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ABSTRACT 

Chemical and physical methods for the synthesis of magnetic nanoparticles for cancer detection 

and treatment often involve toxic chemicals, high cost and the formation of non-stable 

nanoparticles. This prompted the development of fundamental understanding of the synthesis of 

magnetic nanoparticles, which are biocompatible, cost effective, stable, localized and 

environmentally friendly in the presence of magnetotactic bacteria.  

In this work, fundamental understanding of the underlying mechanisms involved in the 

formation of magnetic nanoparticles by magnetotactic bacteria are unraveled. Soil dwelling 

microbes that respond to magnetic pull were cultured in the presence of ferrous salts in a 

magnetic spirillum growth medium (MSGM). A comparative analysis was made whereby a 

positive control Magnetospirillum magneticum and an indigenous isolated strain were used in the 

biosynthesis of magnetic nanoparticles. The dependence of particle shape and size on pH and 

time, were elucidated using a combination of transmission electron microscopy (TEM) and UV-

visible spectrophotometry. The implications of the results are discussed for the development of 

magnetic nanoparticles for the detection and treatment of cancer. 
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CHAPTER ONE 

1.0 INTRODUCTION 

1.1 Background and Motivation 

 

Nanotechnology has provides solutions to some critical problem in the areas of energy 

generation [1, 2], information storage [3], environmental remediation [4, 5] and biological 

application [6] 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 [7]. These 

include potential emerging applications in disease detection and treatment [8, 9], biological 

labelling [10], biosensors [11] and drug delivery [12].  

In the case of magnetic nanoparticles (MNPs), there have been significant efforts to develop 

magnetic nanoparticles for application in cancer detection via magnetic resonance imaging 

(MRI) [13] and treatment by hyperthamia [14]. In MRI, the current spatial resolution of detection 

is of the order of a few millimeters [15]. MNPs have been produced largely from Iron, cobalt, 

iron oxide (Fe3O4) and Fe3CoO4 (Yang et al 2006). Their potential has also been explored for use 

as contrast enhancement agent during MRI of tumour tissue [16] and localized hyperthamia [14] 

during cancer treatment. Magnetic nanoparticles have been reported to have the ability of 

binding to drugs, proteins, enzymes, antibodies, or nucleotides and can be directed to an organ, 

tissue, cells or tumors using an external magnetic field or can be heated in alternating magnetic 

fields for use in hyperthermia.  

Fe3O4 MNPs are heat-generating nanoparticles which have the ability to convert electromagnetic 

energy to heat energy. These MNPs have been found to be efficient in the detection and 
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treatment of cancer by MRI and simple radiation therapy. In this case of radiation therapy, energy 

produced is used to destroy the cancer cells and reduce the size of tumours effectively when a 

cyclic external magnetic field is applied. 

In most cases, there are several physicochemical methods that are used for the synthesis of 

MNPs. These include: microemulsion, sol-gel synthesis, hydrothermal reactions, flow injection 

synthesis, electrochemical synthesis, pyrolysis, laser pyrolysis, microwave assisted, carbon arc, 

combustion synthesis, vapour deposition and chemical co-precipitation method [7, 17]. However 

these synthesis methods often involve the use of toxic chemicals that can have harmful effects on 

the environment.  

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

nanoparticles, that has stimulated the recent interest in the biological synthesis of magnetic 

nanoparticles from magnetotactic bacteria. There is also a need to understand the underlying 

mechanisms of magnetic nanoparticle formation in the presence of magnetotactic bacteria. To 

this end, most work in this field has been done in improving the biocompatibility of the 

materials, but only a few scientific investigations and developments have been carried out to 

develop a fundamental understanding of the synthesis of magnetic nanoparticles, which are 

biocompatible, cost effective, stable, localized and environmentally friendly in the presence of 

magnetotactic bacteria. The need to understand the underlying mechanisms involved in the 

formation of magnetite nanoparticles by these bacteria will contribute positively in improving the 

quality of magnetic particles, their size distribution, their shape and surface under certain 

preexisting conditions. This would lead to characterizing them to get a protocol for the quality 

control and commercialization of these particles in cancer detection and treatment. 

The biomineralization of magnetite has been shown to occur in diverse range of organisms such as 

algae, insects, mollusks, fish, birds and even humans [18]. However, a considerable amount of 
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magnetite is deposited by magnetotactic and iron reducing bacteria in nature, (Atul Bharde et al). A 

survey of the literature showed that iron-reducing bacteria and magnetotactic bacteria 

responsible for the production of magnetite have been found in various natural environments. 

These include: freshwater and marine environments, clean and contaminated aquifers, 

geothermal vents and deep subsurface environments [19, 20]. The Magnetite synthesis in 

magnetotactic bacteria occurs in a unique intracellular structure called magnetosomes. Magnetosome 

is a lipid bilayer structure, which houses highly ordered magnetite crystals, aligned parallel to the 

cellular axis. The magnetite synthesized by magnetotactic bacteria shows species-specific 

morphology and size variations [20]. In contrast to physiochemical synthesis methods, this biological 

synthesis of MNPs will be characterized by ambient experimental conditions of temperature, pH and 

time to observe their effect on nanoparticles morphology.  

 

1.2 Problem Statement and Scope of Work 

 

The objective of this study is to develop a simple and novel approach for the synthesis of 

magnetic nanoparticles (magnetite) in the presence of magnetotactic bacteria. The study will also 

develop a fundamental understanding of the effects of pH and reaction time on the shapes and 

sizes of magnetic nanoparticles produced under well controlled durations of exposure to 

magnetotactic bacteria. The nucleation and growth of the nanoparticles will be characterized and 

modelled as well as their potential to target breast cancer and cells. 

 

The organization and scope of this thesis is as follows: First, this chapter presents the 

background, motivation, problem statement and the scope of the work. Chapter 2 then describes 

prior work on in the synthesis of magnetic nanoparticles, as well as their magnetic and adhesion 
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properties. The applications of magnetic nanoparticles are then discussed for the detection and 

treatment of cancer. This is followed by a description of the experimental procedure in chapter 3. 

The results and discussion are described in chapter 4 before summarizing the salient conclusions 

from this work in chapter 5. 
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CHAPTER TWO 

 

2.0 LITERATURE REVIEW 

2.1 Introduction 

 

There has there has been tremendous interest in the synthesis of magnetic nanoparticles for 

cancer detection and treatment via MRI [1] and hyperthermia [2]. This is due to their unique 

magnetic properties, that are related to their sizes and shapes distribution. Magnetic nanoparticle 

(MNPs) exhibit the phenomenon called superparamagnetism. This enable them to remain 

magnetized even after the application of a magnetic field. This property in a way reduces the risk 

of the particles not aggregating [Ruiz-Hernandez et al., 2008].  Iron oxide magnetic nanoparticles 

have been shown to exhibit higher performance in terms of chemical stability and 

biocompatibility,  compared to metallic nanoparticles [Simsek and Kilic, 2005]. This has 

stimulated an interest in their potential for biomedical applications such as magnetic drug 

targeting, MRI for clinical diagnosis, hyperthermia anti-cancer strategy and enzyme 

immobilization [3-10]. Magnetic nanoparticles that are used in bio-applications, are usually 

made from biocompatible materials such as magnetite for which susceptibility is large (Shaw et 

al., 2009). This have the capacity of producing high-field magnetic resonance images due to their 

unique magnetic properties. 

 

2.2 Concept of Electrochemistry 

Electrochemistry is a branch of chemistry dealing with chemical reactions that involve electrical 

current and potentials. In some cases, it is seen as the science that deals with situations where 
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oxidation and reduction reaction are separated in time and space connected by an external field. 

The chemical reaction in this sense takes place in solution at an interface of an electron 

conductor and ionic conductor. During the process of chemical reaction, there is transfer of 

electrons between the species in solution and the electrode. [11] 

 

2.2.1 Redox Reactions 

The term redox simply denotes reduction-oxidation. All chemical reactions or electrochemical 

processes involve electron transfer to or from a molecule or ion. The resulting change in the 

oxidation state is due to redox (reduction/oxidation) reactions. This occurs as a result of the 

application of an external voltage or through the release of chemical energy. During this process, 

there is a change in oxidation state that takes place in the ions, molecules and atoms. Oxidation 

and reduction always occur in a paired fashion, such that one species is reduced, while the other 

is oxidized.  

