of cancer death in women [3,4]. The 

conventional methods for the diagnosis and treatment of breast cancer include: bulk systematic 

mammography; ultrasound; dynamic contrast-enhanced fast 3D gradient-echo (GRE) magnetic 

resonance imaging (MRI); surgery; chemotherapy and radiotherapy [3-6]. However, the current 

cancer detection methods have limited resolution, especially during the early stages of cancer 

[5,6]. Furthermore, most of the bulk systemic treatment methods are expensive, while resulting 

in severe side effects [5-7].  

 

Hence, in recent years, there has been increasing interest in the development of magnetic 

nanoparticles for the detection and treatment of cancer [8-21]. These include: MRI 

enrichment/contrast agents [14-16] and the localized delivery of cancer drugs [5,22,23]. In the 

case of magnetite (Fe3O4) nanoparticles (MNPs), there have been significant efforts to explore 

their applications in cancer detection via magnetic resonance imaging (MRI) [12-19]. Their 

potential has also been examined for applications in contrast enhancement during MRI of tumor 

tissue [15].  
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Furthermore, a number of research groups have investigated the potential use of magnetite in 

localized hyperthermia for the treatment of cancer [19], while others have used the ability to 

conjugate magnetite nanoparticles to drugs, proteins, enzymes, antibodies, or nucleotides 

[15,20,24], to direct their specific attachment to specific cells, organs, tissues, or tumors [20,24]. 

Such attachment, which can also be facilitated by the use of external magnetic fields, can be used 

to induce localized heating via alternating magnetic fields that result in hyperthermia at 

temperatures between ~ 41 and 44 oC [9,10,15,19,21].  

 

Some of the physical and chemical methods [23,25-33] that are often used for the synthesis of 

MNPs include: micro-emulsion [34,35]; sol-gel synthesis [31,36]; hydrothermal reactions 

[25,29]; thermal decomposition [34]; pyrolysis [37,38,39]; hydrothermal synthesis [32]; and 

chemical co-precipitation [34,37,38] methods. MNPs produced by some of the chemical methods 

have been approved by the US Food and Drug Agency (FDA), as well as the Europe Medicine 

Agency (EMA) for biomedical applications [40,41].  

 

However, some of the chemical and physical methods (sol-gel synthesis, aerosol synthesis, 

template assisted synthesis, sonochemical synthesis, laser exposure synthesis, wet-chemical 

synthesis, thermal decomposition synthesis, plasma synthesis and hydrothermal synthesis) 

[25,29,31,32,34,36,42] often require several processing steps, controlled pH, high temperature, 

controlled pressure and the use of expensive equipment. The chemical synthesis of nanoparticles 

may also involve the use of toxic chemicals as solvents and surfactants. Furthermore, some of 

the chemical synthesis methods [31-39] may produce hazardous toxic wastes that are potentially 



64 

 

harmful to the environment and humans. Also, physical and chemical synthesis methods can be 

energy intensive and expensive [42].  

 

There is, therefore, a need for alternative environmentally friendly methods for the synthesis of 

magnetite nanoparticles that are cost effective and produce biocompatible nanoparticles for 

biomedical applications. Such needs have stimulated the recent interest in the biological 

synthesis of MNPs from magnetotactic bacteria (MTB) [43-54]. Magnetite nanoparticles 

produced by magnetotactic bacteria are generally purely stoichiometric Fe3O4 [43-47]. They have 

been shown to be lacking in minor or significant trace elements, such as Ti, Cr, Mn and Al [43-

50], that may have adverse side effects in humans. This is not true for all chemically and 

physically synthesized MNPs, in which these trace elements may be present. 

 

Biosynthesis, also called biogenesis or anabolism, is an enzyme-catalyzed process that can occur 

in the cells of living organisms or in their immediate environment. Biosynthesis often involves 

enzymatic steps, in which the product of one step is used as the substrate for subsequent steps 

[55], to form more complex products [56]. Magnetotactic bacteria were first discovered by 

Blackmore in 1975 [43]. They are gram negative, microaerophilic and motile. They also exhibit 

aquatic life forms that swim along geomagnetic field lines of the earth [43]. They are 

cosmopolitan in distribution and are found in aquatic environments containing water with pH 

close to neutral values. Magnetotactic bacteria are generally found in water that is also well 

oxygenated and not strongly polluted with chemicals or contaminants [43,44]. Furthermore, they 

are magnetotactic in nature, meaning that they respond to magnetic fields. They also contain 

intracellular structures (magnetosomes) that encapsulate magnetic nanoparticles [43-45].  
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The Magnetospirillum magneticum (M.M.) AMB-1 strain is one of the best known MTB. They 

are major agents in the global iron cycle, converting iron in the environment to magnetite or 

gregite within the magnetosomes [45,46]. Magnetite particles can be produced in terrestrial 

samples, either abiotically or biogenically. The biomineralization of magnetite by bacteria occurs 

fundamentally by two different modes: biologically-controlled and biologically-induced 

mineralization (BCM and BIM, respectively) [47,48].  

 

In BCM, magnetotactic bacteria produce well-ordered intracellular crystals of magnetite that 

exhibit narrow size distributions, consistent species and/or strain-specific morphologies [49-53]. 

Also, in the case of BIM, nanoparticles may be formed extracellularly by reactions between 

metabolic by-products and ferric chloride [42,51,53]. However, for BCM, the nanoparticles are 

synthesized intracellularly by reactions between the cell constituents and ferric chloride [51,53]. 

MTB have been suggested as agents for the genetic control of magnetic nanoparticle 

composition, size, morphology and crystallographic orientation [46-49,52-54]. They precipitate 

magnetite particles within small intracellular membrane vesicles in assemblages known as 

magnetosomes [42,46-54].  

 

Some researchers [54] have also suggested that the components of intracellular organelles in the 

MTB may control the biomineralization processes. Furthermore, the pathways for the 

biosynthesis of magnetic nanoparticles (produced from MTB) are non-toxic, more specific and 

low cost [42]. The synthesis pathways are capable of producing superparamagnetic magnetite 

nanoparticles with well controlled sizes and shapes under nontoxic conditions [57]. This process 

can be used also to form magnetic nanoparticles with a range of sizes (1-100 nm). Such particles 
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have been shown to have higher catalytic reactivity [58], greater specific surface area [57] and 

improved contact between the enzyme and metal salts [57,58].  

 

In an effort to ensure the specific targeting of receptors on the surfaces of breast cancer cells by 

magnetic nanoparticles, significant work has been carried out [13,16-20]. This includes efforts to 

conjugate and functionalize chemically-synthesized magnetite nanoparticles to luteinizing 

hormone releasing hormone (LHRH) [16-18]. These prior studies have shown that LHRH-

conjugated magnetite nanoparticles can be used to enhance MRI contrast. They may also offer 

viable alternatives to existing commercially available MNPs for MRI contrast enhancement 

(Table 3.1). Meng et al. [16] have functionalized superparamagnetic iron oxide nanoparticles 

with LHRH. These have been used for targeting breast cancer cells and contrast enhancement in 

MRI. The work of Meng et al. [16] also suggests the potential of LHRH-SPIONs to enhance the 

T2 contrast of breast cancer tissue in nude mice models.  

 

Prior work has also been carried out by Leuschner et al. [59] on LHRH-conjugated magnetic iron 

oxide nanoparticles for the early detection of breast cancer metastases. They concluded that 

LHRH conjugated SPIONs can serve as contrast agents for MRI imaging in-vivo. They also 

confirmed the sensitivity of LHRH-SPIONs for the detection of metastases and disseminated 

cells in lymph nodes, bones and peripheral organs. Zhou et al. [17] have also described 

superparamagnetic iron oxide nanoparticles (SPIONs) conjugated to LHRH. These have been 

shown to have the potential to target breast cancer cells/tissue in primary breast tumors and 

metastases in the lungs of nude mice models.  
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Transmission Electron Microscopy (TEM) images of distributions of SPIONs has also revealed 

the accumulation of LHRH-SPIONs in primary breast tumors and their metastases in the lungs 

[17]. Furthermore, Zhou et al. [18] have used TEM to study functionalized magnetic 

nanoparticles for the targeting breast cancer cells. They revealed the accumulation of individual 

LHRH-magnetic nanoparticles in the nuclei of breast cancer cells. Their work suggests that 

LHRH-MNPs are potential carriers that can deliver cancer drugs or DNA to cancer cells.  

 

Prior work [42] has explored the potential applications of microorganisms to the synthesis of 

magnetite nanoparticles with different shapes and sizes (Table 3.2). Significant efforts have also 

been made to conjugate chemically synthesized magnetite nanoparticles to LHRH and antibodies 

[16–18,20,59,60]. Hampp et al. [61] have also explored the dip-coating of LHRH peptides to 

biosynthesized gold nanoparticles. However, there have been no prior efforts to conjugate 

biosynthesized magnetite nanoparticles to molecular recognition units, such as LHRH. 

Furthermore, there have been only limited studies of the magnetic properties of the 

biosynthesized magnetite nanoparticles under conditions that might be relevant to magnetic 

resonance imaging [29] or magnetically-induced hyperthermia [19]. There is, therefore, a need 

for further studies of the structure and magnetic properties of biosynthesized magnetite particles 

in conjugated and unconjugated configurations. 

 

This chapter presents the results of an experimental study of the biosynthesis, structure and 

magnetic properties of magnetite nanoparticles. The magnetic nanoparticles are produced with 

different particle sizes and shapes in the presence of M.M. at controlled conditions. The effects of 

functionalization with LHRH are also explored by conjugating biosynthesized magnetite (Fe3O4) 
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nanoparticles (2–50 nm) with [D-Trp6]LHRH (Triptorelin). The magnetic properties of the 

biosynthesized magnetite nanoparticles are characterized along with their structure and 

chemistry. Furthermore, the polydispersity indices of the nanoparticles were measured using 

dynamic light scattering (DLS). The implications of the results are then discussed for the 

localized targeting and treatment of breast cancer.  

 

3.2 Experimental Procedures 

3.2.1 Sample Preparation: 

The Magnetospirillum magneticum (M.M.) strain AMB-1 that was used in this study was 

obtained from ATCC, Manassas, Virginia, USA. The magnetotactic nature and purity of the 

strain was validated using hanging drop techniques (HDT) and the capillary race track method 

(CRTM) [62]. In the case of the CRTM, a capillary tube, closed at one end, was filled with a 

chemically-defined medium reported by Flies and Moench et al. [62,63]. This was done using a 

hypodermic syringe that was fitted with a Pasteur pipette at the smallest end. The other end of 

the pipette was used as a reservoir. It was plugged with wet sterile cotton wool. A permanent 

magnet, with high susceptibility, was placed at the smallest tip of the capillary tube for 3 hours. 

The bacteria were then observed to migrate towards the plugged tip, after which a sterile syringe 

was used to collect the bacteria for culturing in an enriched magnetic spirillum growth media 

(EMSGM) at buffered pH values of 4.0, 6.0, 6.5, 7.0, 7.5, 8.5, 9.0, 9.5 and 12.0. 
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3.2.2 Synthesis of Magnetite Nanoparticles 

A standard 1 liter of enriched EMSGM was prepared with 0.74 g of succinic acid, 0.68 g of KH-

2PO4, 0.12 g of sodium nitrate, 0.02% (0.2 g) of polypeptone, 0.01% (0.1 g) of yeast extract, 

0.005% (0.1 g) of L-cysteine component, 2 mL of ferric quinate (obtained from Sigma Aldrich, 

St Louis, MO, USA). 5 mL of Wolfe’s vitamin and 10 mL of Wolfe’s mineral that were obtained 

from ATCC, Manassas, Virginia, USA were added. Subsequently, 1 mL of the M.M strain that 

was purified and cultured with an average population size was inoculated in the EMSGM broth 

in a standard solution with pH ranging between 4 and 12. This was done in a laminar-flow 

biosafety hood, under aseptic conditions, to avoid contamination. The samples were then placed 

in an incubator shaker (New Brunswick Innova 44 Incubator, Console Incubator Shaker, New 

Brunswick, NJ, USA). This was set to rotate at 141 revolutions per minute (rpm) at 29oC to 

ensure the uniform growth of the M.M for 24 hours within the incubator shaker. 

 

During the 24 hours of exposure of ferric chloride to the MTB, the ferric chloride was exposed to 

enzymes and other biochemicals produced by the M.M. strain. At the end of 24, 48, 72, 96 and 

120 hours of incubation, the samples were collected for further testing and characterization. 5 

mL of the each sample was collected, washed three times and then centrifuged for 10 minutes at 

12 000 rpm to obtain pellets. 100 µL of 20 % sodium dodecyl sulfate (SDS) obtained from 

Sigma Aldrich, St Louis, MO, USA, was added to each sample prior to mechanical agitation 

(sonication) to completely expose the nanoparticles within the cells. The entire samples were 

then washed for four times with PBS (poly butylene succinate). This was followed by washing in 

distilled water to remove impurities from the system. 
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3.2.3 Structure of Nanoparticles 

An Evolution 300 UV-Visible (UV-Vis) spectrophotometer (Thermo Fisher Scientific, Waltham, 

MA) was used to characterize the nanoparticles that were synthesized. The sizes and shapes of 

the nanoparticles were also characterized using a CM100 transmission electron microscope 

(TEM) (Philips/FEI, Hillsboro, OR, USA). This was combined with electron diffraction (ED) 

and energy dispersive X-ray spectroscopy (EDS) techniques that were used, respectively, to 

characterize the structure and chemistry of the nanoparticles. The structure of the magnetite 

nanoparticles was characterized using powder X-ray diffraction (XRD), (Philips X’Pert powder 

diffractometer, X’Pert PRO, EA Almelo, Netherlands). This was done using copper Kα radiation 

over 2θ steps of 0.02°, 1 s of counting time per step, and 2θ values between 15o and 600. 

 

Prior to UV-Visible spectroscopy analysis, 0.5 ml of 12 M HCl and 0.5 ml of 0.5 M potassium 

thiocyanate were added to the biosynthesized nanoparticles. Upon absorption of the light with a 

wavelength of ~ 450 (Figure 3.1), the resulting solution turned the pellets containing the 

nanoparticles red in color. This change of color confirmed the presence of intracellular magnetite 

nanoparticles, as reported by Meng et al. [16]. An Evolution 300 Double Beam Scanning 

Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was used to measure the 

absorbance of each solution from the samples.  

 

From Beer Lambert’s Law, the absorbance is directly proportional to the path length, b, and the 

concentration, c, of the absorbing species. The concentrations of the magnetite in solution were 

also determined from a standard curve that was obtained for a maximum absorbance at a 

wavelength of ~ 450 nm [16,64]. A calibration curve was thus obtained by plotting the 
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absorbance at 450 nm against known concentrations of magnetite in solution. Corresponding 

concentrations of magnetite in solution were determined from the calibration curve. Thus, 

nanoparticles concentrations were obtained for particles produced over the range of pH 

conditions that was used in this study. 

3.2.4 Ligand Conjugation 

The process of ligand conjugation was achieved by carbodiimide reduction (activation), as 

illustrated in Figure 3.2 [16-18,59,65]. It is a well-established method that has been used to 

successfully conjugate MNPs [16-18,20,59-61]. However, it is not a green process. 

Biosynthesized magnetite nanoparticles produced at pH values of 6.5, 7.0, 7.5 and 9.5 were used 

for ligand conjugation. A [D-Trp6]LHRH (Triptorelin) molecular recognition unit was 

conjugated with the magnetite nanoparticles using a procedure reported by Kumar et al. [65]. 

Here, 30 mg of biosynthesized magnetite nanoparticles, with diameters between 2 and 30 nm, 

were dispersed in 3 ml of deionized water. This was done by sonication under nitrogen gas. 

Freshly prepared carbodiimide solution (30 mg in 1 ml of water) was then added, before further 

sonication for 10 minutes.  

 

The mixed solutions were then cooled to 4oC before adding a solution of LHRH (3 mg in 1 ml of 

water). The reaction was maintained at 4oC for 2 h, with intervals of swirling of the conical flask. 

The flask was then placed on a permanent magnet (Sintered NdFeB Magnets, AA International 

Inc., Pomona, CA, USA). This was done to allow the conjugated particles to settle. The solution 

mixture was then decanted to enable the characterization of the functionalized nanoparticles that 

were formed. Fourier Transform Infra-Red Spectroscopy (FT-IR, Nicolet 5700, Thermo Fisher 
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Scientific, Waltham, MA, USA) was also used to analyze binding of the ligands to the particles 

and the surface characteristics of the biosynthesized nanoparticles before and after conjugation 

with LHRH ligands.  

 

3.2.5 Characterization of Nanoparticle Sizes and Shapes 

The morphologies, sizes and the polydispersity of the biosynthesized nanoparticles were 

characterized after the synthesis and functionalization of the nanoparticles. The characterization 

was done using TEM as well as the DLS. The nanoparticle samples were dropped onto the TEM 

carbon-coated copper grids (CF200-Cu, Electron Microscope Sciences, Hatfield, PA). The 

samples on the grids were then imaged in a model CM100 TEM (Philips/FEI, Hillsboro, OR, 

USA). Subsequently, images from the TEM were used in the quantitative analysis of the mean 

particle sizes and shapes. This was done using Adobe Photoshop (CS6 (13.0) Adobe, San Jose, 

CA, USA).  

 

The hydrodynamic diameter and the polydispersity index (PDI) of the nanoparticles were 

measured using a Zetasizer-Nano Z590 instrument, DLS (Malvern Instruments, Worcestershire, 

UK) at Rutgers University, Piscataway, New Jersey, USA. The Zetasizer instrument included a 

20 mW, 532 nm diode-pumped solid state laser module and an avalanche photo diode detector. 

