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Abstract 
 

 

Iron is essential to most biological systems. Under pathological conditions affecting the 

iron metabolic pathway, iron can be deposited in the tissue in various forms. The work 

presented in this thesis has exploited the relationship between the magnetic and the 

chemical properties of tissue iron deposits to further understanding of two major 

pathologies, the haemoglobinopathies termed thalassaemias and the malaria parasite 

Plasmodium falciparum, both amongst the most common health concerns in tropical 

countries.  

 

The iron-specific magnetic susceptibilities χFe for spleen tissue samples from 7 

transfusion dependent β-thalassaemia (β-thal) patients and 11 non-transfusion dependent 

β-thalassaemia/Haemoglobin E (β/E) patients were measured at 37°C. Both groups of 

patients were iron loaded with no significant difference in the distribution of spleen iron 

concentrations between the two groups. There was a significant difference between the 

mean χFe of the spleen tissue from each group. The β/E patients had a higher mean (± 

standard deviation) spleen χFe (1.55 ± 0.23 × 10-6 m3.kgFe
-1) than the β-thal patients (1.16 

± 0.25 × 10-6 m3.kgFe
-1). Correlations were observed between χFe of the spleen tissue and 

the fraction of magnetic hyperfine split sextet in the 57Fe Mössbauer spectra of the tissues 

at 78 K (Spearman rank order correlation ρ = -0.54, p = 0.03) and between χFe of the 

spleen tissue and the fraction of doublet in the spectra at 5 K (ρ = 0.58, p = 0.02) 

indicating that χFe of the spleen tissue is related to the chemical speciation of the iron 
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deposits in the tissue. The biological variability of the iron-specific magnetic 

susceptibility of the tissue iron examined would contribute a random uncertainty of 19% 

to magnetic susceptibility based non-invasive measurements of tissue iron concentration.  

 

Forms of tissue iron stores can be isolated from each other according to their solubility 

properties. The χFe of isolated crude haemosiderin from spleen tissue from 7 transfusion 

dependent β-thalassaemia (β-thal) patients and 4 liver tissue and 2 spleen tissue samples 

from 6 non-transfusion dependent β-thalassaemia/Haemoglobin E (β/E) patients were 

measured at 37°C. Strong correlations were observed between the tissue and 

corresponding crude haemosiderin samples for both the iron concentration (ρ = 0.97, p = 

0.0008) and of the fraction of magnetic hyperfine split sextet (Fs) in the 57Fe Mössbauer 

spectra at 78K (ρ = 0.86, p = 0.003). The means (± standard deviations) of the values of 

χFe measured for the β–thal spleen, β–thal/Hb E spleen and β–thal/Hb E liver 

haemosiderin samples were 1.3 (± 0.3), 1.56 (± 0.08) and 1.3 (± 0.1) × 10-6 m3.kgFe
-1 

respectively. The χFe of the crude haemosiderin samples was inversely correlated with Fs 

(ρ = -0.66, p = 0.03), in agreement with measurements of the tissue samples. 

 

Magnetic susceptibility measurements were also performed on malaria parasitised red 

blood cells. In vitro cultures of P. falciparum were magnetically enriched up to 61-fold 

using high field gradient magnetic separation columns, and the magnetic susceptibility of 

cell contents was directly measured. Forms of haem iron were quantified 

spectroscopically. Further fractionations were performed such that, by controlling the 

fluid velocity through the column, cells with more than a critical amount of paramagnetic 
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iron were preferentially extracted. A chloroquine-sensitive (CQS) laboratory strain of 

parasites converted approximately 60% of host cell haem iron to haemozoin and this 

product was the primary source of the increase in cell magnetic susceptibility. The 

volumetric magnetic susceptibility of the magnetically enriched cells was found to be 

0.15 ± 0.03 × 10-7 relative to the suspension medium, accounting for the enrichment of 

mature parasites. Comparisons of fractionation samples of two pairs of CQS and 

chloroquine resistant (CQR) strains showed enrichment of mature parasites was 

significantly greater in the CQS than the CQR strains. The results suggest the possibility 

of using magnetic separation columns in identifying CQR strains of P. falciparum, 

potentially in a diagnostic or research setting. The study also underlines the need to 

identify and quantify the forms of iron in CQR and CQS parasite strains as the fate of 

haem iron will have implications in understanding the mechanisms of chloroquine 

resistance. 
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CHAPTER 1  
 

Introduction 
 
 
1.1 A History of Magnetism in Medicine 
 
 
 
‘Thales, too, to judge from what is recorded about him, seems to have held soul to be a 

motive force, since he said that the magnet has a soul in it because it moves the iron.’ 