An ion or atom that gives up an electron to another ion or atom has its oxidation state increased, 

while the recipient of the negatively charged electron has its oxidation state decreased. Thus, the 

molecules or atoms that lose electrons are known as reducing agents or reductants, while the 

substance that accepts the electrons is called the oxidizing agent or oxidant. The oxidizing agent 

is always being reduced, while the reducing agent is always being oxidized in a reaction. [11] 

 

2.2.2 Basic Medium 

 In a basic medium, OH
–
 ions and water are added to half reactions to balance the overall 

reaction. For example, the reaction between potassium permanganate and sodium sulfite gives;  

http://en.wikipedia.org/wiki/Hydroxide
http://en.wikipedia.org/wiki/Water_(molecule)
http://en.wikipedia.org/wiki/Potassium_permanganate
http://en.wikipedia.org/wiki/Sodium_sulfite
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Unbalanced reaction: KMnO4 + Na2SO3 + H2O → MnO2 + Na2SO4 + KOH 

Oxidation: 2 OH
–
 + SO3

2–
 → SO4

2–
 + H2O + 2 e

–
 

Reduction: 3 e
–
 + 2 H2O + MnO4

–
 → MnO2 + 4 OH

– 

By multiplying electrons to opposite half reactions at the electrode, the combining equation, by 

the virtue of balancing, gives the overall reaction. 

6 e
–
 + 4 H2O + 2 MnO4

–
 → 2 MnO2 + 8 OH

–
 

6 OH
–
 + 3 SO3

2–
 → 3 SO4

2–
 + 3 H2O + 6e

–
 

The balanced equation becomes 

2 KMnO4 + 3 Na2SO3 + H2O → 2 MnO2 + 3 Na2SO4 + 2 KOH [11] 

 

2.2.3 Acidic Medium  

In an acidic medium, H
+
 ions and water are added to half-reactions to balance the overall 

reaction. For example, when manganese reacts with sodium bismuthate; 

Unbalanced reaction: Mn
2+

(aq) + NaBiO3(s) → Bi
3+

(aq) + MnO4
–
(aq) 

Oxidation: 4 H2O(l) + Mn
2+

(aq) → MnO4
–
(aq) + 8 H

+
(aq) + 5 e

–
 

Reduction: 2 e
–
 + 6 H

+
(aq) + BiO3

–
(s) → Bi

3+
(aq) + 3 H2O(l) 

Finally, the reaction is balanced by multiplying the number of electrons from the reduction half 

reaction to oxidation half reaction and vice versa and adding both half reactions, thus solving the 

equation. 

8 H2O(l) + 2 Mn
2+

(aq) → 2 MnO4
–
(aq) + 16 H

+
(aq) + 10 e

–
 

10 e
–
 + 30 H

+
(aq) + 5 BiO3

–
(s) → 5 Bi

3+
(aq) + 15 H2O(l) 

http://en.wikipedia.org/wiki/Hydronium
http://en.wikipedia.org/wiki/Half-reaction
http://en.wikipedia.org/wiki/Manganese
http://en.wikipedia.org/wiki/Sodium_bismuthate
http://en.wikipedia.org/wiki/Multiplication
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The balanced reaction is: 

14 H
+
(aq) + 2 Mn

2+
(aq) + 5 NaBiO3(s) → 7 H2O(l) + 2 MnO4

–
(aq) + 5 Bi

3+
(aq) + 5 Na

+
(aq) [11] 

 

2.2.4 Neutral Medium 

A typical example of neutral medium is the complete combustion of propane  

Unbalanced reaction: C3H8 + O2 → CO2 + H2O 

Reduction: 4 H
+
 + O2 + 4 e

–
 → 2 H2O 

Oxidation: 6 H2O + C3H8 → 3 CO2 + 20 e
–
 + 20 H

+ 

Here, electrons which were used to compensate oxidation changes are multiplied to opposite half 

reactions, thus solving the equation. 

20 H
+
 + 5 O2 + 20 e

–
 → 10 H2O 

6 H2O + C3H8 → 3 CO2 + 20 e
–
 + 20 H

+
 

The balanced equation is; 

C3H8 + 5 O2 → 3 CO2 + 4 H2O     [11] 

 

2.3 Synthesis of Magnetic Nanoparticles 

Several methods are used for the synthesis of magnetic nanoparticles. They include physical, 

chemical, biological and hybrid methods [90 – 93]. Physical methods of synthesis deals with 

generation of magnetic nanoparticles in the gas or solid phase using high-energy treatments such 

as Condensation methods, Methods of nanodispersion of a compact material etc. In contrast, the 

chemical synthesis of nanoparticles involves reaction that are carried out in solutions at moderate 
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temperature. Biological methods of synthesis involve of  the use plants and microorganisms in 

the synthesis of magnetic nanoparticles, While hybrid methods involve  some combinations of 

any of the above methods. A review of some the physical, chemical methods of synthesis 

followed by biological synthesis are presented in this work. 

 

2.3.1 Physical and Chemical Methods of Synthesis 

Some popular physical and chemical methods of synthesis of magnetic nanoparticles are 

highlighted in this research. These include: microemulsion method, sol-gel method, co-

precipitation methods, thermal decomposition and Solvotherma methods []. 

 

2.3.1.1 Microemulsion Method 

The microemulsion methods, involes the use of thermodynamically stable isotropic liquid 

mixture of water or aqueous phases, (oil with surfactant and cosurfactant) in the formation of 

nanoparticles. In this method, surfactants tend to form reverse micelles, while the cosurfactants 

reduce the electrostactic repulsion force between the surfactants molecules. Particles size and 

morphology can be controlled under certain conditions using this method. 

The microemulsion method can be direct, reverse or bicontinous, depending on what solution is 

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

nanoparticles is the reverse microemulsion. In this method, water is dispersed in oil (w/o). The 

method is also referred as reverse micelle solution. The production of magnetic and nanosized 

particles through this route has been proved to be adequate, versatile and simple [12-17]. Tartej 

et alave  halso observed that, this is achievable when fine droplets at the micro level of the 
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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), preparing a nanosized 

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

temperature [18]. Higgins in 1997 also noted that, microemulsions are produced spontaneously 

without the need for significant mechanical agitation. The microemulsions method is therefore 

easy to scale up for large scale production using relatively inexpensive and simple equipment.  

 

2.3.1.2 Sol-gel Method 

 

The Sol-gel method is a wet-chemical technique popularly used in the field of materials science 

and engineering. Usually applicable in most technology like ceramics technology, reactive 

material and separation, chromatography, nanotechnology etc [19], it is often use in the synthesis 

of magnetic nanoparticles (metal oxide), heteroelement and some fused bimetallic particles [20]. 

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

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

precursor for an integrated network of either discrete particles or network polymers [21]. Klein et 

al revealed in 1994 that the sol-gel method is a cheap and low temperature technique that 

controls the products chemical composition. It can be used for the synthesis of nanoparticles for 

applications in biosensors, medicine, electronics, optics, electronics, and photovoltaic [22].  
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2.3.1.3 Co-precipitation Method 

 

This co-oprecipitation 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, so that the developing particles are 

trapped inside the tiny polymer beads. The synthesis in this case, is divided into two parts. 

Firstly, ferrous metal hydroxide suspensions are partially oxidized accordingly with different 

oxidizing agents [23]. Secondly, stoichiometric mixtures of ferric and ferrous hydroxide are aged 

in aqueous media, yielding spherical magnetite particles with homogenous sizes [24]. The 

chemical equation for the latter is given by [25] 

2Fe
3+ 

 +  Fe
2+  

+  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 [26]. However, the crystallinity and size 

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

aggregation produced by these methods [26]. 

 

2.3.1.4 Thermal Decomposition 

 

This method could also be referred to as thermolysis. This often involves by an a chemical 

decomposition which is endothermic reaction that is caused by heat. The heat is used to break 

down the chemical bond in the compound. However, in cases in which the decomposition 

reaction are is exothermic, a positive feedback loop that is created, that can lead to a thermal 

runaway and an explosion, in some cases. The decomposition of iron precursors to obtain 
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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. The resulting product here has a good potential applications in nanomedicine 

e.g in cell separation and magnetic resonance imaging [27]. Sun et al [28] worked earlier on 

thermal decomposition. Hence the resulting method is often refered to as the Sun method. Their 

method [28] involves the high temperature (> 220
o
C) decomposition of an organic iron precursor 

in the presence of oleic acid that decomposes to form organic ligands [28]. In this case, the 

nanoparticles produced avoid aggregation when the hydrophobic ligands form a dense coating 

around. 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 [29]. 

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

thermal decomposition [29]. Firstly, by the thermal decomposition of metal carbonyl precursors, 

followed by an oxidation step in air [29], or oxidation by an oxidant at elevated temperatures 

[30]. The second is decomposition of precursors with a cationic metal center in the absence of 

reducing agents [31]. Another special case of thermolysis is called pyrolysis. It involves the 

simultaneous change of chemical composition and physical phase, and is a irreversible process. 