The hydrodynamic diameters and the polydispersity indices (PDIs) were obtained for 

biosynthesized magnetite nanoparticles (BMNPs) that were synthesized at acidic (pH 6.5), 

neutral (pH 7.0) and basic (pH 9.5) pH. The PDI were also obtained for ligand (LHRH)-

conjugated BMNPs.  
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Prior to DLS measurements, the synthesized and conjugated BMNP solutions were diluted 

initially with 0.05 mL of pH 7.4 PBS and subsequently with 0.1 mL of the same solution. This 

was done to explore the effects of sample concentration on the hydrodynamic diameters and the 

polydispersity indices. They were then filtered through 0.45 μm polytetrafluoroethylene (PTFE) 

syringe filters (Whatman, Clifton, NJ) before conducting triplicate DLS measurements. The DLS 

measurements were performed at room-temperature (25 0C) and an incident laser angle of 900. 

Particle sizes and size distributions were then generated using the Nicomp number-weighted 

analysis and multimodal Laplace transform analysis.  

 

3.2.6 Vibrating Sample Magnetometry (VSM)  

The magnetic properties of the nanoparticles were measured using Vibrating Sample 

Magnetometry (VSM). During VSM, 0.5 mg of the samples was placed on a silicon wafer with a 

cross-sectional area of 5 x 5 mm. This was then fixed in the VSM (Model 740 VSM, Lake Shore 

Cryotronics, Inc., Westerville, Ohio, USA) at the National University of Singapore (NUS). The 

magnetic properties of the biosynthesized nanoparticles were compared with those of a 

chemically synthesized nanoparticle produced by one-pot synthesis in a pyrolysis reaction [66]. 

The magnetization curves of the biosynthesized magnetite nanoparticles were then measured in 

response to a magnetic field.  The resulting plots obtained were used to characterize the magnetic 

properties of the biosynthesized and chemically synthesized magnetite nanoparticles, which were 

studied as a control. 
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3.3 Results and Discussion 

3.3.1 Nanoparticle Synthesis and Structure 

The standard absorbance-concentration curve that was obtained for magnetite nanoparticles of 

known concentrations is presented in Figure 3.3. This shows a plot of absorbance versus known 

concentrations of magnetite. The linear plot (r2 = 0.9962) is consistent with prior work by Meng 

et al. [16] on chemically synthesized magnetite nanoparticles. This will be used in subsequent 

sections of this paper to estimate the concentrations of magnetite in solution. The calibration was 

obtained for absorbance at a wavelength of 450 nm, where the maximum absorbance is known to 

occur [16].  

 

Plots of the concentration of magnetite nanoparticles (in solution) versus pH are presented in the 

Figure 3.4. These are presented for exposure of M.M. at different pH values. The plots show that 

the highest concentration of magnetite occurs at a pH of 7.0. This is in agreement with prior 

reports in the literature [21]. However, in contrast, a pH of 6.5 is least favorable for the formation 

of magnetite nanoparticles. The slight change in pH between 6.5 and 7.0 clearly had a drastic 

effect on the BMNP formation. The reasons for this trend are not well understood at the moment. 

In any case, the concentration of BMNPs formed was found to depend strongly on pH and 

exposure time. 

 

Selected TEM images of the biosynthesized nanoparticles that were produced from M.M. strain 

are presented in Figures 3.5, 3.7 and 3.8. These were obtained for pH values of 6.5, 7.5 and 9.5, 

respectively. Figures 3.6 (a-f)  present the TEM micrographs of BMNPs produced after growth in 

medium at a pH of 7.0 for durations of: (a) 24 hours: (b) 48 hours: (c) 72 hours: (d) 96 hours,  
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and  (e)/(f) 120 hours, respectively. The pH values 6.5, 7.0, 7.5 and 9.5 were chosen to represent 

slightly acidic (pH 6.5), neutral (pH 7.0) and basic (pH of 7.5 and 9.5) conditions. The 

micrographs also provide interesting insights into the effects of pH on particle size and shape.  

 

The particle shapes were found to include cuboidal and rectangular prisms, and many nearly 

spherical faceted nanoparticles. The particle sizes also depend on the duration of exposure, as 

shown in Tables 3.3-3.6. The TEM results show that the BMNPs were formed intracellularly, 

with a range of particle sizes and shapes. This is because M.M. bacteria were recovered after 

synthesis process, lysed and imaged. However, analysis of the broth in which the bacteria were 

grown showed that there was a small amount of MNPs present. It is important to note here the 

low MNP content could be attributed largely to the spillage of the nanoparticles into the broth 

solution, during the separation or extraction of the bacterial pellet from the media.  

 

The TEM images in Figures 3.5 (a) – 3.5 (e) show the evolution of particle shapes, while the 

histogram in Figure 3.5 (f) show the distribution of particle sizes. The mean particle sizes ranged 

from 15 to 30 nm, for exposure durations of up to 120 hours at a pH of 6.5. The particles formed 

were predominantly faceted and nearly spherical. After exposure to a pH of 7.5, the mean 

particle sizes ranged from 20 to 50 nm, for the durations of 24, 48, 72, 96 and 120 hours, 

respectively.  

 

Furthermore, the TEM micrographs in Figure 3.7 (a) to 3.7 (e) show that the nanoparticles that 

were synthesized at a pH of 7.5 were faceted and more spherical than those formed at a pH of 6.5 

(Figure 3.5). Furthermore, the nanoparticles that were formed after exposure to a pH of 9.5 
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(Figure 3.8), were also faceted and more spherical than those formed at lower pH values of 6.5, 

7.0 and 7.5. The slight aggregation of particles at pH 6.5, 7.0, 7.5 and well-defined particles at 

pH 9.5, may be associated with differences in the distribution of surface charge.  

 

The DLS measurements of hydrodynamic diameters, as well as polydispersity indices (PDIs), are 

presented in Table 3.7 and Figure 3.9. The measured PDIs show clearly that the representative 

samples of the biosynthesized nanoparticles were essentially monodispersed (Table 3.7). The 

PDI values were 0.17 for a pH of 6.5, 0.14 for a pH of 7.0 and 0.19 for a pH of 9.5 for a PBS 

dilution of 0.05 mL and 0.015 for a pH of 6.5, 0.108 for a pH of 7.0, 0.232 for a pH of 9.5 for a 

PBS dilution of 0.1 mL. Furthermore, the lowest PDI of 0.07 was obtained for the LHRH-

conjugated BMNPs. The trend was different when the sample was diluted to reduce the sample 

concentration. The monodispersity of the ligand-conjugated BMNPs nanoparticles is consistent 

with the TEM images presented in Figure 3.10. 

 

The hydrodynamic diameters of the nanoparticle are presented in Figure 3.9. These provide the 

dimensions of spheres that have the same diffusion coefficients within the same viscous 

environment of the nanoparticles. The diameters of the BMNPs obtained from TEM and DLS are 

summarized in Table 3.7.  The hydrodynamic diameters were generally much greater than the 

effective diameters obtained from the TEM images. This could be partly attributed to the 

adsorption of unknown proteins and biological/organic molecules onto the surfaces of the 

nanoparticles [67-69]. Such adsorption can promote the formation of nanoparticle clusters that 

increase the hydrodynamic radii [70]. However, the high magnification TEM images required for 
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the measurement of individual nanoparticle sizes may not necessarily reveal the statistical 

variations in the cluster sizes that are formed due to nanoparticle aggregation [70].  

 

In any case, in the current work with a dilution of 0.05 mL (dilution of 1:5) of PBS, the smallest 

hydrodynamic diameter of ~ 82.44 ± 2.00 nm was associated with biosynthesis at a pH of 6.5. 

This is comparable to that obtained at a pH of 7.0, where the hydrodynamic diameter was ~ 

83.45 ± 1.00 nm. When the dilution was increased to 0.1 mL (dilution of 1:10), the 

hydrodynamic diameters decreased to a lower values, as shown in Table 3.7. Similar trends have 

also been reported by other researchers that the measured hydrodynamic diameters depend 

strongly on sample concentration [67,71,72]. In the current study, the smallest hydrodynamic 

diameter of ~ 17.7 ± 3.00 nm was associated with biosynthesis at a pH of 7.0, while the highest 

hydrodynamic diameter of ~ 100.7 ±1.00 nm occurred at pH 6.5.  

 

In all cases, the semi-quantitative Energy Dispersive X-ray spectroscopy (EDS) analyses 

revealed that the nanoparticles consisted on Fe, O and C. A typical EDS spectrum is presented in 

Figure 3.11 for nanoparticles that were biosynthesized at a pH of 7.0 for a duration of 96 hours. 

Note that the carbon and silicon peaks in the spectrum obtained could be attributed to the 

specimen mount in the Environmental Scanning Microscope (ESEM) (Model FEI Quanta 200F 

with Oxford-EDS system IE 250 X Max 80, Philips/FEI, Hillsboro, OR, USA). The presence of 

iron peaks and oxygen peaks is consistent with the existence of iron oxide nanoparticles (Figure 

3.11). 
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The structure of the iron oxide nanoparticles, elucidated via X-ray diffraction analysis, is 

presented in Figure 3.12. The noise in the XRD pattern is consistent with the presence of organic 

materials on the surfaces of the nanoparticles. However, the intensities and locations of the 

diffraction peaks are consistent with the standard pattern for Fe3O4 in the JCPDS card No (79-

0417) for magnetite. It is also important to note here that a smaller hematite peak was also 

observed, as shown in Figure 3.12. However, this peak was within the noise levels in the XRD 

peaks. In contrast, the dominant peaks in the XRD analyses corresponded to those of magnetite. 

3.3.2 Magnetic Properties 

Typical magnetization curves obtained for biosynthesized and chemically synthesized uncoated 

magnetite nanoparticles are presented in Figures 3.13 (a) and 3.13 (b). Figure 3.13 (a) presents 

the results obtained for nanoparticles that were biosynthesized at a pH of 7.0 for 96 hours. It 

shows that the particles rapidly approach a saturation magnetization of 2.5 electromagnetic units 

per gram (emu/g) Fe, compared to the bulk value of 90 emu/g Fe [73,74]. This value is much 

lower than that of the corresponding bulk because of the smaller size of the particles. 

Furthermore, the magnetic particles exhibit no diamagnetic contributions and are small enough 

to exhibit superparamagnetic behavior. Also, the nanoparticles retain negligible remnant 

magnetization (Mr), after the removal of the magnetic field.  

 

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

chemically synthesized magnetite nanoparticles that were produced using a pyrolysis reaction 

(Figure 3.13 (b)). However, the saturation magnetization levels of the chemically synthesized 

magnetite were much lower than those of the biosynthesized magnetite (Figure 3.13 (a)). 
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Furthermore, both the chemically synthesized and biosynthesized magnetite nanoparticles 

exhibited negligible hysteresis in their magnetization curves, which decreased from the 

saturation values to almost zero (negligible remnant magnetization), when the applied magnetic 

fields were removed. Finally, the M-H loops (with coercivity Hc= ~15 Oe) are very similar, 

suggesting that a similar magnetization reversal mechanism was responsible for the observed 

switching behavior. This result indicates strongly that biosynthesized magnetite nanoparticles 

and chemically synthesized magnetite nanoparticles have equivalent magnetic properties. This 

suggests that both chemically and biologically synthesized magnetic nanoparticles may be used 

for contrast enhancement in MRI imaging, or targeted cancer and cardiovascular drug delivery. 

3.3.3 Characterization of Conjugated Magnetite Nanoparticles 

The conjugation of the biologically synthesized magnetite nanoparticles, BMNPs (Figure 3.10) 

with Luteinizing Hormone Releasing Hormone (LHRH) was carried by carbodiimide reduction 

process [16-18,59,65].  The figures show the TEM micrographs of ligand-conjugated BMNPs 

produced at selected pH and exposure durations. It is interesting to note here that the 

unconjugated nanoparticles have typical sizes in a range (10-60 nm) (Figure 3.5-3.8).  They also 

appear to have faceted and nearly spherical morphologies, with varying size dispersions. In 

contrast, the LHRH-conjugated magnetite nanoparticles were less faceted and more spherical in 

their morphologies (Figure 3.10 b, d and f). They also exhibited a wider range of cluster sizes 

than the unconjugated BMNPs. However, the individual nanoparticle sizes of the LHRH-

conjugated BMNPs were similar to those of the unconjugated BMNPs. The BMNPs sizes were, 

therefore, in the range that could allow receptor-mediated endocytosis to facilitate the use of 

LHRH-conjugated MNPs as contrast agents during MRI [16]. 



80 

 

 

The Fourier Transform Infrared (FTIR) spectra obtained from ligand-conjugated biosynthesized 

iron oxide nanoparticles (BMNPs-LHRH) (in the transition mode) exhibited strong bands in the 

low frequency region (Figure 3.14). These are due to the iron oxide skeleton [59]. In other 

regions, the iron oxide spectra have weak bands. The spectra obtained from 4100 to 500 cm-1 

were found to be consistent with those of magnetite (Fe3O4) [75-77]. FTIR spectral analysis of 

LHRH peptide bound magnetite nanoparticles (Figure 3.14) also revealed the presence of 

characteristic bands of –NH2 (3400 and 2850 cm-1) and the signatures of LHRH. The results, 

therefore, suggest the attachment of LHRH to amines on the magnetite nanoparticles. This result 

is similar to the chemically synthesized MNPs conjugated with LHRH [16,21,59,65] The FTIR 

spectral analysis of peptide bound MNPs reveals the absence of –NH2 (3200 and 16525) 

presence in unbound nanoparticles (Table 3.8). Also, it was clear from the TEM micrographs 

that the LHRH-conjugated BMNPs are nearly monodisperse and non-aggregated, with a mean 

diameter of ~ 30 ± 4 nm. 

3.3.4 Nanoparticle Formation 

The current results suggest that biosynthesized magnetite nanoparticles form predominantly by 

an intracellular mechanism in the presence of M.M.. Prior work has shown that the particles are 

formed by biomineralization [43-46,78]. The studies, based also on prior work, suggest that the 

nanoparticle formation is facilitated by intracellular organelles (magnetosomes) in the bacteria 

[42,46-54]. The membrane of the magnetosomes contain a protein called ferritin, which is a 

globular protein complex, consisting of about 24 sub-unit capable of storing iron in soluble and 
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non-toxic form [78,79]. These proteins are thought to play a vital role in the formation of the iron 

oxide nanoparticles, as well as the nucleation of minerals and their redox and pH control [79]. 

In the EMSGM, the entire reagents play a vital role in the formation of the magnetite 

nanoparticles [80]. Just as the L-cysteine induces cell growth, the polypeptone increases the final 

cell density, while the vitamins enrich the growth media [80]. Furthermore, during the 

nanoparticle nucleation and growth process, ferric chlorides dissociate to form Fe3+ in solution. 

OH- ions are also present in the aqueous medium. The Fe3+ is taken up by the cell through the 

cytoplasm membrane and reduced to Fe2+. The reduced Fe2+ is then taken up and reoxidized 

through the magnetosomes to form hydrous ferric oxide through passive sorption of dissolved 

iron in the magnetosomes. This is thought to be dehydrated to form the hydrated form of iron 

oxide Fe(OH)3 [81,82]. The ferritins present in the magnetosomes then aid the dehydration to 

enable the formation of iron oxide (Fe3O4) nanoparticles [45-54,78].  

 

3.4 Implications  

The implications of the current work are quite significant for the synthesis of magnetic 

nanoparticles from biological systems, for a variety of applications [8,13,16-

19,21,29,58,59,65,83]. First, the current results show that the M.M. strain promotes the 

intracellular formation of mostly spherical and faceted magnetite. The biosynthetic approach is 

also simple, economical and environmentally friendly, compared to the conventional chemical 

and physical methods of producing magnetite [42].  
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Furthermore, some chemically- and physically-synthesized magnetite nanoparticles often may 

involve the use of toxic chemicals that may produce hazardous toxic wastes that are harmful, not 

only to the environment, but also to human health [42]. Thus, such nanoparticles could be 

associated with high cost, due to the relatively high energy cost of some synthesis techniques. 

This suggests that the development of low cost biosynthetic pathways could facilitate a more 

economical application of magnetite nanoparticles in the detection and treatment of diseases such 

as cancer [84] and cardiovascular disease [85]. The methods can also be extended to the 

detection of some poverty-related diseases such as malaria [8, 86] and tuberculosis [87]. 

 

The current work describes the biosynthesis of magnetite nanoparticles at different pH and 

exposure growth durations as well as the conjugation with LHRH for possible applications in the 

specific targeting of breast cancer cells. The nanoparticles sizes obtained from the TEM and the 

DLS measurements for the less concentrated solutions suggest that the LHRH-conjugated 

BMNPs may be suitable for biomedical applications. In the case of cancer, biosynthesized 

magnetite nanoparticles have been conjugated with LHRH, a molecular recognition unit (MRU) 

that can attach specifically to over-expressed receptors on the surfaces of cancer cells [88-90]. 

MRUs, such as LHRH, could therefore facilitate the specific attachment of nanoparticles to 

cancer cells/tumors, thereby promoting potential applications in magnetic resonance imaging 

[29,91] and localized drug delivery from tumor shrinkage [17,18,88].  

 

Similar approaches could also be used to target fatty cells in atherosclerotic blood vessels [92]. 

As in the case of cancer, over-expressed receptors on the fatty cell surfaces could be targeted 

with specific ligands [93]. These could, therefore, be used to promote the attachment of 
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magnetite for enhanced magnetic resonance imaging (MRI) of blocked arteries. The MRUs 

could also be attached to drug nano-carriers that could dissolve or destroy fatty cell build-up in 

blood vessels before they induce vessel blockage and death. 

 

Further research is needed to determine the optimal concentration of BMNPs from DLS 

measurements and in-vitro/in-vivo studies. There is also need to explore the effectiveness of the 

ligand conjugated BMNPs in the targeting of diseased cells under in-vitro and in-vivo conditions. 

These are clearly some of the challenges and opportunities for future work. 

 

3.5 Summary and Concluding Remarks 

1. A Magnetospirillum magneticum strain was used for the biosynthesis of magnetite 

nanoparticles with sizes between 10 and 60 nm. The formation of magnetite was promoted 

by the reaction between ferric chloride and the M.M bacteria. The formation of magnetite 

was confirmed via X-ray analysis and UV-Visible spectrophotometry at a maximum 

absorbance that was identified for magnetite at a wavelength of ~ 450 nm. The results show 

that M.M. bacteria in the presence of ferric chloride, promote the formation of magnetite 

nanoparticles. Further work is needed to develop a basic understanding of how the observed 

shapes and sizes change are controlled by nucleation and growth processes in biochemical 

environments. 

2. The TEM analyses revealed that the mean particle sizes and shapes depend strongly on the 

pH and durations of growth. The resulting particles had size ranges between ~ 10 and 60 nm, 

after synthesis for durations between 24 and 120 hours. Most of the nanoparticles were 
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faceted. However, an increasing incidence of nearly spherical nanoparticles was observed 

with increasing pH between 6.5 and 9.5. Furthermore, EDS analyses revealed that the MNPs 

contained iron and oxygen peaks, while the XRD analysis showed that the incidence of 

magnetite nanoparticles was much greater than that of hematite.  

3. Dynamic light scattering (DLS) studies of nanoparticles revealed interesting trends in the 

hydrodynamic diameter and the polydispersity indices of the BMNPs. The higher sample 

concentration in 0.05 mL PBS solution (1:5) resulted in a higher hydrodynamic diameter of 

735.9±5 nm, while the lower sample concentration in 0.1 mL PBS solution (1:10) resulted in 

a hydrodynamic diameter of 58.6±2, in the case of the LHRH-conjugated BMNPs. The DLS 

results also showed that the synthesized BMNPs were essentially monodispersed, with 

polydispersity indices in a range that is suitable for biomedical applications. Future efforts 

are needed to establish the optimum concentration of BMNPs for potential applications in 

nano-medicine. 

4. VSM was used to study the magnetic properties of the BMNPs. The particles exhibited 

superparamagnetic behavior with no diamagnetic contribution. They are of particular interest 

as they do not retain any magnetism after removal of a magnetic field. This suggests that they 

may be used to enrich the MRI images associated with the early detection and localized 

treatment of cancer and arteriosclerosis.  

5. The LHRH-conjugation of the BMNPs resulted in individual nanoparticles with sizes in the 

range between 10 and 60 nm. The FTIR results also suggest that the LHRH MRUs are 

chemically bound to the magnetite nanoparticles through amines. Further work is needed to 

explore their potential applications in cancer/cardiovascular disease and treatment.  
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Figure 3.1: UV-Vis scan of magnetite nanoparticles. Arrow represents the existence of a peak at 

a wavelength, λmax, of 450 nm. 
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Figure 3.2: Schematic of reaction pathway for the functionalization of magnetite nanoparticles. 
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Figure 3.3: Standard absorbance-concentration curve for biosynthesized magnetite nanoparticles. 
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Figure 3.4: Magnetospirillum magenticum was grown at different pH values for different 

durations. The concentrations of BMNPs produced by M. magneticum under these different 

conditions are shown. 
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(e)             (f) 

  
 

Figure 3.5: TEM micrographs of MNPs produced after exposure at a pH of 6.5 for (a) 24, (b) 48, 

(c) 72, (d) 96 and (e) 120 hours respectively. (f) Statistical analysis showing the mean particle 

size distribution after growth of Magnetospirillum magneticum at a pH of 6.5 for different 

durations. 
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Figure 3.6: TEM micrographs of MNP shapes produced after growth in medium at a pH of 7.0 

for durations of (a) 24, (b) 48, (c) 72, (d) 96 and (e)/(f) 120 hours, respectively. 
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(a)                (b) 

 
(c)                  (d) 

 
(e)            (f)               

  
 

Figure 3.7: TEM micrographs of MNPs produced after growth at a pH of 7.5 for (a) 24, (b) 48, 

(c) 72, (d) 96 and (e) 120 hours respectively. (f) Statistical analysis showing the mean particle 

size distribution after growth of Magnetospirillum magneticum at a pH of 7.5 for different 

durations. 
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(a)             (b) 

 
(c)              (d) 

 
(e)             (f) 

   
 

Figure 3.8: TEM micrographs of MNPs produced after growth at a pH of 9.5 for (a) 24, (b) 48, 

(c) 72, (d) 96 and (e) 120 hours respectively. (f) Statistical analysis showing the mean particle 

size distribution after growth of Magnetospirillum magneticum at a pH of 9.5 for different 

durations.  
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(c)                   (d) 

    
 
 

 
 

Figure 3.9 (a) Intensity particle size distributions of some selected BMNPs synthesized at pH (a) 

6.5 (b) 7.0 (c) 9.5 and (d) functionalized BMNPs-LHRH particles for sample concentration 

diluted with 0.05 mL PBS solution (dilution of 1:5). 
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Figure 3.9 (b) Intensity particle size distributions of some selected BMNPs synthesized at pH (a) 

6.5 (b) 7.0 (c) 9.5 and (d) functionalized BMNPs-LHRH particles for sample concentration 

diluted with 0.1 mL PBS solution (dilution of 1:10). 
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(a)                      (b) 

 
(c)           (d) 

 
(e)             (f) 

 
 

Figure 3.10: TEM micrographs of BMNPs produced by M.magneticum grown under the 

following conditions (a) pH of 6.5 for 48 hours (c) pH of 7.0 after 96 hours (e) pH of 9.5 after 72 

hours. The TEM micrographs (b), (d) and (f) show ligand conjugated nanoparticles (BMNPs-

LHRH) produced by M. magneticum after growth under the following conditions (b) pH of 6.5 

for 48 hours (d) pH of 7.0 after 96 hours (f) 9.5 after 72 hours. 
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Figure 3.11: EDS of biosynthesized MNPs produced by Magnetospirillum magneticum at a pH 

7.0 after exposure for 96 hours. 
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Figure 3.12: X - ray diffraction pattern of the biosynthesized magnetite particles (BMNPs). 
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Figure 3.13: VSM results showing the hysteresis loops of the magnetic moments (emu/g) against 

the In-plane Field (Oe) for the (a) Biosynthesized magnetite nanoparticles obtained at pH 7.0 

after 96 hours (b) Chemically synthesized magnetite nanoparticles (one pot synthesis). 

 

 

 

 

 

 

 

 

 

 



110 

 

 

 

 

 

 
 

 

Figure 3.14: Fourier transformation infrared spectrum of LHRH, biosynthesized magnetite 

nanoparticles (BMNPs) synthesized at pH 7.0 after 96 hours and LHRH-BMNPs. 
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Table 3.1: Commercially available SPION/MNPs contrast enhancement and their specific 

indication place. (http://mr-tip.com/) 

 

 

      S/N Name of Drug Indication in MRI 

1 Feridex® Liver 

2 EndoremTM Liver 

3 GastroMARK® Bowel marking 

4 Lumirem® Bowel marking 

5 Sinerem® MR angiography vascular, staging of RES-directed 

liver disease, lymph nodes 

6 Resovist® Liver lesions 
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Table 3.2: List of some microorganisms that have been used to synthesize magnetite 

nanoparticles 

 

Microorganism 

 

Product  
 

Culturing  

 

tempt (°C)  

 

Size range(nm) 

 

Shape(s) 

 

Location  

 

References 

 

       

Shewanella  

oneidensis  

 

Fe3O4  

 

28 40-50 rectangular, 

rhombic, 

hexagonal  

Extracellular  

 

[94] 

QH-2  

 

Fe3O4  

 

22-26  

 

81± 23×58±20 

 

rectangular  

 

Intracellular  

 

[95] 

Recombinant  

AMB-1  

Fe3O4  

 

28  

 

20  

 

cubo-

octahedral  

 

Intracellular  

 

[96] 

yeast cells  

 

Fe3O4  

 

36  

 

Not Available  

 

wormhole-like  

 

Extracellular  

 

[21] 

WM-1  

 

Fe3O4  

 

28  

 

54 ±  12.3×43 ± 

10.9  

 

cuboidal  

 

Intracellular  

 

[97] 

HSMV-1  

 

Fe3O4  

 

63  

 

113±34 ×40 ± 5  

 

Bullet-shaped  

 

Intracellular  

 

[98] 
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Table 3.3: The mean particle size at pH 6.5 at different reaction times for Magnetospirillum 

magneticum strain 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time (hours) Mean Particle Size (nm) 

24 18 ± 2 

48 22 ± 3 

72 26 ± 4 

96 29 ± 3 

120 24 ± 4 

Table 3.4: The mean particle size at pH 7.0 at different reaction times for Magnetospirillum 

magneticum strain 

Time (hours) Mean Particle Size (nm) 

24 29 ± 6 

48 19 ± 5 

72 32 ± 3 

96 21 ± 2 

120 18 ± 4 



114 

 

 

 

 

 

 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.5: The mean particle size at pH 7.5 at different reaction times for Magnetospirillum 

magneticum strain 

Time (hours) Mean Particle Size (nm) 

24 38 ± 2 

48 41 ± 4 

72 28 ± 3 

96 21 ± 3 

120 52 ± 4 

Table 3.6: The mean particle size at pH 9.5 at different reaction times for Magnetospirillum 

magneticum strain 

Time (hours) Mean Particle Size (nm) 

24 25 ± 4 

48 22 ± 2 

72 34 ± 3 

96 42 ± 4 

120 29 ± 3 
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Table 3.7: Diameter of some selected BMNPs from TEM and DLS (Z-average) characterization 

synthesized at pH (a) 6.5 (b) 7.0 (c) 9.5 and (d) functionalized BMNPs-LHRH with their 

polydispersity index for sample concentration diluted with 0.05 and 0.1 mL PBS solution 

respectively. 

S/N Sample TEM 

(nm) 

DLS (nm) 

@ a 0.05 

mL PBS 

Dilution 

DLS (nm) 

@ a 0.1 

mL PBS 

Dilution 

Polydispersity 

Index (PDI) @ a 

0.05 mL PBS 

Dilution 

Polydispersity 

Index (PDI) @ a 

0.1 mL PBS 

Dilution 

1 
BMNPs 

at pH 6.5 
26 ± 4 82.44 ± 2 100.7 ±1 0.17 0.015 

2 
BMNPs 

at pH 7.0 
32 ± 4 83.45 ± 1 17.7 ± 3 0.14 0.108 

3 
BMNPs 

at pH 9.5 
34 ± 3 147.7 ± 3 43.9 ± 4 0.19 0.232 

4 
BMNPs-

LHRH 
39 ± 2 735.9 ± 5 58.6 ± 2 0.07 0.302 

 

 

 

 

 

Table 3.8: Peaks that revealed the absence of characteristic bands of –NH2 present in the LHRH, 

unbound nanoparticles and bound particles. 

 

     S/N              Sample Wavenumber (cm-1) Wavenumbers (cm-1) 

1 LHRH Peptide 3280 1650 

2 BMNP 3400 2850 

3 Conjugated LHRH-BMNP 3280 2850 
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Chapter 4 

4.0 Magnetite Nanoparticles for Cancer Detection and Treatment: 

The Role of Adhesion 

4.1 Background and Motivation 

Breast and prostate cancers are the second most common causes of cancer deaths in women and 

men, respectively [1]. Current trends also suggest that cancer will become the leading cause of 

death by 2030 [2,3]. The detection techniques used for breast cancer (mammograms, ultrasound, 

Magnetic resonance imaging (MRI) and different types of scan) are not yet considered effective. 

Even if the current trends in cancer should remain unchanged, the statistics suggest that two 

thirds of the entire global incidence of cancer will occur in low and middle income countries [4]. 

Cancer deaths are projected to result in more deaths than deaths from AIDS, tuberculosis and 

malaria combined per year [5]. In most cases, the major challenges are detection of cancer before 

metastasis [6,7] as well the side effects associated with current treatment methods [8-10]. Hence, 

the diagnosis is often too late for the current treatments to be efficacious [11,12]. Most patients 

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

with significant short and long term side effects [11,13]. These treatments are also associated 

with high cost [8,10].  

 

Furthermore, chemotherapy is known to affect normal cells as well as reduce the therapeutic 

index of the drugs used [14]. Many of the existing cancer therapeutic methods also lack 

selectivity and specificity. Hence, small or incremental improvements in breast cancer therapy 
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are unlikely to address the challenges associated with the cost and side effects of breast cancer 

treatment. In an effort to leverage the potential side effects associated with the bulk systemic 

cancer treatment, our previous research [10,15,16] reveals the potential of an implantable anti-

cancer treatment device that can locally deliver drugs and heat to the site of a tumor. These 

devices can be used, after the removal of solid tumor by surgery, to treat cancer by the localized 

chemotherapy or/and hyperthermia. The potential of engineering synergy by the combination of 

the effect of heat and drug was the reason for the use of the device [17].  

 

However, the approach described above requires surgery for the insertion of the device into the 

body. In any case, it could be difficult to treat metastatic cells that have escaped into the blood 

stream and other organs. This, therefore, has stimulated the need for novel approaches for the 

detection and treatment of cancer cells before and after metastases [6]. This stimulated our recent 

efforts in the development of functionalized nanoparticles for the early detection and treatment 

of cancer [18-22]. The biocompatible nanoparticles developed are functionalized with some 

molecular recognizing units (MRUs) [18-20,22]. When these functionalized nanoparticles are 

injected into the blood stream, 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 [23]. 

 

There has also been increasing interest in the development of magnetic nanoparticles for the 

detection and treatment of cancer [20-32] as MRI enrichment/contrast agents [20,22-24,28] and 
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for the localized delivery of cancer drugs [27-29]. There have been significant efforts to explore 

the applications of magnetite nanoparticles (MNPs) in cancer detection via magnetic resonance 

imaging (MRI) [20,20-22,28]. Their potential has also been examined for applications in contrast 

enhancement during MRI of tumor tissue [28]. Recent work has been carried out to test the 

ability of binding magnetite nanoparticles to drugs, proteins, enzymes, antibodies, or nucleotides, 

[28,33,34] to direct their selective attachment to specific cells, organs, tissues, or tumors [33,34]. 

Such attachment, which can also be facilitated by the use of external magnetic fields, can also be 

used to induce localized heating via alternating magnetic fields that result in hyperthermia at 

temperatures between ~ 41 and 44 oC [28,29,31,35,36]. 

 

Furthermore, recent studies have shown that particularly invasive forms of breast cancer 

overexpress EphA2 tryosine kinase receptors [37-42]. In normal breast cells, ephrin1, a ligand on 

neighboring cells, attaches to EphA2, leading to the downregulation of cell growth and migration 

[40]. However, breast cancer cells have higher levels of EphA2 receptors and lower levels of 

ephrin1-EphA2 contacts, favoring the growth and survival of tumor cells [40]. Current efforts 

have been targeting this receptor using antibody [41] or peptide [42] conjugates to achieve novel 

detection and treatment modalities for breast cancer. These strategies and approaches have been 

leverage and explore for potential targeting of breast cancer cells using functionalized 

nanoparticles with the target of antibody and peptide [41,42]. However, during transport in the 

body, the functionalized nanoparticles are subjected to hydrodynamic and shear forces that can 

cause them to detach from their bonded receptors. Therefore, nanoparticles must be bound by 

significant adhesive and cohesive forces with their targets such that it cannot be overcome by the 
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detachment forces encountered during their transportation in the body. To solve this problem, it 

is crucial understand the adhesion forces, interaction and mechanism between the constituents of 

functionalized magnetite nanoparticles and breast cancer cells that are relevant to cancer 

detection and treatment.  

Recent efforts [21,30,33] have explored the potential adhesion forces between the receptors on 

breast cancer cells specific to human luteinizing hormone-releasing hormone (LHRH) peptides 

and antibodies specific to the EphA2 receptor [33]. The pull off forces associated with 

interaction between breast cancer cells and LHRH/EphA2 that are over-expressed on breast 

cancer cells, are about five times greater than the adhesion to normal breast cells. In one of our 

recent study, we explored the effects of adhesion between gold nanoparticles and surfaces that 

are relevant to the potential applications in cancer detection and treatment [30]. Also, Hampp et 

al. [21] studied  the adhesion of conjugated-biosynthesized gold nanoparticles to normal and 

breast cancer cells.  

 

Furthermore, there has been significant work done in the conjugation of chemically synthesized 

magnetite nanoparticles (CMNPs) to LHRH and antibodies [18-20,22,33,43]. Obayemi et al. 

[44] recently studied the biosynthesis and the conjugation of magnetite nanoparticles with 

luteinizing hormone releasing hormone (LHRH) for the specific targeting of breast cancer cells. 

However, there have not been any known efforts to study the adhesion forces of biosynthesized 

and conjugated magnetite nanoparticles to surfaces that are relevant to the potential applications 

in cancer detection and treatment using a simple AFM technique.  
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In this chapter, experimental study of the adhesion of biosynthesized magnetite nanoparticles, 

chemically synthesized magnetite nanoparticles as well as their conjugates (LHRH and Breast 

Specific Antibody (BSA) that have receptors which are overexpressed on breast cancer cells; i.e., 

BMNPs–LHRH, CMNPs-LHRH, BMNPs-BSA or CMNPs-BSA) to breast cancer cells are 

demonstrated and explored. Some results from prior efforts by Meng et al. [33], Hampp et al. 