It involves thermochemical decomposition of organic materials at elevated temperatures, without 

the participation of oxygen.  

 

2.3.1.5 Solvothermal Synthesis 

 

This method is also known as hydrothermal process. It involves he synthesis of nanoparticles 

from chemical reactions that occur under high temperature and pressure.  The temperature is 

http://en.wikipedia.org/wiki/Crystallinity
http://en.wikipedia.org/wiki/Organic_matter
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typically above the boiling point of the solvent. Also, due to the high pressure involved, the 

reaction are carried out in an autoclave. Wang et al, 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 [32-38]. However, the reaction 

typically occurs at a slow rate over a narrow regime of temperatures [33]. 

 

2.3.2 Biological Synthesis 

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

magnetic nanoparticles. However, they often involved the use of toxic chemicals. Furtheremore, 

the cost, localization and the stability of MNPs produced by the physical and chemical methods, 

tend to limit their potential greatly for biomedical applications like drug delivery system or 

magnetic resonance imaging (MRI). Also, physical and chemical methods typically require harsh 

experimental conditions of high temperature and pressure and therefore are considered to be 

energy intensive and expensive. Furthermore, most chemical synthesis procedures employ 

specialty chemicals and often yield particles in non-polar organic solutions [21]. These tends to 

preclude and limit their application in biomedicine. Finally, many of the surfactants that are used 

to control size and shape are toxic.  

In contrast, the biosynthesis of nanoparticles from magnetotactic bacteria produces 

superparagmatic magnetite nanoparticles with controlled sizes and shapes under non toxic 

conclusions. These nanoparticles formation pathway are non-toxic and low cost. They can also 

be used to form magnetic nanoparticles wiyh 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 [39, 40]. 

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 grab target ions from their environment or medium, they can process metal ions 

into the elemental metals through enzymes that are generated by cell activities. The nanoparticles 

are form intracellularly, when the process involve the transportation of ions into the microbial 

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

form extracellularly when they involve the trapping of metal ions on the surfaces of cells and the 

reduction of ions in the presence of enzymes [40-42]. 

Table 2.1 below highlights different micro-organisms that have been used to synthesize 

magnetite nanoparticles. The resulting shapes and sizes (produced extracellularly or 

intracellularly) are also summarized in table 2.1. 
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Table 2.1: List of 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  

 

[43] 

QH-2  

 

Fe3O4  

 

22-26  

 

81± 

23×58±20 

 

rectangular  

 

Intracellular  

 

[44] 

Recombinant  

 

AMB-1  

 

Fe3O4  

 

28  

 

20  

 

cubo-

octahedral  

 

Intracellular  

 

[45] 

yeast cells  

 

Fe3O4  

 

36  

 

Not  

 

Available  

 

wormhole-like  

 

Extracellular  

 

[46] 

WM-1  

 

Fe3O4  

 

28  

 

54 ±  

12.3×  

 

  43 ± 10.9  

 

cuboidal  

 

Intracellular  

 

[47] 

HSMV-1  

 

Fe3O4  

 

63  

 

113±34  

 

 ×40 ± 5  

 

Bullet-shaped  

 

Intracellular  

 

[48] 

 

Reports have shown that, apart from magnetotactic bacteria that synthesize magnetic 

nanoparticles, an aerobic and acid tolerant bacteria, Leptothrix ochracea [49] and Leptospirillum 

ferriphilum [50], can also produce magnetic nanoparticles. Another aerobic bacterium called 

Antinobacter species was found by Bharde et al [51, 52] to synthesize magnetite and gregite, 

which has protein coatings. 

They also reported that few fungi, Fusarium oxysporum and Verticillium species when 
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challenged with mixture of potassium ferricyanide/ferrocyanide at room temperature produce 

magnetite nanoparticles extracellularly. Bharde et al [51, 52] also explored the possibility of 

using mixture of ferric and ferrous chloride in the synthesis of magnetite. However the particles 

formed were irregular in shape and had irregular crystal structures [53]. 

 

2.3.2.1 Magnetotactic Bacteria (MTB) and Magnetite Particles 

 

Magnetotactic bacteria were discovered by R. P. Blackmore in 1975 [54]. They are gram 

negative, microaerophilic, motile and exhibit aquatic life form that swims along geomagnetic 

field lines of the earth. They are cosmopolitan in distribution and are found in aquatic 

environments containing water with pH close to neutral value and water that is well oxygenated 

or not strongly polluted with chemicals or contaminants [55]. They are magnetotaxis in nature, 

meaning they respond to magnetic pull in the presence of field. They also produce an 

intracellular structure, which houses magnetic nanoparticles, called magnetosomes. 

Magnetotactic bacteria are a heterogeneous group of fastidious prokaryotes that display a myriad 

of cellular morphologies, including coccoid, rod shaped, vibriod, helical and even multicellular 

[56]. 

                                

Figure 2.1: A typical magnetotactic bacteria (Picture by Richard B. Frankel department of physics, Cal Poly State 

University, San Luis Obispo CA. Adapted from [73]) 
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 In most of the magnetotactic bacteria, the magnetosomes are arranged in single or multiple 

chains. Magnetic interactions between the magnetosomes, in chains cause their magnetic dipole 

moments to orient parallel to each other along the length of the chain. Thus, the overall magnetic 

moment is maximized by linear arrangements of magnetosomes, enabling cells as tiny, self- 

propelled magnetic compass needles [57]. Magnetite crystals synthesized inside the 

magnetosomes exhibit unusual crystal morphologies [58]. These were initially defined as 

intracellular, magnetic single-domain crystals of a magnetic iron mineral (magnetite) that are 

enveloped by a trilaminate structures in the magnetosome membrane [57].  

 

2.3.2.2 Magnetospirillum Magneticum 

 

This is a typical species of magnetotactic bacteria [72]. Magnetospirillum magneticum are 

microaphilic and motile in nature. They are strain AMB-1, which are Gram negative and survive 

in a chemically stratified water column [73]. Research has shown that they grow effectively in 

the anaerobic lower regions, and aerobically in the upper bodies of some water. They are major 

agents in the global iron cycle [72], converting the iron in the environment to magnetite or 

gregite within the magnetosomes. They are also said to be magnetotaxis; a phenomenon that 

makes them to respond to magnetic pull [72] 
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Figure 2.2: TEM images of magnetotactic bacteria. (a) Magnetospirillum magneticum strain 

AMB-1 and (b) Desulfovibrio magneticus strain RS-1. BacMPs of (c) the AMB-1 strain and (d) 

the RS-1 strain. Adapted  from [74]  

 

2.4 Magnetic Nanoparticles for Cancer Detection and Treatment 

 

Magnetic nanoparticles (MNPs) depending of their synthesis pathway are explored for potential 

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

contrast agents prior to their use as drug delivery agents for localized therapy [59, 60]. In the 

case of potential applications as contrast agents in magnetic resonance imaging.[75, 76], Meng et 

al. [77] 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 and  

[60].  

 

MNPs 

MNPS in the magnetosomes 
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2.4.1 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 [61].  

 

MRI, in some cases, gives some 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 strong magnetic field. MRI is essentially used to probe tumors, 

bleeding, injury, infection or blood vessel diseases [78 – 81]. 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 agent are 

gadolinium (Gd) chelates. Due to the problem of agglomeration or accumulation in the liver, 

incorporated with their non-specificity, they provide a short time imaging window  [62, 63]. 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 oxides have been reported 

to be effective in MRI agents [78]. Meng et al 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. They also explained that the uptake of the LHRH–SPIONs is also shown to be 
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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 [77]. 

Soboyejo et al [94] in another approach see the effectiveness of MRI in breast cancers diagnosis 

and treatment with hormone-conjugated nanomaterials. They stated that LHRH-SPIONs 

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

metastases using TEM to measure sub-cellular distributions of SPIONs in the tumors and tissues. 

In a similar breast cancer study, Zhou et al 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 [95]. 

 

2.4.2 Hyperthermia 

The term hyperthermia simply referred to as treatment by heat in cancer therapy [82]. It involves 

the exposure of cancer cells/tissue to temperatures of about 41 – 46 
o
C so as to kill or shrunk 

them [64, 83]. Hyperthermia can be used to treat cancer by local or regional means. These are 

called local and regional hyperthermia. Local hyperthermia also known as thermal ablation is 

used to destroy tumors in a specific area. While, 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. 
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Rosensweig [85], superparamagnetic iron oxides nanoparticles show 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 to heat 

generation is proportional to the size of the magnetic field and the size of the object [84]. Man 

Von Ardenne [66] in the eighteen century was the pioneer to specifically treat cancer patients by 

this method. This was followed chemotherapeutics approach in the treatment of cancer. The 

chemotherapeutic technique is known to have damage normal organs and tissue by causing 

necrosis, coagulation and carbonization to the normal tissue of the patient during the therapy. 