[21] and Oni et al.[30,45] are also discussed in the context of the current work. The implications 

of the results are then discussed for potential clinical applications of robust biosynthesized 

magnetite nanoparticle clusters for specific targeting and the treatment of breast cancer.  

4.2 Adhesion Theory  

AFM is a useful technique for the measurement of adhesion forces between AFM tips and 

substrates [46,47]. The detail of the theory applied is described in in the next chapter (chapter 5). 

Figure 4.1 gives typical schematics of the interaction of BMNPs-ligands on a dip-coated AFM 

tip with surface receptors on breast cancer and normal breast cells. The adhesion between the 

functionalized nanoparticles on the AFM tip and the cancer cells can provide a basis for cancer 

detection and insights into the optimum nanoparticle sizes for cancer therapeutics.  

Figure 4.2 gives a schematic of an atomic force microscope force-displacement behavior: (I) 

Load displacement plot, (II) Tip/Surface Interaction [47]. The force microscopy method operates 

in the tapping mode. The stages in the interaction are described in Chapter 5. 
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4.3 Experimental Procedures 

4.3.1 Materials 

The biosynthesized magnetite nanoparticles (BMNPs) used were synthesized with 

Magnetospirillum magneticum (M.M.) strain AMB-1 that was obtained from ATCC, Manassas, 

Virginia, USA. Whereas, the chemically synthesized magnetite nanoparticles (CMNPs) used 

were synthesized by one-pot synthesis method in a pyrolysis reaction [48]. The LHRH peptide 

was purchased from California Peptide Research Inc. (Napa, CA, USA), and the monoclonal 

antibody specific to the EphA2 (breast specific antibody; BSA) receptor was purchased from 

Invitrogen (Carlsbad, CA, USA). Furthermore, uncoated AFM tips (MPP-31100) were procured 

from Veeco (Memphis, TN). MDA-MB-231 cell line, growth media (L-15, respectively), and 

medium supplements (fetal bovine serum and penicillin/streptomycin) were purchased from 

American Type Culture Collection (ATCC, Manassas, VA, USA), Sigma-Aldrich (St. Louis, 

MO, USA), and Thermo Fisher Scientific, Inc. (Waltham, MA, USA).  

4.3.2 Adhesion and Characterization of Conjugated Nanoparticles to Breast Cancer Cells 

In this work, the BMNPs used were synthesized and purified from Magnetospirillum 

magneticum (M.M.) strain AMB-1 using the methods as adapted from our previous work [44]. 

The magnetite nanoparticles synthesized were conjugated using the method as described by 

Meng et al[33]. and Obayemi et al. [18]. A simple dip-coating techniques as described by Hutter 

and Bechhoefer [49] was adopted to coat bare phosphorus n-doped silicon atomic force 

microscopy (AFM) tips with LHRH, BSA, BMNPs, CMNPs, as well as BMNPs–LHRH, 

CMNPs-LHRH, BMNPs-BSA or CMNPs-BSA conjugates. LHRH peptides were provided in a 

powder form and were dissolved in sterile double-distilled water to a concentration of 10 mg/ml, 
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while the antibodies were used as provided by the manufacturer at a concentration of 0.5 mg/ml 

[21].  

 

The AFM tips were immersed in solutions containing the materials/particles of interest (LHRH, 

BSA, BMNPs, CMNPs, BMNPs–LHRH, CMNPs-LHRH, BMNP-BSA or CMNPs-BSA) and 

then air-dry for about 15 seconds. The tips were dipped three times afterwards and air-dried to 

ensure the tip was adequately covered with the materials of interest. Generally, then the tips were 

then allowed to air-dry for a minimum of 24 h before being used for AFM adhesion 

measurements. The interactions and adhesion forces were measured using a Multimode 

Dimension DI Nanoscope IIIa Atomic Force Microscope (Bruker Instruments, Woodbury, NY, 

USA). 

 

The sample of the breast cancer cells (MDA-MB-231) were prepared for the AFM by fixation in 

3.7 wt% formaldehyde (Sigma-Aldrich, St. Louis, MO, USA) using the method as described by 

Hampp et al. [21]. The breast cancer cells were cultured in 60 x15 mm Falcon Petri dishes 

(Falcon, Franklin Lakes, NJ, USA) for 48 h at high confluence and incubated at 37 °C at normal 

atmospheric pressure levels for breast cancer cells. The MDA-MB-231cells were grown in L-15 

medium (ATCC, Manassas, VA, USA), supplemented with 100 I.U./mL penicillin/100 lg/mL 

streptomycin and 10% FBS (ATCC, Manassas, VA, USA). The samples were rinsed with sterile 

Dulbecco phosphate buffered saline (DPBS; Invitrogen, Carlsbad, CA) and fixed with a 3.7 wt% 

formaldehyde solution for 15 min a temperature of 23 oC. They were then rinsed again with 

DPBS before a final rinse with purified water. Finally, the samples were placed in a vacuum 

desiccator for 2 h to dry at room temperature. 
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To determine whether the AFM tips were coated with BMNPs, bare (uncoated) AFM tips and the 

coated AFM tips were imaged using environmental scanning electron microscopy (ESEM). A 

Phillips FEI Quanta 200 FEG Environmental-SEM (Philips Electronics N.V., Eindhoven, The 

Netherlands) was used to obtain secondary/backscattered electron images of coated and bare 

AFM tips. An energy dispersive x-ray spectrometer, EDS (Inca, Oxford Instruments, UK), was 

used to acquire an elemental spectrum at the apex of the cantilever tip to confirm the presence of 

MNPs and antibodies. 

 

Since weak adhesion between the AFM tips and the coatings could result in the detachment of 

the coatings from the AFM tips during handling or pull-off testing, the AFM tips were checked 

in the ESEM before and after AFM testing. Thus, the pull-off forces were related only to the 

coatings on the AFM tips since no detachment of the dip coatings from the coated AFM tips 

occurred. The spring constants of the coated and uncoated AFM tips were measured 

experimentally using the thermal tune method [49,50]. This was done to ensure that the actual 

spring constants were used to calculate the pull-off forces. Such measurements are also required 

to account for batch-to-batch variations in the spring constants, as well as the effects of coatings 

on the cantilever stiffness.  

 

All AFM experiments were carried out using a Dimension 3100 AFM (Bruker Corporation, 

Billerica, MA, USA) under ambient conditions (23 °C) and relative humidity of 36–45 %. In any 

case, before the adhesion force measurements, the photodetector sensitivity was calibrated using 

a stiff quartz platform [51]. The BMNPs used for the experiment are the ones synthesized at a pH 
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of 7.0. The adhesion forces/interactions were measured for the following nine configurations 

using the AFM technique adopted by Ref. [21,33,45]. 

(i) Bare AFM tip to normal breast cancer cells 

(ii) LHRH-coated AFM tip to breast cancer cells 

(iii) BSA-coated AFM tip to breast cancer cells 

(iv) BMNPs to breast cancer cells 

(v) CMNPs to breast cancer cells 

(vi) BMNPs–LHRH to breast cancer cells 

(vii) CMNPs–LHRH to breast cancer cells 

(viii) BMNPs–BSA conjugate to breast cancer cells 

(ix) CMNPs–BSA conjugate to breast cancer cells 

Adhesion measurements of each of these components were carried out and recorded for each 

configuration on the prepared breast cancer cells. For each pair of interactions, 150 adhesion 

measurements were obtained from 3 AFM tips with 50 measurements obtained for each tip at 5 

different positions on the substrate. This method of measurement is fully described in the next 

chapter (See Figures 4.1 and 4.2). 
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4.4 Results and Discussion 

4.4.1 AFM Tip and Substrate Characterization 

In each case, back-scattered SEM images of the uncoated AFM tip is presented in Figures 4.3 

with the electron diffraction spectroscopy (EDS) spectrum showing 98.9 wt % Si. It clearly 

shows that silicon and slight traces of carbon are detected in the EDS scan. Figures 4.4 (a) to 

4.4(h) show the SEM images of the tips  coated with LHRH, BSA, CMNPs-LHRH and BMNPs-

LHRH before and after adhesion. The SEM images also showed the surface morphologies of 

AFM tips that are coated with nanoscale layers of LHRH, BSA, CMNPs-LHRH and BMNPs-

LHRH. These verify and demonstrate that there is no loss of particles during adhesion testing. 

The images of coated AFM tips before and after adhesion (See Figure 4.4) clearly suggest that 

there is no evidence of coating delamination observed in the pull-off experiments. Hence, the 

measured pull-off forces are due to interactions between the coated AFM tips and the substrates.  

 

Furthermore, the EDS result of our particle of interest (BMNPs-LHRH) clearly shows the 

presence of BMNPs on the apex of the cantilever (Figure 4.5) with pectrum processing on coated 

AFM tip showing 28.5 wt% Si, 53.1 wt% C, 10.5 wt% O and 7.9 wt% Fe.  

 

4.4.2 Adhesion Measurements 

 The measured pull-off forces for different AFM tips and/or their configuration with breast 

cancer cells are presented in Figure 4.6 and Table 4.2 with their respective tip stiffness (Table 

4.1). There was a relatively low level of adhesion (23.5 ± 13 nN) between AFM tip and breast 

cancer cells. However, the average adhesion forces between an AFM tip coated with BMNPs and 
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breast cancer cells is 78.8 ± 11 nN, which is more than three times greater than the adhesion 

using the bare tip. The adhesion between the AFM tip coated with BMNPs and breast cancer 

cells is also greater than the average adhesion forces between the AFM tips coated with CMNPs, 

which is 53.2 ± 16 nN. This suggests that there could be proteins that are within the BMNPs that 

promote the binding to the breast cancer cells. There are posiibilities that without these capping 

protein(s), the BMNPs will have reduced adhesive interactions with the cancer cells. In the case 

of the AFM tip coated with LHRH or BSA, the adhesion forces to the breast cancer cells were 

found to be relatively similar, 105.2 ± 9 and 110.9 ± 7 nN respectively (see Table 4.2).  

 

The adhesion adhesion forces for the BMNPs-LHRH (126.1 ± 26 nN) with breast cancer cells is 

about one and a half times greater than that of CMNPs-LHRH (98.4 ± 39). Similarly,the 

adhesion forces for the BMNPs-BSA (142.7 ± 3) with breast cancer cells is slightly greater than 

that of BMNPs-LHRH. This value is about a one and half times greater to that of CMNPs-BSA 

as well. In addition, the adhesion configurations of BMNPs-BSA and CMNPs-BSA with breast 

cancer cells are greater than that of BMNPs-LHRH and CMNPs-LHRH. This could be due to the 

presence of amine group and protein coatings on the surfaces of the BMNPs. The increase in 

adhesion values of the conjugated BMNPs-LHRH(BSA) and CMNPs-LHRH(BSA) to breast 

cancer cells compared to the bare BMNPs and CMNPs can be attributed to the overexpression of 

receptors for LHRH and BSA on breast cancer cells.  

 

The results obtained above suggest that the adhesive forces between BMNPs/CMNPs and cancer 

cells are attributed to a combination of van der Waals forces and hydrogen bonding. However, 

the high adhesion forces between the BMNPs-LHRH(BSA) and CMNPs-LHRH(BSA) and the 
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breast cancer cells are attributed to the van der Waals interactions between the peptide/antibody 

and its particular overexpressed receptor on the surface of the cancer cells. The results obtained 

are in agreement with the results of Hampp et al.[21] and Oni et al.[30].  

 

Furthermore, the differences in adhesion values between the biosynthesized and chemically 

synthesized conjugated magnetite nanoparticles to cancer cells are thought to be attributed to the 

presence of capping protein(s) present on the biosynthesized magnetite nanoparticles as explored 

by Hampp et al.[21]. It is really necessary in future work to explore the presentce and 

composition of the capping proteins. Also, further work is also needed to characterize and 

compare the biocompatibility of the biosynthesized magnetite nanoparticles to chemically 

synthesized magnetite nanoparticles. Finally, there is also a recommendation for toxicity studies 

for both types of synthesized magnetite nanoparticles (BMNPs and CMNPs) in breast cancer 

cells and normal breast cells. This will certainly pave the way for animal work and clinical trials. 

 

4.5 Implications 

 One of the objectives of the current work is to understand the adhesive forces between the 

different configurations. This gives us insights of the forces that must be overcome by the forces 

encountered during nanoparticle transport in the body. Also, the implication of force microscopy 

measurements described above is quite significant in understanding the adhesion forces between 

functionalized BMNPs with surfaces that are relevant in the detection and treatment of cancer. 
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Furthermore, greater targeting selectivity is a major goal in the development of therapeutic 

agents or imaging contrast formulations for the detection and treatment of breast cancer. Ideally, 

functionalized/conjugated BMNPs should be selectively enriched in the tumor tissue. Thus, the 

adhesion techniques presented in this study may be used to screen the effectiveness of potential 

novel functionalized/conjugated BMNPs that are being developed for the targeting of breast 

cancer. The high adhesive forces that exist between BMNPs and breast cancer cells suggest their 

potential for increased selectivity in the targeting of cancer cells. Therefore, such improved 

screening could significantly reduce the cost of identifying new nanotargets through 

conventional in vitro and in vivo studies. This strategy may furthermore facilitate the attachment, 

entry, and uptake of BMNPs into cancer cells.  

 

The average adhesive forces between the conjugated biosynthesized magnetite nanoparticles and 

cancer cells are almost one and half times greater than those between chemically synthesized 

magnetite. Thus, the results of adhesive forces obtained suggest the potential of the articles to 

improve the selectivity of conjugated BMNPs in cancer detection and treatment.  

 

Finally, it is crucial to know that the adhesion methods used in this study may be used to screen 

the effectiveness of other potential configurations of functionalized/conjugated magnetite 

nanoparticles that are being developed for the specific targeting of breast cancer. This is clearly a 

part of the future work needed to explore such possibilities. This is because such screening may 
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enable the rapid identification of particles and/or targeting ligands that are more likely to 

specifically attach to overexpressed receptors on breast cancer and other types of cancer cells.  

 

4.6 Summary and Concluding Remarks 

This chapter presents the results of an experimental study of the adhesion forces between 

components of a model generic nanoparticle systems/configuration that includes, LHRH, BSA, 

BMNPs, CMNPs, BMNPs-LHRH, CMNPs-LHRH, BMNPs-BSA, CMNPs-BSA to breast 

cancer cells (MDA-MB-231 cell line). The results clearly show the potential application of 

conjugated BMNPs when the comparison of the adhesion of conjugated BMNPs and CMNPs to 

breast cancer cells was done. 

 

Finally, chemically synthesized magnetite nanoparticles had adhesion forces to breast cancer 

cells that were about one and half times less than those of biosynthesized magnetite 

nanoparticles. These results suggest that BMNPs and BMNPs-LHRH conjugates are superior to 

CMNPs and CMNPs-LHRH conjugates in rapid screening of potential ligands for the specific 

targeting of breast cancer cells. This also means that BMNPs may also be used to design novel 

types of magnetite nanoparticles for the early diagnosis and treatment of cancer. Future work is 

clearly needed to carry out in-vitro experiments with at least two different cell lines of normal 

and cancer cells to ascertain and compared the efficacy of conjugated BMNPs and CMNPs. The 

effect of magnetization (superparamagnetic behavior) and nanoparticle sizes with respect to 
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adhesion on the breast cancer cells is also needed to predict the right design configuration. 

Finally, further work is needed to extend the current work to preclinical and clinical scenarios. 
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Figure 4.1: Ligand/receptor interactions. In the experimental setup, ligands on the dip-coated 

AFM tip interact with surface receptors on breast cancer cells (MDA-MB-231) seeded on a Petri 

dish ([Adapted from Ref [30]). 
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Figure 4.2: Schematic of typical force–displacement plot with corresponding stages of force 

displacement behavior (Modified from Ref. 56). In one approach-retract cycle, the AFM tip 

approaches the surface of the sample (A), jumps to contact with the surface when significant van 

der Waals forces are felt (B), and undergoes elastic bending and is retracted (C, D). Due to 

adhesive interactions, the tip does not detach from the substrate until a force sufficient to pull the 

tip off of the surface is achieved (E). (Adapted from Ref [45]) 
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Figure 4.3: Electron diffraction spectroscopy (EDS) spectrum of a bare AFM tip showing 98.9 

wt % Si. 
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Figure 4.4: Sample SEM images of the AFM tips: (a) LHRH-coated AFM tip before adhesion 

measurement; (b) LHRH-coated AFM tip after adhesion measurement; (c) BSA-coated AFM tip 

before adhesion measurement; (d) BSA-coated AFM tip after adhesion measurement. Boxes 

show coating on apex tip and side edges. (e) Chemically synthesized magnetite nanoparticles-

LHRH coated AFM tip before adhesion measurement; (f) Chemically synthesized magnetite 

nanoparticles-LHRH coated AFM tip after adhesion measurement; (g) Biosynthesized magnetite 

nanoparticles-LHRH coated AFM tip before adhesion measurement; (h) Biosynthesized 

magnetite nanoparticles-LHRH coated AFM tip after adhesion measurement. 
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Figure 4.5: EDS Spectrum of LHRH conjugated biosynthesized magnetite nanoparticles 

(BMNPs-LHRH) coated on AFM tip showing 28.5 wt% Si, 53.1 wt% C, 10.5 wt% O and 7.9 

wt% Fe. 
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Figure 4.6: Summary of pull-off force measurements for different configurations of BMNPs and 

CMNPs with breast cancer (MDA-MB-231) cells. 
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Table 4.1: Spring constants of the bare/coated AFM tips 

S/N Coated/Uncoated AFM Tips Average Spring Constant (N/m) 

1 Bare tip 0.66 ± 25 

2 LHRH-Coated tip 0.89 ± 19 

3 BSA-Coated tip 0.94 ± 11 

4 BMNPs-Coated tip 0.59 ± 22 

5 CMNPs-Coated tip 0.55 ± 15 

 

Table 4.2: Adhesion forces between coated/uncoated AFM tips and breast cancer cells. 

Coated and uncoated AFM tip and breast cancer cell configuration Average force (nN) 

1 Bare AFM tip to breast cancer cells 23.5 ± 13 

2 LHRH-coated AFM tip to breast cancer cells 105.2 ± 49 

3 BSA-coated AFM tip to breast cancer cells 110.9 ± 71 

4 BMNPs to breast cancer cells 78.8 ± 11 

5 CMNPs to breast cancer cells 53.2 ± 26 

6 BMNPs –LHRH to breast cancer cells 126.1 ± 21 

7 CMNPs –LHRH to breast cancer cells 98.4 ± 39 

8 BMNPs –BSA conjugate to breast cancer cells 142.7 ± 19 

9 CMNPs –BSA conjugate to breast cancer cells 109.6 ± 51 
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Chapter 5 

5.0 Gold Nanoparticles for Cancer Detection and Treatment: The 

Role of Adhesion 

5.1 Introduction 

 The second leading cause of death in the world is cancer [1]. In most cases, the major challenge 

is the detection of cancer before metastasis [1,2]. Hence, the diagnosis is often too late to 

administer the current treatments that are available [3,4]. Consequently, more than 550 000 

Americans and more than 7.5 x106 worldwide die of cancer each year [5]. Furthermore, for the 

patients that undergo bulk systemic cancer treatment, the treatment is often painful, with 

significant short and long term side effects arising from common treatment methods that include: 

chemotherapy, radiotherapy, hyperthermia, and surgery [3,4]. 

In an effort to reduce the potential side effects of bulk systemic cancer treatment, our previous 

work [6] explored the potential of an implantable anti-cancer treatment device that can locally 

deliver drugs and heat to the site of a tumor. Such a device can be used, following surgery to 

remove cancer tissue, to treat cancer by the localized chemotherapy and hyperthermia. The 

combination of heat and drug was selected because of the potential of engineering synergy 

through the combined use of localized chemotherapy and hyperthermia [7]. 

However, the above device requires surgery for its insertion into the body. Furthermore, it may 

not treat metastatic cells that have escaped into the blood stream and other organs. There is, 

therefore, a need for novel approaches for the detection and treatment of cancer cells before and 

after metastases [1]. This has stimulated our recent efforts to use nanoparticles to facilitate the 

early detection and treatment of cancer [8–11]. The nanoparticles can be injected into the blood 
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stream, where they can also 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 them [8]. 

Upon attachment, the nanoparticles can be used to facilitate the imaging [8–11] and treatment 

[8–11] of cancer. For example, magnetic nanoparticles may be used to facilitate the magnetic 

resonance imaging (MRI) of cancer cells/tissue, while gold nanoparticles may be used to 

enhance laser therapy through interactions that occur between gold nanoparticles and laser beams 

[8]. Similarly, anti-cancer drugs that are tethered to gold nanoparticles may be used to treat 

targeted cancer cells/tissue and metastatic cancer cells in the blood stream [8,11]. Designer 

nanoparticles, therefore, have the potential for localized detection and treatment of cancer. 

Gold nanoparticles are particularly attractive in cancer treatment because of their strong 

absorption of light in the visible and near-infra red (NIR) electromagnetic regions. This optical 

absorption is strongly dependent on the shape and size of the gold nanoparticle [8]. Furthermore, 

it has been shown that the cell uptake of spherical gold nanoparticles is dependent on their size, 

with 50 nm being the optimal diameter [12]. Also, because smaller nanoparticles are expected to 

have a better chance of passing through tumor vasculature, they can attach to tumor tissue and 

then pass through the body prior to egestion and excretion. This prevents their long term 

accumulation in the body, while providing the basis for cancer detection and treatment during 

their attachment to specific cancer cells. 

Since the interactions between nanoparticles and cancer cells can provide a basis for cancer 

detection and treatment, significant efforts have been made to design gold nanoclusters that can 
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improve our ability to detect and treat cancer [8,11,13–21]. In general, such nanoclusters consist 

of: 

• An imaging core, such as gold that can undergo plasmon resonance under illumination 

with a laser; 

• Encapsulated anti-cancer drugs, such as paclitaxel; 

• Molecular recognition units, such as antibodies and peptides that bind specifically to 

receptors on cancer cells, ligand chemistry, and protective coatings that limit the 

interaction of the nanoparticles with surrounding tissue and blood during transport to 

target organs (Figure 5.1). 

During transport in the body, the nanoclusters are subjected to hydrodynamic and shear forces 

that can cause them to fragment into smaller pieces. They must, therefore, be bound by 

significant adhesive and cohesive forces that cannot be overcome by the forces encountered 

during nanoparticle transport in the body. There is, therefore, a need to quantify the adhesion 

forces between the constituents of nanoclusters that are relevant to cancer detection and 

treatment. This can be done using Force Microscopy during Atomic Force Microscopy (AFM) 

[22–24]. This is a technique that can be used to study bi-material pairs [25] that simulate pair-

wise interactions between interacting nanoparticles [26]. It is the basis for force spectroscopy and 

the measurement of nano/molecular scale adhesion [27,28].  

This chapter presents the results of an experimental study of the adhesion between the 

constituents of gold nanoclusters that are relevant to cancer detection and treatment. In the case 

of cancer detection, the adhesive interactions between gold nanoparticles and molecular 

recognition units (such as luteinizing hormone releasing hormone and a breast specific antibody) 
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are measured using force microscopy. The adhesion between gold nanoparticles and paclitaxel 

(an anti-cancer drug) is also measured along with the effects of thiols that are often used to 

improve the adhesion between gold and a number of organic materials [29]. The implications of 

the results are then discussed for the development of gold nanoclusters for future applications in 

cancer detection and treatment.  

5.2 Theory   

The force microscopy method involves bringing AFM tips close enough for adhesive interactions 

to occur (Figure 5.2(a)). This ultimately causes them to jump into contact (Figure 5.2(b)). The 

tips then undergo elasticity as they are displaced further in the same direction (Figure 5.2(c)). 

Upon their retraction, the displacements are reversed, as the loads are reduced to zero (Figure 

5.2(d)). However, the tips do not detach at zero load, due to the effects of adhesion. 

Consequently, the retraction has to be continued until the adhesive interactions are overcome by 

the applied forces. This results in the pull-off of the AFM tips from the substrates (Figure 5.2(e)). 

The resulting pull-off force, F, is a measure of the adhesion. It is given by Hooke’s law: 

               (5.1) 

where k is the stiffness of the AFM cantilever and δ is the displacement of the AFM tip at the 

onset of pull-off (represented as the length, EA in Figure 5.2(a)). Measurements of such pull-off 

forces have been applied in biology [30–33]. They have been shown to be sufficient to detect the 

differences between breast cancer cells and normal breast cells in recent work by Meng et al., 

[25] who studied the adhesive interactions between the breast specific EphA2 antibodies and 

receptors on breast cancer or normal breast cells. Meng et al. [25] also studied the adhesion 
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between luteinizing hormone releasing hormone (LHRH) peptides and their receptors on breast 

cancer and normal breast cells. Their results show that the pull-off forces associated with breast 

cancer cells and LHRH/EphA2, which are over-expressed in breast cancer cells [34,35], are 

about five times the adhesion to normal breast cells [25]. 

It is important to note here that although the above results suggest that force microscopy can be 

used to measure the adhesive forces between the constituents of nanoclusters, there have been no 

prior efforts to use force microscopy to measure the adhesion between gold nanoparticles and the 

constituents of nanoclusters that are being designed for the specific detection and treatment of 

cancer via localized chemotherapy and hyperthermia. This will be explored in this study using a 

model nanocomposite system (Figure 5.1) that can deliver the anti-cancer drug, paclitaxel, while 

providing the basis for thermo-chemotherapy, by localized hyperthermia via plasmon resonance 

with optically tunable gold nanoparticle cores.  

5.3. Materials and Methods 

5.3.1 Materials 

The gold nanoparticles were purchased from Nanopartz Inc. (Loveland, CO), while the uncoated 

AFM tips were procured from Veeco (Memphis, TN). Paclitaxel was obtained from Parenta 

Pharmaceuticals (West Colombia, SC), while LHRH was purchased from Thermo Scientific 

(Waltham, MA). The Breast Specific Antibody (BSA) and thiols were obtained from Sigma-

Aldrich (St. Louis, MO).  
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5.3.2 AFM Experiments 

5.3.2.1 AFM Tip and Substrate Coating/Characterization 

A simple dip-coating method [25] was used to coat the AFM tips. The bare AFM tips were dip-

coated with either gold nanoparticles, LHRH or BSA. This was done by immersing them into 

their respective solutions for about 10 s to maximize the AFM tip surface contact with the 

solution. The tips were then air-dried for less than a minute, after which they were dipped for a 

second time, again for 10 s. This procedure was repeated 3–5 times to complete the coating 

process. The nanoparticle concentrations in solution ranged from 22 to 46 ppm. These were used 

in the as received condition. Similarly, the BSA, thiols and LHRH solutions were used, as 

provided by the vendors, at a concentration of 0.5 mg/ml.  

Subsequently, the coated AFM tips were air-dried for a minimum of 24 h. They were then 

observed under a scanning electron microscope. The paclitaxel, LHRH, and BSA substrates were 

prepared by spreading each of the solutions on glass sheets to form thin layers. These were then 

allowed to dry in air for a minimum of 24 h. The surface morphologies of the coated substrates 

and the uncoated glass substrates (control surfaces) [36] were then characterized using a 

Dimension 3100 Atomic Force Microscope (AFM) that was operated in the tapping mode 

(Dimension 3100, Bruker Instruments, Woodbury, NY, USA).  

In order to confirm that the AFM tip samples were coated with gold nanoparticles, the coated 

and bare tips were imaged under a Phillips Model FEI XL30 field emission gun scanning 

electron microscope (SEM) (Phillips Electronics N.V., Eindhoven, The Netherlands). The 

images were obtained using secondary electron imaging. The images of the coated AFM tips 
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were obtained before and after the AFM experiments. In this way, possible detachment or 

delamination of the coatings was observed on the coated AFM tips. 

Hence, since pull-off forces were only accepted for cases in which the coatings were still present 

after the pull-off experiments, the measured pull-off forces were confirmed to be due to the 

intended bi-material pairs. The spring constants of the coated and uncoated tips were measured 

using the thermal tune method [37,38]. This was measured because the actual spring constants 

are needed to obtain the true adhesion forces from Eq. (1). This also accounts for batch-to-batch 

variations in the spring constants, as well as the effects of coatings on the cantilever stiffness 

[25,36]. The pull-off measurements were obtained under ambient conditions (room temperature 

of 22–23 0C and a relative humidity of 40–45%). 

5.3.2.2 AFM Force-Displacement Measurements 

The interactions between the gold nanoparticle-coated AFM tips and the cell substrates or 

between the components of the drug delivery systems were measured using a Multimode 

Dimension DI Nanoscope IIIa Atomic Force Microscope (Bruker Instruments, Woodbury, NY, 

USA). The measurements were obtained under ambient conditions and relative humidity (40–

45%). The photodetector sensitivity was calibrated on a stiff quartz surface before force 

microscopy measurements [39]. The Veeco probes were made from uncoated phosphorus (n)-

doped silicon. They have a tip radius of curvature of 30 nm. For each pair of interactions, 150 

adhesion measurements were obtained from 3 AFM tips with 50 measurements obtained for each 

tip at 5 different positions on the substrate. Table 5-I shows the different pairs used.  
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5.4  Results and Discussion 

5.4.1  AFM Tip and Substrate Characterization 

Back-scattered SEM images of the uncoated and dip-coated AFM tips are presented in Figures 

5.3(a)–5.3(g). The images show tips before and after the AFM adhesion measurements. A typical 

uncoated AFM tip is shown in Figure 5.3(a). This shows that the bare tip is evenly smooth along 

the corners and surfaces of the tip. However, in the case of the coated tips, corners and apexes 

are covered with coatings that disrupt the smoothness of the surfaces. Typical AFM images of 

the dip-coated AFM tips are presented in Figures 5.3(b)–5.3(f). These show the surface 

morphologies of AFM tips that are coated with nanoscale layers of gold (Figure 5.3(b)), LHRH 

(Figure 5.3(c)), EphA2 breast specific antibody (Figure 5.3(d)). Furthermore, no evidence of 

coating delamination was observed on the surfaces of the coated AFM tips that were used in the 

pull-off experiments. Hence, the measured pull-off forces are due to interactions between the 

coated AFM tips and the substrates. 

5.4.2 Adhesion Forces 

Figure 5.4 shows a typical force-displacement plot for the adhesion between gold nanoparticles 

and LHRH. This plot has characteristics similar to the idealization presented in Figure 5.2. By 

multiplying the pull-off deflections with the tip stiffness shown in Table 5-II, the pull-off forces 

were obtained. There were no measurable forces for the control samples. 

The adhesive force interactions between the different components of the designer drug delivery 

system (shown in Figure 5.1) are presented in Figure 5.5. The adhesion forces between the gold 

nanoparticles and LHRH and between gold nanoparticles and BSA are comparable and stronger 

than those obtained for paclitaxel-gold, paclitaxel-antibody or paclitaxel-LHRH complexes. The 
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weakest adhesive interactions within the drug nanocomposite systems (Figure 5.5) are with the 

drug (paclitaxel). These interactions result in pull-off forces of about 10 nN, compared to those 

without the drug (F~58 nN). This suggests that the robustness of such systems will depend 

highly on the drug-component interactions. These above adhesion forces are generally related to 

Van der Waal’s forces, with relatively large and short range interactions between the different 

components. Also, it can be observed that similar adhesion forces were obtained for the LHRH 

and BSA coated tips when measured against the same substrate (~60 nN against gold and ~10 

nN against paclitaxel). This may be due to the amino acid sequence present in the peptide and 

polypeptide structures in the LHRH and BSA, respectively. The overall adhesion forces would, 

therefore, depend on the charge distributions and positions of the amino acid residues in the 

peptide and polypeptide structures of the LHRH and BSA structures. 

The AFM force microscopy results (Figure 5.5) also show that gold nanoparticles are strongly 

attracted to biological compounds. The pull-off forces for gold-LHRH and gold-AB pairs are 

6063 nN and 5763 nN, respectively. These forces are presented in Table 5-III. 

These are far greater than those between gold and paclitaxel, which is 1260.6 nN. In contrast, 

there are weak adhesive interactions between paclitaxel and the molecular recognition units, 

LHRH and Antibody. The adhesive forces obtained for these interactions are 1061 nN and 961 

nN, respectively. The results are shown in Table 5-IV. 

The adhesion forces between taxol and gold, as well as taxol and thiol are generally less than the 

other interactions within the nanocomposite drug delivery system. Hence, the current results 

show that the drug is the weak link in the nanocomposite system. Careful nanocluster 

engineering must, therefore, be carried out to prevent the inadvertent release of the drug, 
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paclitaxel, before it is delivered to the tumor sites for controlled release and the treatment of 

cancer cells/tumor tissue. 

Furthermore, the results show that the presence of thiols plays an important role in the overall 

robustness of the system. Figures 5.6–5.8 reflect increased adhesion forces, when compared with 

those with gold. In Figure 5.6, the thiolantibody couple has an adhesion force of 320640 nN, 

which is about three times the adhesion force between gold and the breast specific antibody. 

These results are summarized in Table 5-V. 

Also, the adhesion force between thiol and gold is found to be almost double that between the 

gold and the BSA. These results clearly indicate a significant increase in the adhesive 

interactions when thiol is introduced between the gold and BSA. The increased adhesion forces 

between gold and thiol can be attributed to covalent bonds. Gold is known to form stable 

complexes with ligands which have “soft” or polarizable electron donating atoms such as 

phosphorus or sulfur [40]. Similarly, the stronger adhesive forces between BSA and thiol may be 

attributed to amine-thiol interactions. 

Similar results were obtained for LHRH interactions. These resulted in a three-fold increase in 

the adhesion forces of gold-thiol structures, when compared with those of uncoated gold 

structures (Figure 5.7). Furthermore, the adhesion forces between gold and paclitaxel are about 

six times greater when thiols are present (Figure 5.8). The current results, therefore, confirm that 

thiols can improve the robustness of gold nanoparticle clusters, as is expected from prior work 

reported in the literature [41,42]. The current results are also presented in Table 5-VI.  
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The above results suggest that, with the exception of thiol-taxol interactions, the interactions 

between thiol and the other chemical species (LHRH, EphA2 and gold) generally result in 

increased adhesion. These results are shown in Table 5-VII. 

The observed increase in adhesion forces (in the presence of thiols) is attributed to the effects of 

secondary bonds (Van der Waals forces or hydrogen bonds). Furthermore, the statistical 

variations in the measured adhesion forces seem to be less in the cases where the number of 

molecular species on the AFM tips is fewer. However, in cases with increased numbers of 

available molecular species on the AFM tips (taxol and LHRH), the variabilities in the measured 

adhesion forces may depend on the coverage of the AFM tips and the orientations of the 

molecules on the AFM tips and the substrates. Further work is clearly needed to explore the 

effects of molecular orientation and AFM tip coverage on the measured adhesion forces. These 

are clearly some of the challenges for future work. 