The reason is because the therapeutic temperature is 54 
o
C and the treatment is not localized 

[65]. However, studies have shown that the optimal temperature range for hyperthermia is 

between 43 – 44 
o
C [64] within this temperature regime, the programmed cell death that occurs, 

has been shown to be effective in cancer treatment [83]. More recently, Jordan et al [66] in 1999 

revealed that magnetic nanoparticles can be used to target cancer cells via immobile specific 

targeting functional groups. This is due to their higher specific adsorption rates when compared 

to those of bulk particles. 

 

2.4.3 Drug Delivery 

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

controlled release so as to achieve the maximum therapeutic effect. Even though Paul Ehrlich 

[67] was the first to be recognized for development of magnetic drug delivery systems, Freeman 

et al [67] in 1960 also proposed that magnetic particles (Fe3O4) could be used for localized 

treatment, with the aid of magnetic field. 
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Extensively, localized cancer drug delivery systems offers numerous advantages over bulk 

chemotherapy. This include 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 at the moment include liposomes systems,  drug conjugates, 

controlled delivery of cancer therapeutics and transdermal drug delivery patches using controlled 

released microchips [68].  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 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 [69]. 

2.5 Magnetic Nanoparticles and Properties  

 

Magnetic nanoparticles (MNPs) are engineered particulate materials with sizes 1 nm to 100 nm. 

Their magnetic properties can be manipulated to perform special functions (biomedical and non-

biomedical applications) in the presence of external magnetic fields. This is because of their their 

unique magnetic properties. 

Magnetite, a good example of MNPs is known to have an inverse spinel ferrite structure with 

oxygen forming a face center cubic system. The tetrahedral sites are all occupied by Fe
3+

 while 

Fe
3+

 and Fe
2+

 occupy the entire octahedral site (Banerjee and Moskowitz, 1985). MNPs, which 

are small, on the order of tens of nanometers, are ferrimagnetic or ferromagnetic in nature with a 

single magnetic domain and ability to maintain one large magnetic moment. In a ferromagnetic 

material, all the atomic moments are aligned without an external magnetic fields while a 
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ferrimagnetic material is similar to ferromagnetic one, but has two different types of atoms with 

opposing magnetic moments. If the magnetic moment has the same magnitude and the net 

magnetic moment is zero, the crystal is called antiferromagtic material [70].  

 

The magnetic properties of nanoparticles are classified based on their magnetic susceptibility 

(X), which is express as the ratio of the magnetization (M) to the applied magnetic field (H). In 

ferrimagnetic and ferromagnetic materials, the magnetic moments align parallel to H, coupling 

interactions magnetic state. The X of materials depends on their temperature, H and atomic 

structures.  

A typical example of MNPs used for cancer detection and treatment is called superparamagnetic 

iron oxides nanoparticles (SPIONs). SPIONs are non-magnetic particles, which can be readily 

magnetized in the presence of an external magnetic field. They are of the order of 1 to about 30 

nm, and are the most promising agents in the detection and treatment of cancer. The size 

reductions in magnetic materials result in the formation of SPIONs which are single domain 

particles and have no hysteresis loop [70]. This phenomenon occurs when applied field or 

thermal fluctuations can easily move the magnetic moments of the nanoparticles away from the 

easy axis [71] 

 

2.6 Concept of Nucleation and Growth in Nanoparticles 

 

Nucleation and growth characterize the stages of phase transformation that describe the 

formation of new phases. The initial stage of nucleation involves the formation of critical 

embroyo sizes, prior to the growth phase. 

There are generally two types of nucleation processes. They are homogenous and heterogeneous 
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nucleation. Homogenous nucleation evolves from fluctuations of molecules and atoms, while 

heterogeneous nucleation arises as a result of nucleation sites (small particles). Homogenous 

nucleation is difficult, but heterogeneous nucleation is easier and common. This is because more 

energy is required to create new surfaces during homogeneous nucleation [86, 87]. 

Homogeneous nucleation is applicable in some chemical synthesis of magnetic nanoparticles. It 

occurs due to the driving force of the thermodynamics ∆G (free energy change) given as the 

condition of free energy due to the new surface and the new volume formed. However, in some 

cases, heterogeneous nucleation is applicable to the formation of magnetic nanoparticles [88, 

89]. 
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CHAPTER THREE 

 

3.0 MATERIALS AND EXPERIMENTAL METHODS 

3.1 Introduction 

 

In this section, a general overview of the experimental process was described, beginning from 

how the bacteria were obtained and how they were used to synthesize the magnetic 

nanoparticles. The characterization techniques and adhesion measurement methods are also 

described. 

3.2 Experimental Procedure  

 

This gives a general detail of how the magnetic nanoparticles are formed in the presence of the 

magnetotactic bacteria and their characterization.  

3.2.1 Biosynthesis of Magnetic Nanoparticles 

Since this work is based on a novel approach, fundamental and standardized steps were used to 

isolate, culture and synthesized the nanoparticles in the presence of magnetotactic bacteria. 

These will be described here in the following sub-section: materials and equipment; collection of 

the sample; isolation of the bacteria; preparation of media and culturing and synthesis of the 

magnetic nanoparticles. 
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3.2.2 Equipment and Materials 

The following are the equipment and the materials include: a laminar flow hood, (Biosafety 

Cabinet Model 36204/36205 TYPE AZ), an incubator, a shaker incubator (Innova 44 Incubator 

series), PH meter, beakers, micropipette tips (sterile), Bijou bottles, spatula, conical flasks, sterile 

micropipettes, distilled water, Bunsen burners, an autoclave, L shaped spreader, Petri dishes, 

normal sterile water, 70% ethanol, soil sample, optical and transmission microscopes, glass 

slides, Magnetospirillum magneticum, nutrient agar and magnetic spirillum growth (MSG) 

medium, UV- Spectrophotometer and X-ray diffractometer. 

 

3.2.3 Isolation of Bacteria 

Two samples labeled A and B were considered in this work. Sample A, a positive control, of the 

Magnetospirillum magneticum strain AMB-1, was obtained from Princeton. Sample B, an 

unidentified indigenous magnetotactic bacteria, was obtained from the soil in Sheda, FCT, 

Nigeria. 0.5 kg of the soil sample was collected using a plastic spatula into a new polyethylene 

container, this was then sealed and transferred to the Sheda Science laboratory. 

Serial dilution was used to reduce the colonies that would appear in each plate for easy culturing 

and quantification. Sample B was placed in a disinfected bijou bottle that was autoclaved for 20 

minutes, Distilled water was then added to the soil sample until the amount of solute was about 1 

liter. The soil sample was then stored under ambient conditions. The magnetotactic bacteria from 

the sample B were collected using a convectional magnetic collection methods [1].  
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This method uses the magnetic response of magnetotactic bacteria to magnetic fields. First, the 

sample was subjected to a strong magnetic field by a permanent magnet, as shown in Figure 3.1. 

 

 

 

 

 

Figure 3.1: Sample B set up for magnetic collection method 

 

After 5 to 6 hours the, 1 ml of the sample near the magnetic axis was collected with a sterile 

pipette. This was then transferred into a sterile test tube for further isolation. It is expected that 

the magnetotactic bacteria, which are magnetotaxis and motile in nature, will migrate towards 

the pole of the magnet. 

A single colony of magnetotactic bacteria was produced by the Capillary Racetrack Method 

(CRTM) [2]. In this case, a capillary tube closed at one end with the aid of a gas flame was filled 

with a chemically defined medium (enriched medium), as reported by Flies et al [1]. This was 

achieved by the use of hypodermic syringe that was fitted to the smallest end of a Pasteur pipette. 

Also, at the other large end, acts as a reservoir, wetted cotton was placed. 

 

A permanent magnet with high susceptibility  was placed at the smallest tip of the arrangement 

for 3 hours. Since the magnetotactic bacteria are motile and move under the influence of a 

magnetic field, they tend to migrate towards the tip across the cotton plug in the set up. A sterile 

Magnet 

Solution of soil 

sample + H2O 

Magnetotactic 

bacteria 
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syringe was used to collect the magnetotactic bacteria at this point for culturing in MSG medium 

at a buffer of pH 4, 6, 6.5, 7, 7.5, 8.5, 9, 9.5 and 12 and agar-agar MSG semi-solid medium of pH 

6.7 distilled water. 