The reasons for the variations in error ranges in the adhesion force measurements are not fully 

understood at the moment. We also note that the adhesive interactions between relatively large 

antibodies and gold nanoparticles result in smaller statistical variations, while those between 

organic structures with many possible sites of interactions result in larger variations in adhesive 

force. 

Finally in this section, Figure 5.9 provides a comparison of the forces obtained for the different 

component pairs with thiols. As reported previously [43], proteins have the strongest affinity to 

thiols due to the possible disulfide intermolecular interactions.  
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Covalent bonds between gold and thiols [40] may be responsible for these strong adhesive 

interactions. Furthermore, the paclitaxel-thiol bi-material pair results in the smallest pull-off 

forces, suggesting the presence weak Van der Waal’s interactions.  

5.5 Implications 

The implications of the current work are quite significant. They suggest that nanoparticles, 

peptides and antibodies can be coated on micro-cantilever tips and used to measure adhesion 

interactions that are relevant to drug delivery systems. Hence, the pairwise adhesive interactions 

between the drug components can be measured using force microscopy techniques. However, 

there is a need for further work to explore the extent to which the AFM adhesion measurements 

may vary due to interactions with liquids and different solvents that are relevant to in-vitro and 

in-vivo environments. In-vitro and in-vivo studies are also needed to understand the level to 

which the AFM adhesion measurements can be related to nanoparticle-drug component 

interactions and binding under experimental and clinical conditions. These are clearly some of 

the challenges for future work. 

Based on the sizes of the rounded AFM tips with tip radii of about 30 nm, we estimate a total 

hemi-spherical volume of about 5656 nm2 is available for the adhesive interactions with the 

substrates. Hence, in the case of the EphA2 antibodies, if we estimate the surface areas of the 

molecules to be approximately 1000 nm2, then we would expect to have about 5.7 molecules 

interacting with the substrates. Consequently, partial coverage of the tip rounded AFM tips 

should result in about 3–5 molecules per rounded AFM tip. In the case of the smaller LHRH 

peptides, with surface areas of about 36 nm2, about 157 LHRH peptides can be attached to the 
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rounded AFM tip, if it is fully covered. Similarly, the interactions with the taxol drug molecule 

with a surface area of 100 nm2 could result in about 57 taxol molecules on the rounded AFM tip. 

Furthermore, it is also clear that the adhesion methods that were used in this study can be used to 

screen the effectiveness of potential binding chemistry and coated nanoparticle targets before 

conducting expensive in-vitro and in-vivo studies that are needed for clinical use. However, the 

relatively weak bonds between the anti-cancer drugs (paclitaxel) suggest that nanocluster 

fragmentation may occur during transportation in the bloodstream to the target organs. Since 

such fragmentation may result in premature drug release from the nanoparticle clusters (before 

they reach the intended tumor tissue/target organs), there is a need for further experimental and 

computational work to study the resistance of the nanoparticle clusters to fragmentation under in-

vitro and in-vivo conditions. Nevertheless, the results of the current study show clearly that thiols 

improve the adhesion between the constituents of nanoclusters that are relevant to early cancer 

detection and the localized treatment of cancer via hyperthermia and localized drug release. 

5.6  Conclusions 

This chapter presents the results of an experimental study of the adhesion forces between 

components of a model generic drug delivery/system that includes gold nanoparticles, paclitaxel, 

thiols, LHRH and breast-specific antibody, BSA. The results confirm that the robustness of such 

systems depends on the adhesion to paclitaxel, which is the weak link. In such cases, it is 

important to design nanoparticle clusters in which adhesion to the drug is increased to prevent 

premature release. The results suggest that the force microscopy technique can be used to rank 

the adhesion between different species in drug nanocomposites that are being developed to treat 

breast cancer and other forms of cancer. They also show that the presence of thiols can 
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significantly increase the adhesive forces between gold and the molecular recognition units or 

the drugs in these systems. Furthermore, the current work provides a tool for fast screening of 

potential binding chemistry for ligand conjugated nanoparticles that can also be used for cancer 

detection and treatment. Further work is clearly needed to measure the adhesion forces in 

biological environments and clinical settings. 
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Figure 5.1: Possible schematics of a nanoparticle-based drug delivery/detection system. 
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Figure 5.2: Schematic of an atomic force microscope force-displacement behavior: (a) Load-

displacement plot, (b) Tip/Surface Interaction. In one cycle, tip approaches the surface of the 

substrate (A), jumps to contact with substrate as significant van der Waals forces are felt (B), 

undergoes elasticity as it is displaced further in the same direction (C), displacements are 

reversed upon retraction as loads reduce to zero (D), tip does not detach at zero load due to the 

effects of adhesion until sufficient force is applied to pull the tip off the surface (E). 

 

 

 

 

 



164 

 

 
 

Figure 5.3: Sample SEM Images of the AFM tips: (a) Bare AFM tip; (b) Gold nanoparticles-

coated AFM tip before adhesion measurement; (c) Gold nanoparticles-coated AFM tip after 

adhesion measurement; (d) LHRH-coated AFM tip before adhesion measurement; (e) LHRH-

coated AFM tip after adhesion measurement; (f) BSA-coated AFM tip before adhesion 

measurement; (g) BSA-coated AFM tip after adhesion measurement. Boxes show coating on 

apex tip and side edges. 
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Figure 5.4: Typical AFM force-displacement behavior for coated tips on substrates. 



166 

 

Gold-LHRH Gold-Antibody Taxol-Antibody Gold-Taxol Taxol-LHRH

0

10

20

30

40

50

60

A
d
h
es

io
n
 F

o
rc

e 
(n

N
)

Component Pairs
 

Figure 5.5: Adhesion interactions of components in a drug delivery system. 
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Figure 5.6: Comparison of adhesion interactions for gold with and without thiols. 
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Figure 5.7: Comparison of adhesion interactions for LHRH with and without thiols. 
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Figure 5.8: Comparison of adhesion interactions for paclitaxel (taxol) with and without thiols. 
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Figure 5.9: Comparison of adhesion interactions of the nanocomposite components with thiols. 

 

 

 

 

 

 

 

 



169 

 

Table 5-I: Substrates and coated tips used in AFM study 

 

 

Table 5-II: Spring constants of the bare and coated tips 

 

 

Table 5-III: Comparison of adhesion interactions for LHRH with and without thiols 
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Table 5-IV: Comparison of adhesion interactions for paclitaxel (taxol) with antibody, gold or 

LHRH. 

 

 

 

 

Table 5-V: Comparison of adhesion interactions for Gold with and without thiols.  

 

 

Table 5-VI: Comparison of adhesion interactions for LHRH with and without thiols. 
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Table 5-VII: Comparison of adhesion interactions of the nanocomposite components with thiols. 
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Chapter 6 

6.0 Injectable, Biodegradable Microparticles Loaded with 

Prodigiosin for Localized Anticancer Drug Delivery in the 

Treatment of Cancer 

6.1 Background and Motivation 

Cancer is currently the second leading cause of death [1,2]. Specifically, breast and prostate 

cancers are the second most common causes of cancer deaths in women and men, respectively 

[3]. Current trends also suggest that cancer will become the leading cause of death by 2030 [1,4]. 

The conventional methods for the treatment of breast cancer include: bulk systematic surgery, 

chemotherapy and radiotherapy. These are associated with high cost and severe side effects [5-

7]. Chemotherapy also affects normal cells, while reducing the therapeutic indices of the drugs 

[8]. Many of the existing cancer drugs also lack selectivity and specificity [9-13]. Hence, 

incremental improvements in breast cancer therapy are unlikely to address the challenges 

associated with the cost and side effects of breast cancer treatment.  

 

Prior work has shown that current cancer treatment procedures often result in short extensions of 

life [6]. In some cases, new tumors replace old ones, resulting in revisiting therapies [8]. To 

compliment these efforts, there is therefore, a need to develop localized controlled drug delivery 

cancer treatment techniques that can increase the effectiveness of cancer treatment, while 

reducing the cost and side effects (due to toxicity) of cancer treatment. This can be achieved by 

the direct injection of microspheres that are loaded with anti-proliferative and therapeutic cancer 

drugs that can release in a controlled manner [14].  Such microspheres can release cancer drugs 
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to breast cancer cells/tumors, through a controlled release by diffusion or as they degrade by 

hydrolysis or biodegradation.  

 

Polymeric drug-loaded particles have been used effectively in the treatment of prostate cancer 

[15], atherosclerosis [16] and breast cancer [17], by localized drug delivery. This is due to their 

uniqueness in the delivery of drugs within the therapeutic window [18,19]. Unlike conventional 

bulk chemotherapy, which is relatively expensive and could have some side effects [18-20], 

polymeric drug-loaded microparticles can be injected directly into tumor regions to provide 

localized chemotherapy.  This reduces the concentrations of cancer drugs that are needed for 

effective treatment. Injectable polymer-loaded drugs also result in low/minimal levels of toxicity 

[14,18,19,21] and hypersensitivity reactions [19].  

 

This chapter presents the results of an experimental study of injectable poly (DL-lactide-co-

glycolide) (PLGA)-loaded microspheres that are loaded with a biosynthesized apoptosis and 

anti-proliferative agent (prodigiosin) or a commercially available cancer drug (paclitaxel). This 

was achieved by single emulsion solvent evaporation technique (SESET) [22-24], in the 

presence of PLGA with a PVA emulsifier. The PLGA polymer and the PVA emulsifier are all 

approved by the World Health Organization (WHO) and the United States Food and Drug 

Administration (FDA) as implant materials for human therapy [25-27]. However, there are 

relatively few studies of low cost drug-loaded microparticles for cancer treatment [9-13].  

 

Injectable PG-loaded PLGA microparticles were formed in this work which provides great 

potential for replacing PT-loaded microspheres for the sake of low costs.  This is because 
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prodigiosin has been shown to have great potentials in the treatment of cancer [28-33]. PG has 

been used as an anticancer agent [28-32] and has been shown to have the ability to cause 

apoptosis [33] and as an immunosuppressant [28] agent. PT-loaded PLGA microspheres were 

developed as a positive control. Generally, the IC50 reported for PT against cancer cells lines is 

of the order of 10–100 nM (10–100 ng/mL) [15]. This provides a range of controlled PG or PT 

release over period that may be needed for elimination of cancer cells. Despite several efforts in 

the field of biodegradable polymeric drug-loaded microspheres, to the best our knowledge, no 

current work has explored the development of low cost injectable PG-loaded microspheres for 

localized treatment of cancer.  

 

The resulting particles formed have sizes that were found to be influenced by the concentration 

of stabilizer/emulsifier and the homogenizer speed. The physicochemical characteristics, release 

studies were carried out to understand the drug loading efficiency, encapsulation efficiency and 

drug morphology with respect to release time were elucidated via a combination of scanning 

electron microscopy (SEM), differential scanning calorimetry (DSC), UV-visible 

spectrophotometry, optical microscope and AFM. The implications of the results are then 

discussed for the development of injectable and multi-functional low cost prodigiosin-loaded 

microparticles for cancer therapy. This PG-loaded PLGA microsphere will take advantage of the 

cost associated with PT-loaded microsphere by exploiting the unique anatomical and 

pathological abnormalities of the tumor vasculature for effective localized delivery of cancer 

drugs. 
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6.2 Materials  

 

The chemicals that were used for the processing of the polymer-based microspheres include: 

polylactide-co-glycolide of different ratios of lactide-to-glycolide and polylactide (50:50 and 

molecular weight 30,000-60,000). These obtained from Sigma Aldrich, St Louis, MO, USA. The 

solvent, dichloromethane (DCM), that was used to dissolve the PLGA, was obtained from Fisher 

Scientific, Marietta, OH, USA. Poly vinyl alcohol (PVA) (98% hydrolyzed, MW= 13,000 – 

23,000) was obtained from the Aldrich Chemical Co., Milwaukee, WI, while PT (anti-

poliferative/anti-cancer drug) was obtained from LC Laboratories, Woburn, MA, USA. The anti-

poliferative/anti-cancer drug (PG) was biosynthesized from Serratia marcescens subsp. 

Marcescens strains obtained from a soil at the Sheda Science and Technology Complex 

(SHESTCO), Abuja, Nigeria. Dimethyl sulfoxide (CH3)2SO (DMSO) was purchased from BDH 

Chemicals (Poole Dorset, England). This was used to dissolve the prodigiosin drug. Phosphate 

Buffered Saline (PBS) with solution with a pH of 7.4 was used for the drug delivery experiment. 

This was obtained from Life Technologies Corporation, Grand Island, NY, USA.  

 

6.3 Experimental Methods 

6.3.1 Synthesis and Purification of Prodigiosin (PG) 

The PG that was used in this study was obtained from Serratia marcescens subsp. Marcescens 

bacteria at the Biotechnology and Genetic Engineering Advanced Laboratory, Sheda Science and 

Technology Complex (SHESTCO), Abuja, Nigeria. A method developed by Kamble et al. [34] 

was used for the synthesis and extraction of PG from Serratia marcescens subsp. Marcescens 

strains. The extracted samples were then purified using size exclusion chromatography prior to 
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characterization with High Performance Liquid Chromatography (HPLC) (Prominence, 

Shimadzu, Kyoto, Japan). During the purification process,  the sample containing the pigment of 

PG was collected and placed in a rotary evaporator (BUCHI, Rotavapor® 114 with Water Bath 

B-480, Bristol, Wisconsin, USA) to remove the ethanol leaving the first  extract of PG. This 

sample was then purified using column chromatography.   

 

During the column chromatography, the stationary phase used was a silica gel (BDH Chemicals, 

300624v, Poole Dorset, England), while the mobile phase was a mixture of ethyl acetate, 

chloroform and methanol in the ratio of 2:1:1, respectively. The PG extract was layered at the top 

of the gel in the column and fractions eluted by adding the mobile phase. Subsequently, 5 mL 

fractions of the sample were collected over several minutes. This was followed by UV-Vis 

spectrophotometric (UV-Vis) measurements of the fractions at a wavelength of ~ 535 nm. This 

was done using a UV-Vis spectrophotometer (CECIL 7500 Series, Buck Scientific Inc., East 

Norwalk, USA). Finally, the fractions that absorbed at this wavelength were pooled together and 

subsequently dried in a freeze dryer (LABCONCO, Kansa City, Missouri, USA).  

 

High Performance Liquid Chromatography (HPLC) was carried out using an HPLC system with 

a dual wavelength absorbance detector (Waters 2695 with 2487 Absorbance Detector, LabX, 

Midland, ON, Canada) to determine the purity of the extracted prodigiosin samples by producing 

spectra at 535 nm. This was compared with a standard PG (purity = 95%, Mw = 323.4 g/mol) 

procured from Santa Cruz Biotechnology, CA, USA.  Methanol and 10 mM triethylamine (17:3 

v/v), with pH adjusted to 6.5 (using phosphoric acid), were used as the mobile phase at a flow 
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rate of 1.0 ml/min through a reverse column at 40˚C. The acid was used to improve upon the 

chromatographic peak shape and also to provide a source of protons in the reverse phase.  

 

Furthermore, the concentration of the standard solution was matched to the sample solution to 

avoid peak mis-assignment due to peak shape effects. 500 μg of each sample; standard PG and 

the sample PG were separately dissolved in 2 ml of methanol to obtain equal concentrations of 

250 μg/ml. The PG content was determined from the HPLC analysis by comparing the peak 

areas (normalization), as well as the symmetrical increase of the peak areas as a function of the 

retention time. By comparing the retention time and response of the peak in the chromatogram of 

the standard solution, with the sample chromatogram, the peaks were assigned. The percentage 

peak, AP, areas and the amounts of PG present in the sample corresponding to a peak area were 

obtained from the work done by Dolan et al. [35-37]. 

 

6.3.2 Preparation of Polymer-loaded Microspheres  

 

Prodigosin and paclitaxel-loaded PLGA microspheres were prepared using a single emulsion 

solvent evaporation technique (SESET) [22-24]. This technique is also referred to as the Single 

Emulsion Micro-encapsulation (SEME) method. It is a common method for the entrapment of 

hydrophobic drugs into polylactide-co-glycolide acids (PLGAs) [38]. The PG/PT-loaded PLGA 

microspheres were prepared using the SESET adapted from prior work by various research 

groups [39-43].  

 

In this work, 100 ml each of 0.5 % and 3 % PVA emulsifier were prepared. Typically, two 

portions of 200 mg of PLGA were dissolved in 2.0 ml of dichloromethane (DCM). The solution 
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of PLGA and the DCM was then vortexed and mixed for 5 minutes to obtain a homogenous 

PLGA solution. To each portion of the PLGA solution, 0.2 ml of 7.5 mg/ml of PG and 0.2 ml of 

7.5 mg/ml of PT that were freshly prepared with DMSO were gently poured, respectively. The 

resulting solutions were stirred with a homogenizer (Ultra Turrax T8, IKA Works 

Inc.,Wilmington, NC, USA) for 1 minute at 18000 and 22000 rpm, respectively.   