 

3.2.4 Preparation of MSG Semi Solid Medium and Isolation of Magnetotactic Bacteria 

A similar approach and compositions as in the preparation of the MSG broth medium, is adopted 

here. Though in this case, an agar-agar constituent was added to the MSGM solution to have a 

semi-solid MSG medium. This medium was inoculated and then subjected to magnetic field as 

shown in Figures 3.2 and 3.3.  

(1)  (2)  

Figure 3.2: (1) (a) Response of non-MTB (b) Response of MTB to the magnetic field.  (2) 

Response of MTB to (a) Magnetic field (b) non-magnetic field.(Magnetotactic Bacteria 

from Lunar lake by Mahesh S. Chavadar* and Shyam S. Bajekal) 

 

(a)         (b)    

Figure 3.3: (a) Suspected MTB when not subjected (b) Suspected MTB when subjected to  

to a magnetic field. 
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This was an alternative secondary method in the purification of the indigenous magnetotactic 

bacteria for inoculation and synthesis in the MSG medium. 

 

 

 

 

                

 

 

 

Figure 3.4: Microscopic view of MTB showing their response to magnetic pull from a field 

 

3.2.5 Preparation of Buffer for the MSG Medium 

After the purification of the magnetotactic bacteria, an acetate and phosphate buffer of pH 4, 6, 

6.5, 7, 7.5, 8.5, 9, 9.5 and 12 was prepared. The acetate buffer that was used had a composition 

of 0.1M acetic acid and 0.1M sodium acetate (tri-hydrate) (13.6g/l), while the phosphate buffer 

contained 0.1M disodium hydrogen phosphate (14.2g/l), 0.1M HCl and 0.1M NaOH. These 

buffers were used to prepare the MSG medium for inoculation. 

Respons of MTB to Magnetic pull 

Magnet 
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Figure 3.5: pH meter used during preparation of standard Buffer 

 

3.2.6 Preparation of MSGM broth medium for inoculation and culturing of the 

Magnetotactic bacteria 

Here, 5 ml sample A and sample B obtained from the capillary racetrack method were inoculated 

into the MSG broth medium under a laminar flow hood (Biosafety Cabinet Model 36204/36205 

TYPE AZ) in an aseptic conditions to avoid contamination. Thereafter, the samples were place in 

a shaker incubator (New Brunswick Innova 44 Incubator Series Programmable, console 

Incubator Shaker) rotating at 141 rpm at 29
o
C for uniformity of growth.  Each of the samples 

was inoculated in MSG broth medium with standard buffer of pH 4, 6, 6.5, 7, 7.5, 8.5, 9, 9.5 and 

12.  
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Figure 3.6: Prepared MSG media for inoculation in the Laminar flow hood (Biosafety Cabinet 

Model 36204/36205 TYPE AZ)  

 

The MSGM medium used has a composition of 0.074 g of succinic acid, 0.068 g of KH2PO4, 

0.012 g of sodium nitrate, 0.02% of polypeptone, 0.01% of yeast extract, 0.005% of L-cysteine, 

150µg/ml of Chloramphenicol, 1 ml of Wolfe’s vitamin, 0.5 ml of Wolfe’s mineral and 0.2 ml 

(0.018g) of ferric quinate. After 24 hour the first samples were taken in an aseptic condition for 

bacteria and magnetite quantification. 

 

3.2.7 Preparation of Standard Curve of Magnetite Nanoparticles from a Known 

Concentration  

To obtain the concentration of the magnetite synthesized biologically, a standardized curve of 

magnetite concentration was obtained from chemically synthesized magnetite. This was used to 

quantify the amount (concentration) of the nanoparticles produced. A commercially acquired 

magnetite for the concentration curve was used, this was obtained by chemical synthesis called 

Solvothermal or hydrothermal method. Here, 0.65 g of ferric chloride and 0.12 g of iron powder 
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were added to 20 ml hexane solution containing 6.0 g of dedecylamine and 3.5 ml of oleic acid at 

room temperature. The resulting mixture was transferred into a 60 ml Teflon-lined stainless 

autoclave. The autoclave was sealed and maintained in an electric oven at 180
o
C for 24 hours 

and then cooled to room temperature naturally. The product was washed in absolute ethanol 

several times followed by centrifugation at 1500 rpm for 5 minutes and finally dried in a vacuum 

at 60
o
C for 8 hours. 

 The standard curve of known magnetite concentration was portrayed with absorbance at 440 nm. 

The procedure for the preparation of the standard curve is briefly highlighted: 0.0025g of Fe3O4 

was dissolved in a solution of 5 ml of absolute ethanol. Eight samples were prepared with known 

concentrations. The absorbances of the mixtures were then determined at a wavelength of 440 

nm, using a UV spectrophotometer.  

The standard curve that was used to obtain the actual concentrations was obtained by measuring 

the actual absorbances for known concentrations of magnetite (Fe3O4) in solution. The 

absorbances were measured using a model the Camspec M550 Double Beam Scanning UV/Vis 

Spectrophotometer. 

          

Figure 3.7: Sample of known concentrated magnetite nanoparticles prepared for standard curve 

 

UV Visible spectroscopy is used to measures the response of a sample in the cuvette. Light 
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source from the lamp pass through a lens forming a monomatic light by the help of a 

monochromator through the sample to ultraviolet and visible range of electromagnetic radiations. 

The molecules and atoms of the samples have electronic transitions while most of the solids have 

interband transitions in the UV and Visible range. Thus, the absorbance of a solution increases as 

attenuation of the beam increases. The principle Beer's Law as described in Figure 3.7 states that 

absorbance is directly proportional to the path length, b, and the concentration, c, of the 

absorbing species is obserevd.  

 

Figure 3.8: General principle of operation of the UV/Vis spectrophotometer 

 

The results are presented in Table 3.1 in which the concentrations and measured absorbance 

values are summarized.  

Table 3.1:  Concentration and absorbance value for standard curve 

Concentration in M Absorbance (A) 

0.000000   

0.000108   

0.000216   

0.000431   

0.000862   

0.001293   

0.001724   

0.002155   
 

0.000 

0.190 

0.321 

0.510 

0.931 

1.400 

1.800 

2.300 
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3.2.8 Synthesis and quantification of the Magnetite Nanoparticles 

It is expected that as the bacteria grow in the medium, the magnetite evolve intracellularly in the 

magnetosomes of the bacteria, as a result of synthesis, which is guided by nucleation and growth 

process. In some cases, the bacteria has been shown to secrete some enzymes, that are capable of 

synthesizing magnetic nanoparticles extracellularly. 2 ml of each sample was centrifuged at 

10000 rpm for 10 minutes to separate the pellet (bacteria cell) and the supernatant. The pellet 

was subjected to lysis test, where the cell walls are destroyed to expose the magnetite in the 

magnetosomes. This was done by subjecting it to 1.0 ml of 12 M of HCl and 0.5 ml of 1.5 M of 

potassium thiocyanate, which turns red in color. The supernatant was also subjected to ferric 

chloride to reveal the magnetite content within it. 

 

 

Figure 3.9: Samples of pellet and supernatant exposed to HCl and Potassium thiocyanate for 

Magnetite quantification and ferric chloride respectively. 

 

This is to test intracellullarly from the pellet, and extracellularly from the supernatant, for the 

synthesis of magnetic nanoparticles by the bacteria. A similar spectrophotometric analysis 

technique (at a wavelength 440 nm) was used afterwards to determine the concentration from the 
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absorbance measurements. This was done using the standard curve that was produced earlier 

from known concentration of magnetite at a wavelength. A standard curve of known 

concentration from chemical synthesis of magnetite was wavelength of 440 nm. The results 

obtained from the absorbance measurements, obtained from the nanoparticles formed within the 

pellets and supernatants were recorded after 5 days of exposure to different pH conditions (4.0, 

6.0, 6.5,7.0, 7.5, 8.5, 9.0, 9.5, 12.0).  

 

 

3.2.9 Characterization of Nanoparticle Size and Morphology  

HRTEM and LRTEM were used to view the magnetic nanoparticles formed by the samples at the 

different pH for five days. This is to unravel the different shapes and sizes of the magnetic 

nanoparticles produce with respect to the pH and time. Some of the TEM result for the two 

samples were analysed noting the fact that sample A represents the positive control 

Magnetospirillum Magneticum, while sample B stands for the indigenous MTB isolated.  

The morphological and structural properties of the nanoparticles formed in the presence of the 

two different kinds of bacteria were observed by the aid of the HRTEM and LRTEM. Three pH 

(6.5, 7.5 and 9.5) were specifically considered for this characterization. Their respective mean 

size distributions and shapes were carefully analyzed and described from the TEM micrograph. 

 

 

 

 

 



46 
 

 

3.3 References 

 

[1] Schuler, D. and Frankel, R. B., Bacterial magnetosomes: microbiology, biomineralization and 

biotechnological applications. Appl. Microbiol. Biotechnology., 1999, 52, 464–473. 

[2] Moench, T. T. and Konetzka, W. A., A novel method for the isolation and study of a 

magnetotactic bacterium. Arch. Microbiol., 1978, 119, 203–212. 

 

 

 

 

 

 

 

 



47 
 

CHAPTER FOUR 

 

4.0 RESULT AND DISCUSSION  

4.1 Biosynthesis of magnetic nanoparticles 

Two samples of magnetotactic bacteria were used in this work for the synthesis of magnetic 

nanoparticles. Sample A, Magnetospirillium magneticum from Princeton in the U.S.A and 

sample B, of local magnetotactic bacteria obtained from Sheda Federal Capital Territory, Abuja, 

Nigeria. Both types the magnetotactic bacteria synthesized magnetic nanoparticles extracellularly 

and intracellularly. However, the concentration of nanoparticles and the sizes and shapes of the 

nanoparticles varied with pH.. 

   

Figure 4.1: Some pellets and supernatants before chemical characterization  

      

Figure 4.2: Some pellets and supernatants ready for characterization after synthesis 
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4.2 Characterization 

Chemical characterization was carried out using a UV-spectrophotometer. This is to quantify the 

amount of magnetite produced. The shapes and sizes of the nanoparticles were studied using 

transmission electron microscopy.  

 

4.2.1 Standard Curve 

The absorbances obtained for the known concentration of chemically synthesized magnetite 

(Fe3O4) are summarized in Table 4.1. The results are also plotted in figure 4.4dependent  

Table 4.1: Concentration and absorbance value for the standard curve 

Concentration in M Absorbance (A) 

0.000000 

0.000108 

0.000216 

0.000431 

0.000862 

0.001293 

0.001724 

0.002155 

 

 

 

 

 

 

 

 
 

0.000 

0.190 

0.321 

0.510 

0.931 

1.400 

1.800 

2.300 
 

 

The absorbance of the solution with the unknown concentration was measured at the same 

wavelength 440nm which the standard curve was prepared. Corresponding concentration for the 

samples was read up from the standard curve in figure 4.3. These shows a linear dependence of 

concentration on absorbance, with an r
2
 of 0.9962. This implies that the curve obtained obeys 

Beer Lambert law. The synthesized magnetite were obtained from this standard curve. 
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 Figure 4.3: Standard curve for known concentrated magnetite nanoparticles 

 

 

4.2.2 Chemical Characterization 

The absorbance of the pellet and supernatant, for both the positive control and the indigenous 

strain samples were characterized after and completing the synthesis steps under well controlled 

durations and pH. This was done using a UV spectrophotometer that was operated at a 

wavelength of 440 nm where solution turned red in color upon absorption of light. The actual 

concentrations were determined from a standard curve prepared earlier shown in Figure 4.3. The 

results are summarized in Table 4.2 – 4.6.  
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Table 4.2: Absorbance data of pellet/supernatant for the samples after 24 hours (1 Days) 

pH Absorbance of Sample A (M. Magneticum) Absorbance of sample B (Local MTB) 

Pellet Supernatant Pellet Supernatant 

4.0 0.237 0.001 0.200 0.001 

6.0 0.261 0.001 0.230 0.002 

6.5 0.112 0.002 0.251 0.002 

7.0 0.394 0.001 0.279 0.001 

7.5 0.385 0.001 0.255 0.002 

8.5 0.312 0.000 0.305 0.001 

9.0 0.264 0.001 0.315 0.002 

9.5 0.210 0.002 0.200 0.003 

12.0 0.190 0.002 0.150 0.004 

 

From Table 4.2 above, there is a clear indication that the absorbance of the pellets is higher than 

that of the suparnatants. From the experimental data obtained, it shows that, for the positive 

control, Magnetospirillum Magneticum, highest absorbance was observed at pH 7.0 and lowest 

absorbance at pH 6.5. In the same way, for the local strain, highest and lowest absorbance was 

observed at pH 9.0 and pH 12.0 respectively. 

 

Table 4.3: Absorbance data of pellet/supernatant for the samples after 48 hours (2 Days) 

pH Absorbance of Sample A (M. Magneticum) Absorbance of sample B (Local MTB) 

Pellet Supernatant Pellet Supernatant 

4.0 0.254 0.001 0.210 0.002 

6.0 0.271 0.002 0.246 0.003 

6.5 0.194 0.002 0.276 0.002 

7.0 0.433 0.000 0.299 0.002 

7.5 0.422 0.002 0.286 0.001 

8.5 0.367 0.002 0.349 0.001 

9.0 0.286 0.001 0.362 0.003 

9.5 0.222 0.002 0.210 0.004 

12.0 0.219 0.003 0.180 0.005 
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From Table 4.3 above, there is a clear indication that the absorbance of the pellets is higher than 

that of the suparnatants for both samples. From the experimental data obtained, it shows that, for 

the positive control, Magnetospirillum Magneticum, highest absorbance was observed at pH 7.0 

and lowest absorbance at pH 12.0. In the same way, for the local strain, highest and lowest 

absorbance was observed at pH 9.0 and pH 12.0 respectively. 

 

Table 4.4: Absorbance data of pellet/supernatant for the samples after 72 hours (3 Days) 

pH Absorbance of Sample A (M. Magneticum) Absorbance of sample B (Local MTB) 

Pellet Supernatant Pellet Supernatant 

4.0 0.269 0.002 0.233 0.003 

6.0 0.298 0.003 0.264 0.004 

6.5 0.236 0.003 0.311 0.002 

7.0 0.466 0.001 0.336 0.002 

7.5 0.445 0.001 0.328 0.001 

8.5 0.398 0.000 0.370 0.002 

9.0 0.307 0.002 0.398 0.004 

9.5 0.239 0.002 0.232 0.005 

12.0 0.221 0.003 0.200 0.006 

 

 

From Table 4.4 above, there is a clear indication that the absorbance of the pellets is higher than 

that of the suparnatants for both samples. From the experimental data obtained, it shows that, for 

the positive control, Magnetospirillum Magneticum, highest absorbance was observed at pH 7.0 

and lowest absorbance at pH 12.0. In the same way, for the local strain, highest and lowest 

absorbance was observed at pH 9.0 and pH 12.0 respectively. 
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Table 4.5: Absorbance data of pellet/supernatant for the samples after 96 hours (4 Days) 

pH Absorbance of Sample A (M. Magneticum) Absorbance of sample B (Local MTB) 

Pellet Supernatant Pellet Supernatant 

4.0 0.289 0.003 0.261 0.004 

6.0 0.310 0.002 0.288 0.005 

6.5 0.259 0.003 0.334 0.003 

7.0 0.499 0.002 0.369 0.002 

7.5 0.489 0.002 0.346 0.002 

8.5 0.326 0.001 0.396 0.004 

9.0 0.322 0.001 0.421 0.005 

9.5 0.243 0.002 0.246 0.006 

12.0 0.243 0.003 0.212 0.007 

 

From Table 4.5 above, there is a clear indication that the absorbance of the pellets is higher than 

that of the suparnatants for both samples. From the experimental data obtained, it shows that, for 

the positive control, Magnetospirillum Magneticum, highest absorbance was observed at pH 7.0 

and lowest absorbance at pH 12.0 and 9.5. In the same way, for the local strain, highest and 

lowest absorbance was observed at pH 9.0 and pH 12.0 respectively. 

 

Table 4.6: Absorbance data of pellet/supernatant for the samples after 120 hours (5 Days) 

pH Absorbance of Sample A (M. Magneticum) Absorbance of sample B (Local MTB) 

Pellet Supernatant Pellet Supernatant 

4.0 0.304 0.003 0.285 0.005 

6.0 0.334 0.004 0.295 0.005 

6.5 0.296 0.003 0.354 0.004 

7.0 0.531 0.003 0.388 0.003 

7.5 0.519 0.002 0.380 0.002 

8.5 0.383 0.001 0.431 0.001 

9.0 0.348 0.001 0.444 0.004 

9.5 0.281 0.003 0.263 0.006 

12.0 0.243 0.003 0.253 0.008 
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From Table 4.4 above, there is a clear indication that the absorbance of the pellets is higher than 

that of the suparnatants for both samples. From the experimental data obtained, it shows that, for 

the positive control, Magnetospirillum Magneticum, highest absorbance was observed at pH 7.0 

and lowest absorbance at pH 12.0. In the same way, for the local strain, highest and lowest 

absorbance was observed at pH 9.0 and pH 12.0 respectively. 