 

Each of the two separate resulting solutions of PG/PT and PLGA solution (solution of organic 

phase) was poured slowly into an aqueous solution containing 0.5 or 3 % PVA as surfactant, to 

form an oil-in-water (o/w) emulsion, respectively. The solutions were homogenized with an 

Ultra Turrax T8 homogenizer for 4 minutes at 18000 and 22000 rpm, respectively. The samples 

were then transferred into a magnetic stirrer, stirring at 600 rpm for 3 hours to evaporate the 

DCM and DMSO in the solution mixture. The residual solutions were then washed several times 

with deionized water before centrifuging them at 3,000 rpm to remove the emulsifier/stabilizer 

and recover the pellet drug-encapsulated microparticles that were formed.  Finally, the 

microspheres were pre-frozen at −80◦C for 20 minutes in dry ice for 10 minutes. This was 

followed by lyophilization for 16 hours at −80◦C under 110 mmHg vacuum (2KBTXL-75 

Benchtop SLC Freeze Dryer, Virtis, Warminster, PA, USA). Non-loaded PLGA microspheres 

were prepared at a homogenizer speed of 18000 and 22000 rpm, respectively as controls using 

the same approach but without the addition of PG and PT solutions.  
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6.3.3 Materials Characterization 

 

The morphology of the PG/PT-loaded PLGA microspheres formed at a homogenizer speed of 

18000, 22000 rpm and 0.5 % and 3 % PVA concentration, respectively, were characterized using 

a high-resolution field emission scanning electron microscope (AMRAY 1830 I SEM, AMRAY, 

Inc, Bedford, MA, USA). Prior to SEM, the samples were mounted on aluminum stubs and gold-

coated using a sputter coater [44] for 1 minute. This was done to make the surfaces conductive 

without compromising the fine surface microstructures. These gold-coated particle samples were 

cooled over liquid nitrogen prior to SEM analysis. This was done to avoid their melting due to 

the electron beam exposure. The size distributions of the microspheres were then determined 

using the ImageJ software package (NIH Image, Scion Image for windows, National Institute of 

Health, Bethesda, Maryland, USA). This was used to analyze the SEM images of the 

microspheres. The polydispersity indices (PDI) of the nanoparticles were also measured using a 

Zetasizer-Nano Z590 instrument, DLS (Malvern Instruments, Worcestershire, UK).  

 

The thermal characteristics of PG/PT-loaded microspheres formed at a homogenizer speed of 

18000 rpm were analyzed using differential scanning calorimetry (DSC) (Q1000 DSC, Thermal 

Analysis Instruments, New Castle, DE). This measured the heat flow (in and out of both sample 

and reference) during a controlled temperature program. The crystalline nature of the pure drug 

and its thermal behavior were studied using DSC. The glass transition temperature (Tg) and the 

melting temperature (Tm) were obtained from the DSC measurements. All of the DSC 

measurements were conducted in crimped nonhermetioc aluminum pans. The samples were 

heated at the rate of 10oC/min from 0oC to 200oC for plain PLGA microspheres, and from -10oC 

to 250oC, for the encapsulated microspheres.  This was done using an empty crimped aluminum 
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pan as a reference. The glass transition temperature (Tg) was determine from the mid-point 

temperature of the endothermic drift in the heating curve.  

 

A UV-Visible spectrophotometer (Lamda XLS, Perkin Elmer, Waltham, USA) was used to 

estimate the concentration of PG or PT in the microspheres. These were estimated from the 

spectroscopic measurements. The UV-vis spectrophotometer measures the absorbance of each 

solution of the samples. From Beer Lambert’s Law, the absorbance, (A) is directly proportional 

to the path length, (L), and the concentration, (C), of the absorbing species and β is the molar 

absorptivity of the species. 

A=βCL           6.1 

This gives concentrations of the PG and PT in the solution were determined from a standard 

curve that was obtained for a maximum absorbance at wavelengths of ~ 535 and 235 nm, 

respectively. The drug loading efficiency, DLE, of the microspheres was obtained from the 

expression [45].  

 

            6.2  

where  is the mass of drug uptake into the microspheres and M(D+P) is the mass sum of drug 

and polymer in the microsphere. Thus, the drug encapsulation efficiency, DEE, of the 

microparticles formed was calculated from the expression given below: 

           6.3 

where Mx is the amount of encapsulated drug and Mz amount of drug used for microparticles 

preparation. 
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6.3.4 Standard Curve and Drug Concentration 

In order to estimate the exact drug content, there was a need to calibrate a standard curve. A 0.12 

ml of stock solution of known concentration (7.5mg/ml) of PG was used to prepare a standard 

concentration curve. This was done using a method reported by Kesarwani et al. [46]. The 

solution was serially diluted and dissolved in DMSO (DMSO dissolve PG and PT completely 

and faster) to obtain standard PG drug solutions with concentrations of 0.01, 0.03, 0.06, 0.12 and 

0.24 mg/ml. A UV spectrophotometer (Lamda XLS, Perkin Elmer, Waltham, USA) was used to 

determine the absorbance at ~ 535 nm (Figure 6.2 (a)) using DMSO as blank. The measured 

absorbances were then plotted against known concentrations (Figure 6.3 (a)). This was used to 

obtain a calibration curve for determining the concentrations of PG at any absorbance 

respectively.  

 

A similar approach was used to quantify the concentration of paclitaxel at an absorbance of 235 

nm. In this case, 7.5 mg of pure PG was dissolved in 1 ml of dichloromethane (DCM) to obtain 

standard PT solution. This was then serially diluted to obtain paclitaxel solutions with 

concentrations 0.01, 0.03, 0.06, 0.12 and 0.24 mg/ml. A UV spectrophotometer (Lamda XLS, 

Perkin Elmer, Waltham, USA) was used to determine the absorbance at 235 nm (Figure 6.2 (b)). 

The results were then plotted against concentration (Figure 6.3 (b)) to obtain a calibration curve 

for determining the concentration of paclitaxel. The calibration curves obtained above were used 

to determine the concentration of PG and PT. These were used in subsequent drug release 

experiments in which UV absorbance measurements were obtained from solutions containing the 

microspheres at wavelengths of 535 nm and 235 nm, respectively. 
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6.3.5 In-vitro Drug Release from Microparticles 

This release of drugs (PG or PT) from the microspheres containing entrapped drugs was also 

characterized. 10 mg each of PG or PT drug-loaded microspheres (prepared under 18000 and 

22000 rpm homogenizer speed using 0.5  % and 3 % PVA concentration) were suspended in 10 

ml of phosphate buffered saline (PBS) (containing 0.1 % w/v Tween 80) in triplicate 16 ml 

screw-capped (Teflon) tubes at a pH of 7.4. This was done to mimic human blood for the period 

of 8 days (192 h). The resulting solution facilitates microsphere suspension and drug solubility. 

The tubes were placed in an incubator shaker (Innova 44 Incubator, Console Incubator Shaker, 

New Brunswick, NJ, USA) that was maintained at 37°C and shaken at 8 rpm. At time intervals 

of 12 hours and subsequently 24 hours towards the end of the experiment, the tubes were 

centrifuged at 3000 rpm for 5 minutes. 2.0 ml of the supernatant (referred to as release study 

samples) were then extracted and stored at -25°C for subsequent UV-Visible spectrophotometry. 

2.0 ml fresh drug-free release media were added to the tubes to maintain sink conditions during 

the release study. The tubes were then inserted into the orbital shaker until the next sampling 

time.  

 

The concentrations of drug from the release study were quantified using the UV-Visible standard 

curves prepared for the PG and PT. The changes in the morphologies, degradation and release 

rate of the microspheres were also characterized with respect to their structure using optical 

microscope (Nikon Eclipse E200, Nikon Instruments Inc., Melville, New York, USA) with an 

Edmound Optics EO-4010C and AFM (AFM, MultimodeTM Scanning Probe Microscope, Digital 

Instruments, USA) of selected samples at different stages of drug release.  
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6.4 Results and Discussion 

6.4.1 Microsphere Morphology and Physicochemical Properties 

SEM micrographs of encapsulated prodigiosin polymer-loaded microspheres are presented in 

Figures 6.4 (a) and 6.4 (b) for samples prepared at homogenizer speeds of 18000 and 22000 rpm, 

respectively. These show porous PG-loaded microspheres with particle sizes that are between 5 

and 50 µm (Figure 6. 4 (c) and 6. 4 (d)). In the case of PT-loaded PLGA microspheres formed at 

similar homogenizer speed of 18000 and 22000 rpm, respectively, the microparticle sizes were 

between 5 and 40 µm (Figure 6.5 (c) and 6.5 (d)) with their micrograph as shown in Figure 6.5 

(a) and 6.5 (b). This clearly shows that as the homogenizer speed increases during the PG-loaded 

microspheres formulation, the particle sizes formed tend to decrease and vice versa.  

 

The microparticles sizes were also influence by the concentrations of PVA (Figures 6.6 and 6.7). 

This is shown in Figures 6.6 (a) – 6.6 (d), for PG-loaded PLGA microspheres formed in the 

presence of 0.5 and 3 % PVA concentrations. The sizes formed ranges from ~ 5 – 70 µm and ~ 5 

– 25 µm for microspheres formed in the presence of 0.5 % and 3 % PVA concentrations, 

respectively. Similar results were also obtained for PT-loaded microspheres with sizes ranges 

between ~ 10 and 50 µm for 0.5 % PVA and ~ 5 and 25 µm for 3 % PVA concentration (Figures 

6.7 (a) – 6.7 (b)). These results are consistent with prior reports by Zambaux et al.[47], 

Stevanovi et al [48] and Niwa et al. [49]. As the PVA concentration increases, the particle sizes 

formed in the process decreases and vice versa. This is because a higher concentration of the 

emulsifier tend to decrease the interfacial energy of oil droplets, thus smaller droplets that 

correspond to larger surface area can be formed [50] (See Table 6.1).  
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In the case of the control (plain microspheres without drug encapsulated under the same 

conditions), the temperatures; glass transition, Tg, and melting temperature, Tm were ~ 45.35 oC 

and 48.5 oC, respectively (Figure 6.8 (a)). However, in the case of the encapsulated prodigiosin 

and paclitaxelTM microspheres, the Tg and Tm were ~ 31.13 oC, 35.5 oC and ~ 27.53 oC, 32 oC 

respectively (Figures 6.8 (b) and 6.8 (c)). The changes in the measured Tg and Tm values are 

attributed to the drug acting as a strong plasticizer for the polymer (PLGA). In other words, it 

suggests that the drug have a strong miscibility with the PLGA polymer used [51]. These above 

results are in agreement with prediction of Tg from the Flory-Fox equation [52].  

        6.4 

Where TgTheoretical is glass transition temperature of the drug-loaded polymer microspheres, 

Tg,PLGA and Tg,Drug are glass transition temperature of the polymer, PLGA and drug, respectively. 

WPLGA and WDrug are weight fractions of polymer, PLGA and drug, respectively. 

 

The porosity of the PG-loaded PLGA microspheres is associated to the diffusion of the inner 

phase, as a result of the removal of volatile solvents. These solvents diffuse into the aqueous 

medium and evaporate at the air/water interface under constant stirring, leaving only spherical 

polymer microspheres in the aqueous phase. It could be reasoned that the influx between the 

internal aqueous phase and external aqueous phase result in pore formation [53].  

 

6.4.2 Purity of Extracted Prodigiosin and Standard Calibration Curves 

 

From the chromatogram of both the test sample and the standard sample, single peaks were 

obtained. These indicate the presence of single components (Figure 6.9). For the sample, the 
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peaks (1-7) grow and retain symmetry, given a tentative confirmation of the sample (PG) 

[35,37]. The asymmetry factor for the peaks, 1, 2, 3, 4, 5, 6 and 7, were determined to be 1.26, 

0.31, 1.26, 0.10, 0.70, 1.17 and 0.51, respectively. Meanwhile asymmetry factors, as of peaks at 

1.0-1.4 are considered good, while As between 1.5- 2.5 are marginally accepted and As values 

above 3.0 are unacceptable [36]. Clearly, all the asymmetry factors reported here are considered 

to be good and hence peaks were considered for the analysis. Quantitatively, peak areas or 

heights were used to determine the concentration of PG in the sample [35,37].  

 

In this chapter, the peak areas were used to determine the content of PG because the peaks were 

slightly tailed. The peak heights varied, while the areas remained constant. Peak symmetry is 

also a performance characteristic for a good quantitative result. The test sample shows good 

asymmetry based on the asymmetry factors determined. Other six smaller peaks were observed 

in the test samples due to unavoidable organic impurities that were present. Also, the greatest 

peak was obtained at 5.01 min of retention time, with a percentage area of 95.42, as compared to 

4.87 min for the standard sample, which also had recorded a percentage area of 97.66. The purity 

of the standard sample was 95 %. This translates by ratio to a sample purity of 92.8 %. 

 

The calibration curves obtained for prodigiosin and paclitaxel are presented in Figure 6.2 (a) and 

6.2 (b), respectively, for absorbance at wavelengths of ~ 535 nm and 235 nm. The plots are 

consistent with prior reports in the literature [28,34]. These calibration curves were used to 

obtain the corresponding concentrations of the drugs in the microspheres. 
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6.4.3 In-vitro Drug Release From Prodigiosin/PaclitaxelTM-Loaded PLGA Microspheres 

 

The average particle sizes and polydispersity indices of the microspheres used for the drug 

release experiment were 16.4, 15.5 µm and 0.21, 0.35 for PG and paclitaxel-loaded microsphere 

respectively (Table 6.1) at a homogenizer speed of 18000 rpm and a PVA concentration of 0.5 

%. At a speed of 22000 rpm and PVA concentration of 0.5 %, the average particle sizes and 

polydispersity indices are 5.1, 10.2 µm and 0.26 and 0.38, respectively. This is crucial because 

controlled drug release rate depends upon nature and the polydispersity of the microparticles. 

Similar drug release was observed for the PVA concentration of 3 % with the homogenizer speed 

of 18000 and 22000 rpm, respectively. This implies that the PVA concentration does not 

significantly affect the release rate and the particle sizes [50], This is because the PVA were 

properly rinsed out.  

 

For effective treatment of cancer, Wang et al. [53] have suggested that the continuous release of 

an anti-cancer (agent from a controlled delivery device) should be studied over a period between 

1 week and 1 month. These have stimulates our efforts to understand the surface morphology 

during the release carried out for prodigiosin/paclitaxel-loaded microspheres. The results 

obtained for the in-vitro release of prodigiosin or paclitaxelTM from the PLGA microspheres are 

presented in Figure 6.10, respectively. These show the cumulative in-vitro release profiles of 

prodigiosin and paclitaxelTM up to 8 days.  

 

Studies show that degradation period of PLGA is between 4 and 6 weeks [54,55]. This clearly 

indicates that drug release in the current research was more through diffusion and dissolution 

controlled rather than degradation controlled. This argument validates the microscopic structures 
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of the particles observed during the release studies (Figure 6.11). This is to truly ascertain that 

there is no surface change as a result of electron interaction with the surface of the microsphere 

when the SEM is used.  

 

The porous PG-loaded PLGA microspheres exhibited somewhat slower and similar release 

behavior as the PT-loaded microspheres (Figure 6.10). However, both release profiles exhibited 

steady continual-release profile, with some initial burst release. In the case of PG, the initial 

released from the microspheres was fast in the first 40 h, while the release of PT from the 

microspheres was fast in the first 50 h. The initial release in the case of PG was ~ 55%, while 

that of paclitaxel was ~ 70% in line with the result as reported by Engineer et al. [56]. This is 

because the release of paclitaxel from the polymeric matrix has been reported to occur in two 

phases. 60-70% within 1 week of incubation in PBS and in the second phase, remaining 

percentage of drug tends to release in the next 7 weeks [56]. In any case, the release rate carried 

out for both PG and PT-loaded PLGA microspheres at homogenizer speeds of 18000 and 22000 

rpm using a PVA of 0.5 % for durations of up to 192 h (8 days) was a sustained release.  

 

The observed first phase of release in the current work can be attributed to the preferential 

location of the drugs at the hydrophobic–hydrophilic interfaces inside of the microspheres [57]. 

This results in the faster release of prodigiosin and paclitaxelTM from the particles to the medium. 

Prior work has also suggested that the drugs dissolve more readily in amorphous regions than 

crystalline regions of the microspheres [58] which will tend to accelerate their release.  

 



188 

 

The PG or PT release from microspheres was also influenced by the drug payload or drug 

density in the microparticles. The higher the drug payload in microparticles, the faster the 

prodigiosin and paclitaxelTM release from particles [53,57,58]. This is because the total in-vitro 

drug release from polymeric microspheres occurs by diffusion, bulk erosion and polymer 

degradation processes [20]. In the case of PG-loaded microspheres, the large surface area and the 

release of drug to the surrounding medium becomes easier at higher drug payloads hence have a 

higher initial burst [59,60]. This results in faster initial drug release at time, 25 hrs, in the case of 

prodigiosin (53 %) as compared to paclitaxel (45 %). However, since the drug density or payload 

becomes low at longer release times, the drug release rate becomes slower [53].  

 

In the case of paclitaxel-loaded PLGA microspheres at a homogenizer speed of 18000 rpm and 

using a 0.5 % PVA concentration, the drug loading and encapsulation efficiencies were 2.4 and 

82 %, respectively. The corresponding values for the PG-loaded microspheres were 4.2 % and 76 

%, respectively. When 22000 rpm speed is used with a PVA concentration of 3 %, the loading 

and encapsulation efficiency are 3.8, 2.1 and 69.1, 74.6 % for PG and PT-loaded PLGA 

microspheres, respectively. The PG-loaded microspheres drug release rate is slightly slower due 

to the payload as compare to that of paclitaxel-loaded microspheres.  

 

Figure 6.11 shows the gradual morphological changes in the structure of the microspheres during 

the in vitro release test as observed by a microscope. One day (24 hours) after dispersal in 

phosphate buffer at 37oC, the surface of the particles was still smooth with many small pores 

observed in the case of the PG-loaded microspheres (Figure 6.11 and 6.12). Slight surface 

change was observed after 1 week (168 hours) of incubation in PBS. These morphologies 
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observed inherently result to deformation that is apparent on both the surface and inside the 

microspheres. This process leads to progressive erosion and degradation of the microspheres 

afterwards. 