 

Again,  for a given pH, the absorbance of the pellets was greater than that of the supernatant 

(Figures 4.2 – 4.6). 

From Beer Lambert’s law, this shows that the iron oxide content of the pellets was greater than 

that of the supernatant. Note that Beer lambert’s law  states that the amount of light absorbed at a 

specific wavelength ( in this case 440 nm) is directly proportional to the concentration of the 

solution. Hence, the absorbance of the samples is proportional to their concentration. 

The absorbance is given by: 

A = β C l  

Where, A is the absorbance (no units), β is the molar absorptivity coefficient  (L/mol-cm), C is 

the concentration of absorbing species (mol/L) and l is the path length (cm). 

 

 

4.2.3 Quantification of the magnetite synthesized by MTB using Spectrophotometric 

Ananlysis 

The pH and time dependent of magnetite formation was determine from the absorbance 

measurement and the standard curve (Figure 4.3). The results are presented in table 4.7 – 4.10 

and Figure 4.4 – 4.7, for magnetite synthesis from Magnetospirillu Magneticumand and the local 
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strain respectively. The measured concentrations are clearly dependent on pH, with the highest 

concentrations occurring at pH of ~ 7.0 and 9.0 for the Magnetospirillu Magneticum and the 

local strain respectively. 

   
Figure 4.4: Some pellets and supernatant of the samples after complete synthesis 

 

 

The table below shows the concentration data for Sample A pellet for five days.  

 

 

 

 

Table 4.7: Concentration data for M. magneticum (Sample A) pellet for five days at 

different pH 

pH Concentration in M of magnetite from sample A (M. Magneticum)  Pellet 

Day 1 Day 2 Day 3 Day 4 Day 5 

4.0 0.000222 0.000238 0.000252 0.000270 0.000284 

6.0 0.000244 0.000254 0.000279 0.000290 0.000313 

6.5 0.000105 0.000182 0.000221 0.000242 0.000277 

7.0 0.000368 0.000405 0.000436 0.000467 0.000497 

7.5 0.000360 0.000395 0.000416 0.000455 0.000485 

8.5 0.000291 0.000343 0.000372 0.000305 0.000358 

9.0 0.000247 0.000268 0.000287 0.000301 0.000326 

9.5 0.000197 0.000208 0.000224 0.000227 0.000263 

12.0 0.000178 0.000205 0.000207 0.000215 0.000227 
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Figure 4.5: Concentration-pH curve for the M. magneticum pellet at different days 

 

 

 

However, the results suggest that the optimal conditions for the synthesis of the magnetite from 

the Magnetospirillum Magneticum pellets corresponds to the neutral pH 7. In contrast, the least 

favourable pH values for the formation of magnetite corresponds to a pH of ~ 6.5 or 12. Similar 

trends were observe over the range of pH values. However, the concentration of magnetite 

depended on the time of exposure of the ferric chloride to Magnetospirillum Magneticum.  
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Table 4.8: Concentration data for the local strain (Sample B) pellet for five days at different 

pH 

 

 

 

 
Figure 4.6: Concentration-pH curve for the local strain pellet at different days 
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pH Concentration in M of magnetite from sample B (Local MTB)  Pellet 

Day 1 Day 2 Day 3 Day 4 Day 5 

4.0 0.000187 0.000197 0.000218 0.000244 0.000267 

6.0 0.000215 0.000230 0.000247 0.000269 0.000295 

6.5 0.000235 0.000258 0.000291 0.000313 0.000354 

7.0 0.000261 0.000300 0.000314 0.000345 0.000388 

7.5 0.000239 0.000268 0.000307 0.000324 0.000380 

8.5 0.000285 0.000327 0.000346 0.000371 0.000431 

9.0 0.000295 0.000339 0.000372 0.000394 0.000444 

9.5 0.000187 0.000197 0.000217 0.000230 0.000263 

12.0 0.000140 0.000168 0.000187 0.000198 0.000253 
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The result obtained from the local strain (sample B) are presented in Table 4.8 and Figure 4.6. 

these result shows that, the highest concentration of magnetite corresponds to a pH of ~ 8.5, 

while the lowest concentrations are obtained for high pH values between ~ 9 and 12. Reasons for 

the above trends are not fully understood at the moment. 

 

Table 4.9: Concentration data for M. magneticum (Sample A) Supernatant for five days at 

different pH 

PH Concentration in M of magnetite from sample A (M. Magneticum) Supernatant 

Day 1 x 10
-6

 Day 2 x 10
-6

 Day 3 x 10
-6

 Day 4 x 10
-6

 Day 5 x 10
-6

 

4.0 0.94 0.94 1.87 2.81 2.81 

6.0 0.94 1.87 2.81 1.87 3.74 

6.5 1.87 1.87 2.81 2.81 2.81 

7.0 0.94 0.00 0.94 1.87 2.81 

7.5 0.94 1.87 0.94 1.87 1.87 

8.5 0.00 1.87 0.00 0.94 0.94 

9.0 0.94 0.94 1.87 0.94 1.87 

9.5 1.87 1.87 1.87 1.87 2.81 

12.0 1.87 2.81 2.81 2.87 2.81 

 

 

 
Figure 4.7: Concentration-pH curve for the M. magneticum supernatant at different days 
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The results obtained for the synthesis of magnetite from the supernatant of Magnetospirillum 

Magneticum are presented in Table 4.9 and Figure 4.7. No clear trend is obvious in the data. 

However, the concentration of magnetite produced from the supernatants of Magnetospirillum 

Magneticum (Figure 4.7) iwas much less than that produced from Magnetospirillum Magneticum 

pellets (Table 4.7 and Figure 4.5 ) at same pH values and duration of exposure of ferric chloride. 

 

Table 4.10: Concentration data for sample A (the indigenous strain) supernatant for five 

days at different pH 

PH Concentration in M of magnetite from sample B (Local MTB)  Supernatant 

Day 1 x 10
-6

 Day 2 x 10
-6

 Day 3 x 10
-6

 Day 4 x 10
-6

 Day 5 x 10
-6

 

4.0 0.94 1.87 2.81 3.74 4.68 

6.0 1.87 2.81 3.74 4.68 4.68 

6.5 1.87 1.87 1.87 2.81 3.74 

7.0 0.94 1.87 1.87 1.87 2.81 

7.5 1.87 0.94 0.94 1.87 1.87 

8.5 0.94 0.94 1.87 3.74 0.94 

9.0 1.87 2.81 3.74 4.68 3.74 

9.5 2.81 3.74 4.68 5.61 5.61 

12.0 3.74 4.68 5.61 6.55 7.49 

 

 
 

Figure 4.8: Concentration-pH curve for the supernatant of local MTB at different days 
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Finally, the concentration of magnetite produced from the exposure of ferric chloride to the 

supernatant of the local strain of bacteria are presented in Table 4.10 an Figure 4.8. The trends in 

the plots vary with the duration of exposure. However, the reasons for the pots are not well 

understood at the momen. Nevertheless, it is to note that the highest concentrations of magnetite 

were obtained for a pH of ~ 12 after 5 days of exposure to ferric chloride. The minimum 

concentrations of magnetite were obtained for pH alues of 8.5 for duration of exposure between 

1 and 5 days. 

 

 

4.3 TEM Results 

The results of the transmission electron microscopy (TEM) analysis of the particle sizes and 

shapes are presented in TEM micrographs below for the magnetite synthesized directly from 

Magnetospirillum Magneticum and the yet to be identified magnetotactic local strain at a pH of ~ 

6.5, 7.5 and 9.5. These results shows that the mean sizes obtained for the different duration of 

exposure of ferric chloride are different which explain the fact that the shapes and sizes are pH 

and time dependent. 
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Figure 4.9: Some TEM micrograph for pH 6.5 at day 4, 3, 2 and 1 of the Magnetospirillum 

Magneticum (sample A) and Indigenous MTB (sample B) respectively. 

 

 

The mean particle sizes obtained for the different durations of exposure of ferric chloride are 

presnted in Table 4.11 and Figure 4.10. the variations in the particle sizes, for a given duration of 

exposure, are also summarized in Table 4.11. 
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Table 4.11: The Mean particle size for pH 6.5 at different days for the Indigenous strain 

isolated and Magnetospirillum Magneticum respectively 

 

  (a)   

Day Mean particle size (nm) 

Day 1 15 ± 3 

Day 2 19 ± 4 

Day 3 28 ± 2 

Day 4 32 ± 3 

Day 5 26 ± 4 

 

    

Figure 4.10: Statistical analysis showing the mean particle size distribution for pH 6.5 at 

different days for the Indigenous strain isolated and Magnetospirillum magneticum respectively. 

 

The results from the TEM images provides useful insights into the evolution of particle shape. 

Following one day of exposure of Magnetospirillum magneticum to ferric chloride, the resulting 

magnetite nanoparticles were predominantly spherical (Figure 4.9). By the fourth day, the 

magnetite nanoparticles had pyramidal shapes (see Figure 4.9), while those formed after 5 days 

were essentially cuboidal in shape (see Figure 4.9). Further work is clearly needed to develop a 

fundamental understanding of the observed changes in nanoparticle morphology. 
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Figure 4.11: Some TEM micrograph for pH 7.5 at day 2, 3, 4 and 5 of the Magnetospirillum 

Magneticum (sample A) and Indigenous MTB (sample B) respectively 
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The mean particle sizes obtained for the different durations of exposure of ferric chloride are 

presented in Table 4.12 and Figure 4.12. the variations in the particle sizes, for a given duration 

of exposure, are also summarized in Table 4.12 

 

Table 4.12: The Mean particle size for pH 7.5 at different days for the Indigenous strain 

isolated and Magnetospirillum Magneticum respectively 

                               (a)                                                                           

Day Mean particle size (nm) 

Day 1 45 ± 3 

Day 2 25 ± 4 

Day 3 43 ± 3 

Day 4 18 ± 4 

Day 5 58 ± 4 

 

 

     

Figure 4.12: Statistical analysis showing the mean particle size distribution for pH 7.5 at 

different days for the Indigenous strain isolated and Magnetospirillum magneticum respectively. 

 

The TEM micrograph in Figure 4.11 are the product of nanoparticles synthesis obtain for pH 7.5 
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case, the particle shapes evolved significantly with time. After 1 day of exposure, the 

nanoparticle were predominantly spherical (see Figure 4.11 above). However, by the third day, 

they were predominantly cuboidal in shape. By days 4 and 5, the particles shapes were 

essentially spherical. Finally, the sizes of the corresponding nanoparticles shown in Figure 4.12 

above. Once again, the reasons for the changes in particle shape are not fully understood at the 

moment.    

 

Figure 4.13: Some TEM micrograph for pH 9.5 at day 2, and 1 of the Magnetospirillum 

Magneticum (sample A) and Indigenous MTB (sample B) respectively. 

 

 

The mean particle sizes obtained for the different durations of exposure of ferric chloride are 

presented in Table 4.13 and Figure 4.14. the variations in the particle sizes, for a given duration 

of exposure, are also summarized in Table 4.13. 
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Table 4.13: The Mean particle size for pH 9.5 at different days for the Indigenous strain 

isolated and Magnetospirillum Magneticum respectively 

                    (a)  

Day Mean particle size (nm) 

Day 1 33 ± 3 

Day 2 21 ± 2 

Day 3 43 ± 3 

Day 4 58 ± 2 

Day 5 41 ± 4 

 

 

 

      

Figure 4.14: Statistical analysis showing the mean particle size distribution for pH 9.5 at 

different days for the Indigenous strainisolated and Magnetospirillum magneticum respectively. 
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predominantly shapeless. At day 3, the particles look predominantly triangular. At day 4, the 

particles look predominantly shapeless. At day 5, the particles look predominantly rectangular. 

 

4.4 Implications 

The above results show clearly that Magnetospirillum magneticum and the local strain of the 

bacteria promote the formation of magnetite (Figure). The supernatant from Magnetospirillum 

magneticum and the local strains of bacteria also promote lower concentration of magnetite 

(Figure). However, further work is needed to determine the mechanisms of nanoparticle 

formation.  

In general, the processes involved in the formation of crystalline materials from biological cells 

are often described as biomineralization. Such processes may include biologically induced 

mineralization (BIM) and biologically controlled mineralization (BCM), as suggested by 

Lowsenstam (1981) and Weiner (1989). In the case of BIM, nanoparticles may be formed 

extracellularly by reactions between metabolic by-products and the ferric chloride. However, for 

BCM, the nanoparticles are synthesized intracellularly by reactions between the cell constituent 

and the ferric chloride. 

 

Further work is clearly needed to establish which of the above processes apply. There is also a 

need to understand the chemical species involved in the reduction of Fe
3+ 

to Fe
2+ 

as well as the 

nucleation and growth processes involved in the formation and growth of the crystals. These are 

clearly challenges for the future work. In any case, the ability to form magnetite from 

biosynthetic pathways may pave the way forward for the synthesis of magnetite nanoparticles for 

future applications in nano-medicine. 
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CHAPTER FIVE 

 

5.0 SUMMARY, CONCLUSION AND RECOMMENDATION FOR FUTURE WORK 

5.1 Summary and Concluding Remarks 

In this work, a novel approach was used for the synthesis of magnetite nanoparticles from ferric 

chloride. The formation of magnetite was promoted by interaction between ferric chloride and 

Magnetospirillum Magneticum or a local strain of magnetotactic bacteria. The resulting particles 

had sizes that varied between ~ 15 and 60 nm after processing duration ~ 1 – 5 days. The particle 

shape and sizes alo demanded strongly on pH and exposure duration. 

 

 In the case of magnetite produced from Magnetospirillum Magneticum, the initial particle 

shapes for the pH of 6.5 is predominantly spherical and becomes square like predominantly by 

day five. In the case of magnetite produced from the local strain of bacteria, similar trend was 

observed at the pH and exposure time. Considering pH 7.5, the particle shapes were initially 

predominantly spherical, cuboidal and spherical at the end of the duration considered. Finally, for 

pH 9.5 discussed, the initial particles were predominantly spherical, shapeless, and rectangular 

and triangular in shape.  

 

5.2 Recommendation for Future work 

Further work is needed to determine the cell constituents and the reaction pathways that give rise 

to magnetite nanoparticles formation. The nucleation and growth mechanisms associated with 

biomineralization also require careful theretical, computational and experimental studies that 
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could guide the future scale-up of biosynthesis pathways.  

 

Furthermore, since the cell structures and processes are informed by the genome, further work is 

needed to understand the effects of genomic and protomic manipulations of the cells. This could 

provide the basis for the future engineering of microorganisms that could increase the yield of 

magnetite nanoparticles produced by biosynthetic pathways. 

 

However, much work is also needed to improve the synthesis efficiency and the control of 

particle size and morphology. It is thought that the synthesis of nanoparticles using 

microorganisms is a quite slow process (several hours and even a few days) compared to 

physical and chemical approaches. However, reduction of synthesis time will make this 

biosynthesis route much more attractive. With a better understanding of the synthesis mechanism 

on a cellular and molecular level, including isolation and identification of the compounds 

responsible for the reduction of nanoparticles, it is expected that short reaction time and high 

synthesis efficiency can be obtained. Thus, more research should be carried out in manipulating 

cells at the genomic and proteomic levels. 

 

 Effective control of the particle size and monodispersity must be thoroughly investigated. 

Several studies have shown that the nanoparticles formed by microorganisms may be 

decomposed after a certain period of time. Thus, the stability of nanoparticles produced by 

biological methods deserves further study and should be enhanced.  

 

Further characterization of MNPs using AFM, MFM and XRD is necessary.  Also, the adhesion 
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of NPs to breast cancer and normal cells, ligand-conjugations of MRI to MNPs and particles 

entry into cancer cells: In-vitro and in-vivo experiment should be performed using the 

nanoparticles from the synthesis. Modeling of nanoparticles entry into cancer cells, MRI of 

breast tissue in cancer cells and normal breast tissue, the effectiveness of sizes and shapes 

morphology in the detection and treatment of breast cancer should be the way forward to be 

exploited. Finally, animal trial as well as clinical trial should be carried out to ascertain the 

effectiveness of the biosynthetic nanoparticles in the detection and treatment of cancer with 

respect to other kind of synthesis. 

 

Finally, the potential applications of magnetite to nano-medicine need to be further explored. 

These include the potential applications of magnetite to breast cancer/prostrate cancer detection 

and as well as possible application in the detection and treatment of cardiovascular disease. 

Potential work includes the screening of ligands for the specific detection of cancer or 

cardiovascular disease, or the localized treatment of such conditions by the targeted and 

controlled release of drugs. These are clearly some of the challenges for future work. 

 

 

 

 

 

 

 