                

6.5 Implications 

 

The work demonstrates the potential for the controlled release of prodigiosin (PG) as an 

anticancer drug from porous PG-loaded PLGA microspheres. The implications of the current 

results are quite significant for the development of low cost injectable biodegradable PG-loaded 

polymer microspheres. This is because the bacterial synthesis and purification of PG would 

greatly reduce the cost of cancer drugs compared to conventionally manufactured drugs such as 

PT use as a control in the current work. Hence, it is possible to envisage injectable 

multifunctional microspheres as a cancer treatment system, in which PG is released at a 

controlled and localized rate for localized cancer treatment. Such drugs can find variety of 

applications in the treatment of cancers that require localized drug delivery [7,61]. These include 

solid tumors, such as breast cancers, that can be injected locally with porous micro-particles that 

can elute drugs into surrounding tissue. Such elution can be used locally to treat cancer cells, 

without many of the adverse effects associated with bulk chemotherapy. They could, therefore, 

minimize the adverse side effects associated with bulk chemotherapy and greatly reduce the 

amount of drugs that are needed for therapeutic cancer treatments.  

 

The DLE and DEE for PG-loaded PLGA microspheres were relatively high and similar to that of 

PT-loaded PLGA microspheres. This release rate is within the range that is relevant for control 

localized drug delivery in the treatment of cancer. However, further work is needed to explore 
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the performance of the encapsulated PG microparticles with different cancer cell lines and under 

in-vivo conditions.  The suggested studies will explore the localized release of cancer drugs (PG) 

within a controlled rate and their effects on cancer cells or tissue [62, 63]. 

 

6.6 Summary and Concluding Remarks 

 

The current work explores the formation of porous prodigiosin-loaded microspheres that are 

within the domain which are injectable for localized delivery in the treatment of cancer. We have 

successfully prepared and characterized PG/PT-loaded injectable microspheres. The study 

reveals that PG-loaded PLGA microspheres were formed through a single solvent emulsion 

evaporation technique with relatively high and similar DEE with PT-loaded PLGA microspheres 

that are relevant for the localized release of a biosynthesized anticancer agent (PG) for the 

treatment of cancer. The results of controlled release of PG from PLGA microparticles were also 

compared to that of PT-loaded PLGA microparticles. The result shows that PG can be release at 

a controlled localized rate within a period of 192 hours for the treatment of cancer.  

 

The formations of the microspheres sizes and the drug release are greatly influenced by the 

concentrations of homogenizer speed and slightly by the PVA concentration. The PT-loaded 

PLGA microspheres at a homogenizer speed of 18000 rpm and using a 0.5 % PVA concentration 

result to a loading and encapsulation efficiencies of 2.4 and 82 %, respectively. The 

corresponding values for the PG-loaded microspheres were 4.2 % and 76 %, respectively. When 

22000 rpm speed is used with a PVA concentration of 0.5 %, the loading and encapsulation 

efficiency are 3.8, 2.1 and 69.1, 74.6 % for PG and PT-loaded PLGA microspheres, respectively. 

The properties of the PG-loaded microspheres formed suggest that they are relevant for 
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controlled localized drug delivery in treatment of cancer. Future work is clearly needed to 

explore the efficacy of PG-loaded PLGA microspheres as a replacement for PT-loaded PLGA 

microspheres under in-vivo conditions. 
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(a)         (b)  

               

Figure 6.1: Structural formula of (a) prodigiosin (PG) (IUPAC/Chemical Name: 4-methoxy-5-

[(Z)-(5-methyl-4-pentyl-2H-pyrrol-2-ylidene)methyl]-1H,1′H-2,2′-bipyrrole)  (b) paclitaxel (PT). 
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Figure 6.2: UV scans of (a) prodigiosin and (b) paclitaxelTM. Arrow represents the existence of 

respective peaks at wavelength corresponding to λmax. 
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Figure 6.3: Concentration-Absorbance standard curves of (a) prodigiosin and (b) paclitaxelTM 
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Figure 6.4: SEM micrographs (a and b) and mean particle size distributions (c and d) of PG-

loaded PLGA microspheres at homogenizing speed of 18000 rpm ((a) and  (c)) and 22000 rpm 

((b) and (d)) with a uniform PVA concentration of 0.5 %, respectively. 
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Figure 6.5: SEM micrographs (a and b) and mean particle size distributions (c and d) of PT-

loaded PLGA microspheres at homogenizing speed of 18000 rpm ((a) and (c)) and 22000 rpm 

((b) and (d)) with a uniform PVA concentration of 0.5 %, respectively. 
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Figure 6.6: SEM micrographs (a and b) and mean particle size distributions (c and d) of PG-

loaded PLGA microspheres for 0.5% PVA ((a) and (c)) and 3% PVA ((c) and (d)) with a 

uniform homogenizer speed of 18000 rpm, respectively. 
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Figure 6.7: SEM micrographs (a and b) and mean particle size distributions (c and d) of PT-

loaded PLGA microspheres using 0.5% PVA ((a) and (c) and 3% PVA ((b) and (d)) with a 

uniform homogenizing speed of 18000 rpm, respectively. 
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Figure 6.8: DSC results of (a) Plain (non-loaded) PLGA microspheres (b) PG-loaded PLGA and 

(c) PT-loaded PLGA microspheres. 
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Figure 6.9: HPLC Analysis of Sample Purity: (a) Standard Prodigiosin and (b) Tested Sample 

(Prodigiosin), respectively at 535 nm. 
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Figure 6.10: In-vitro release profiles of different formulations based on homogenization speed of 

18000 and 22000 rpm for drug formulation 1 to 4 for 8 days, respectively. 
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PG1, PG2, …….PG8Prodigiosin-loaded PLGA at day 1, 2,………day 8.  
PT1, PT2, …….PT8Paclitaxel-loaded PLGA at day 1, 2,………day 8 
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Figure 6.11: Optical micrographs of prodigiosin (PG) and paclitaxel (PT) drug-loaded 

microspheres after day 1 (24 hours) to day 8 (192 hours) stages of drug release respectively. 



213 

 

 
 

(a)       (b) 

 

 

 

 

 

 

 

 

 

 

 

       (c)          (d) 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 6.12: AFM images of a section of paclitaxel-loaded PLGA microsphere (a and c) 

and prodigiosin-loaded PLGA microsphere (b and d) after 1 day (24 hours) and 8 days 

(192 hours) of the drugs release, respectively. 
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Table 6.1: Formulations parameters and characteristics of investigated prodigiosin and paclitaxel 

–loaded PLGA microspheres 
 
 
 

Drug 

Formulation 

Homogenizer 

Speed (rpm) 

PVA Concentration 

(W/V) % 

Average 

Size (µm) 

DLE 

(%) 

DEE 

(%) 

Polydispersity 

Index (PD) 

Initial 

Burst (%) 

A 18000 0.5 16.4 4.2 76 0.21 53 

B 18000 0.5 15.5 2.4 82 0.35 46 

C 22000 0.5 5.1 3.8 69.1 0.26 43 

D 22000 0.5 10.2 2.1 74.6 0.38 45 

E 18000 0.5 12.6 - - 0.17 - 

F 22000 0.5 8.3 - - 0.19 - 

PVAPolyvinyl Achohol, DLEDrug Loading Efficiency, DEEDrug Ecapsulation Efficiency; AProdigiosin-loaded 

Microspheres formed at a homogenizer speed of 18000 rpm, BPaclitaxel-loaded Microspheres formed at a 

homogenizer speed of 18000 rpm,  CProdigiosin-loaded Microspheres formed at a homogenizer speed of 22000 rpm, 
DPaclitaxel-loaded Microspheres formed at a homogenizer speed of 22000 rpm, EPLGA Microspheres formed at a 

homogenizer speed of 18000 rpm (Control), FPLGA Microspheres formed at a homogenizer speed of 22000 rpm 

(Control) 
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Chapter 7 

7.0 Concluding Remarks and Suggestions for Future Work  

7.1 Summary and Concluding Remarks  

This dissertation has presented and explored the efforts to use material science and engineering 

approaches in developing solutions to problems in the life science with a focus on nano- and 

micro-particles for the detection and treatment of cancer. The topics that were covered in this 

thesis are: biosynthesis and the conjugation of magnetite nanoparticles for the specific targeting 

of breast cancer and fundamental studies on the adhesion between functionalized magnetite and 

gold nanoparticles to surfaces that are relevant in the detection and treatment of breast cancer. 

Finally, the development and the physicochemical characterization of injectable biodegradable 

prodigiosin-loaded microparticles for localized cancer drug delivery is the last topic presented. 

The main results from the studies and salient conclusions from the above topics are presented 

below. 

 

One of the key goals in the development of therapeutic agents for early detection and treatment 

of cancer is development of selective targeting. To facilitate as well as achieve this goal for early 

detection and treatment of breast cancer, a new approach that gives us a fundamental 

understanding of the biosynthesis and the conjugation of robust magnetite nanoparticles with 

LHRH was carried out in chapter 3. The results showed that magnetite nanoparticles of clinically 

relevant sizes (10-60 nm) can be synthesized intracellularly by Magnetospirillum magneticum. 

The TEM analyses and the DLS results revealed that the mean particle sizes and shapes depend 

strongly on the pH and durations of growth of Magnetospirillum magneticum. The DLS results 
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also showed that the synthesized BMNPs were essentially monodispersed, with polydispersity 

indices in a range that is suitable for biomedical applications. The particles obtained exhibited 

superparamagnetic behavior with no diamagnetic contribution. This, therefore, suggests that 

these nanoparticles may be used effectively to enrich the MRI images associated with the early 

detection and localized treatment of cancer. The FTIR results also suggest that the LHRH MRUs 

are chemically bound to the biosynthesized magnetite nanoparticles through amines. This tends 

to improve the efficacy of these nanoparticles for selective targeting. 

 

In chapter 4, the results of an experimental study of the adhesion forces between components of 

a model generic nanoparticle system/configuration that includes, LHRH, BSA, BMNPs, CMNPs, 

BMNPs-LHRH, CMNPs-LHRH, BMNPs-BSA and CMNPs-BSA to breast cancer cells (MDA-

MB-231 cell line) are presented. The results clearly showed the superior adhesion of conjugated 

BMNPs to breast cancer cells when compared to the adhesion of conjugated CMNPs to breast 

cancer cells. Biologically synthesized magnetite nanoparticles had adhesion forces to breast 

cancer cells that were about one and half times more than those of chemically synthesized 

magnetite nanoparticles.  

 

The results suggest that the biosynthesized magnetite nanoparticles may contained possible cap 

protein(s) that enhances the specific adhesion forces between the particles and cancer cells. Such 

high adhesive forces could improve the selectivity of conjugated BMNPs in cancer detection and 

treatment. These results also suggest that BMNPs and BMNPs-LHRH/BMNPs-BSA conjugates 

may be useful for rapid screening of potential ligands for the specific targeting of breast cancer 
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cells. Furthermore, this means that BMNPs may be used to design novel and robust types of 

magnetite nanoparticles for the early diagnosis and treatment of cancer. Finally the results 

suggest that force microscopy techniques may be used to detect breast cancer cell in biopsies. 

 

Chapter 5 complements the studies carried out in chapter 4. These studies basically demonstrated 

the role of adhesion of gold nanoparticles for early cancer detection and treatment. This chapter 

also presented the results of an experimental study of the adhesion forces between components of 

a model generic drug delivery/system that includes gold nanoparticles, paclitaxel, thiols, LHRH 

and EphA2, a breast-specific antibody (BSA). The results obtained confirm that the robustness of 

such systems depends on the adhesion to paclitaxel, which is the weak link. Therefore, it is 

important to design nanoparticle clusters in which adhesion to the drug is increased to prevent 

premature release of the drug. The results also suggest that the force microscopy technique can 

be used to rank the adhesion between different species of drug nanocomposites that are being 

developed to treat breast cancer and other forms of cancer. The presence of thiols has been 

shown to significantly increase the adhesive forces between gold and the molecular recognition 

units or the drug systems. 

 

Finally, chapter six explores the development of prodigiosin-loaded microparticles that are 

injectable for localized drug delivery in the treatment of cancer. The study reveals that porous 

PG-loaded PLGA microspheres were formed through a single solvent emulsion evaporation 

technique. These microspheres have relatively high and similar drug encapsulation efficiency to 
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PT-loaded PLGA microspheres. These particles are very effective for the localized release of a 

biosynthesized anticancer agent (PG) for the treatment of cancer. The results of controlled 

release of PG from PLGA microparticles were also compared to those of PT-loaded PLGA 

microparticles. The results also showed that initial release of PG at a controlled localized rate 

from the microparticles within a period of 192 hours have great potential for the treatment of 

cancer. In addition, the microparticle sizes and the drug release characteristics are greatly 

influenced by the homogenizing speed and also by the PVA concentrations. 

 

7.2 Suggestions for Future Work  

To further extend the work that has been presented in this dissertation, the following future 

directions are suggested. 

 

7.2.1 Biosynthesized Magnetite Nanoparticles for Early Cancer Detection and Treatment 

Further research is needed to determine the optimal concentration of BMNPs from DLS 

measurements with clinically relevant diameters for the detection and treatment of cancer. Also a 

deeper understanding of the reaction mechanisms involved in the formation and functionalization 

of BMNPs is required. In addition, there is a need to explore the effectiveness of the ligand 

conjugated BMNPs in the targeting of diseased cells under in-vitro and in-vivo conditions. In the 

case of in-vitro experiments, additional cell lines are required to ascertain the efficacy of 

conjugated BMNPs. The in-vivo studies will demonstrate the experimental results that showed 

how biosynthesized nanoparticles enter and accumulate in the breast cancer cells as a function of 

particle size and exposure time using an animal model.  
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Considering the use of BMNPs for early breast cancer detection, future work is also needed to 

study the interaction between BMNPs-LHRH and breast cancer cells/tissue or normal breast 

cells. MRI experiments on the healthy tissue and tumor with/without nanoparticles in this case 

will give specific insights of the potentials of BMNPs with respect to CMNPs. This comparison 

will be important to demonstrate the efficiency of BMNPs-LHRH as specific MRI contrast 

agents for breast cancer. That is to say, MRI studies are essential and should be conducted on 

live animals, before and after injection of BMNPs-LHRH. This will provide more convincing 

evidence for the efficacy and the potential side effects associated with the role of BMNPs as 

MRI contrast agents.  

 

Finally, future work is very necessary in exploring the efficacy of other molecules/antibodies or 

peptide to functionalize BMNPs. These efforts will complement in targeting of other types of 

cancer such as prostate or brain cancer. A combination of thermodynamic and kinetic models is 

also needed to model the transport of the individual nanoparticles and nanoparticle clusters into 

cancer and non-cancer cells. This approach will consider the changes in surface and elastic 

energies, as well as the entropic changes associated with the recoiling of the receptors during the 

entry of nanoparticle clusters into the cells. Further research is also clearly needed to 

demonstrate the efficacy of the BMNPs for cancer treatment. This is possible by making a 

cocktail of nanoparticles (Mixture of BMNPs, gold nanoparticles drugs and MRU’s) with drug 

for localized drug delivery in the treatment of cancer. Subjecting the BMNPs to an external 

magnetic field during in-vitro and animal experiments will increase the heat of the nanoparticles 

thereby heating up the surrounding cancer cells by regional hyperthermia. 
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7.2.2 AFM Adhesion Measurement for Cancer Detection and Treatment. 

Future work is seriously needed in the use of the AFM adhesion method to establish the 

generality of this technique for rapid screening (RS) of ligand-conjugated nanoparticles. This RS 

technique can be used as specific targets in early detection and treatment of other types of 

cancer. Similar approaches can also be applied to target other diseased cells with over-expressed 

ligand receptors on their membranes.  

 

Furthermore, the force microscopy measurements could be developed to enhance the detection of 

breast cancer cells in biopsy samples based on adhesion differences. It could be interesting to 

study cancer cells versus normal cells at different stages of breast, cervical and prostrate cancer 

to elucidate how their adhesion properties differ at a nanoscale level with drugs, MRUs and 

nanoparticles. In this way, a better understanding of the configuration of materials that is needed 

for the early detection and treatment of cancer will be achieved. The adhesion studies presented 

in chapters 4 and 5 were carried out in the absence of aqueous conditions that exist in vivo. It 

would be interesting to check the influence or effect of aqueous conditions on the adhesion 

forces obtained using the AFM technique. 

 

Finally, there is a need to study the possible use of cocktail of magnetite nanoparticles, gold 

nanoparticles and different types of cancer drug in the development of future methods for 

detecting and treating breast cancer. This could provide the basis for the future development of 

synergistic cancer diagnosis and treatment strategies. Such advancement can be achieved by 

exploring the interactions between laser beams and nanoparticle clusters that can contain 

different types of cancer drugs, nanoparticles and molecular recognition units. 

 

7.2.3 Drug Polymer for Localized Drug Delivery in the Treatment of Cancer 

Future work is clearly needed to explore the efficacy of PG-loaded PLGA microparticles as a 

replacement for PT-loaded PLGA microspheres under in-vivo conditions. This is important 

because these particles could significantly reduce the cost of treatment. Further work is also 
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needed to demonstrate the performance of the encapsulated PG microparticles with additional 

cancer cell lines and also under in-vivo conditions.  The suggested studies will explore the 

localized release of cancer drug (PG) within a controlled rate as well as environments that mimic 

the human body system.  

 

Finally, the purity of the prodigiosin drug used should be enhanced in future studies. This can be 

done by combining different methods of prodigiosin purification. A study of the possible 

cytotoxity the PG-loaded microparticles/microspheres is also needed to determine their 

limitations in the treatment of cancer.  

 

 