Aristotle, De Anima (405 A.D.) 

 

Two properties of magnets were well known to the ancient Greeks; the ability of 

lodestone (magnetite) to induce motion of iron objects and the potential to transfer this 

ability to non-magnetic iron objects. Thales of Miletus (ca. 624 – 547 B.C.) was one of 

the first scientists to posit non-supernatural explanations for natural phenomena. He 

imagined that an immaterial force pervades the material world. The force manifests as 

movement or change of state of objects and can be thought of as an invisible ‘soul’.  

 

In contrast to the Thalean theory of hidden or occult origins of magnetism, Empedocles 

of Akragas (491 – 435 B.C.) advanced a materialistic theory of magnetism. Empedocles 

hypothesised that ‘the iron is borne towards the 

! 

[lode]stone by the effluvia emanating 

from both… when the effluvium of the iron moves towards the pores of the 

! 

[lode]stone, 

which are fitted to receive it, the iron begins to move with it.’ (Guthrie 1965).  
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Both descriptions of magnets held great appeal for the Greeks. The parallel suggested by 

Thales between man and magnet encouraged the use of magnets as medical interventions 

by Greek and Roman physicians including Hippocrates of Cos (ca. 460 – 360 B.C.). The 

scholars Pliny the Elder (23 – 79 A.D.) and Galen of Pergamun (129 – 199 A.D.) 

documented some common uses of magnets as medical therapies, including treatment of 

burns, arthritis and gout, the extraction of ‘gross humours’ and poisons, and as 

aphrodisiacs (Mourino 1991). The physician and alchemist von Hohenheim (a.k.a. 

Paracelsus, 1493 – 1541) instead sought to identify an analogy between illness in man 

and the Empedoclean model of magnetism. Paracelsus wrote in Volumen Medicinae 

Paramirum that every person is a magnet ‘possessing a magnetic power by which he may 

attract certain effluvia of a good and evil quantity in the same way as a magnet will 

attract iron.’ The teachings of Paracelsus were later adopted by Franz Mesmer (1734 – 

1815), who achieved impressive cure rates by ‘mesmerising’ the magnetic poles of his 

patients to remove obstacles, thereby restoring the natural flow of the universal 

‘fluidium’ through the body. In traditional Chinese medicine a similar rationale underlies 

the practice of magnet therapy, dating back to 200 B.C., to restore the flow of ‘qi’ or 

energy. The Vedas, ancient Hindu scriptures, also describe treatment of diseases with 

lodestone (as the Vedas were originally an oral tradition dating the inception of such 

therapies in Hindu culture is difficult). 

 

The use of magnets in medicine encouraged scientific study of magnetism. The physician 

William Gilbert (1544 – 1603) wrote one of the greatest treaties on magnetism, De 

Magnete Magneticisque Corporibus et de Magno Magnete Tellure Physiologia Nova (On 
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the lodestone, magnetic bodies, and on the great magnet in the earth). Much of the work 

presented in Gilbert’s De Magnete and in Peregrinus’s Epistola Petri Peregrini de 

Maricourt ad Sygerum de Foucaucourt, Militem, De Magnete invalidated most 

contemporary uses of magnets in medical therapies; for example, Gilbert showed that the 

standard practice of grinding up lodestone to use as a poultice destroyed the 

ferromagnetic properties. Thomas Browne (1605 – 1682) also examined some of the 

leading theories of magnetism and then sought to disprove by experiment the ‘Naturall, 

Historicall, Medicall 

! 

[and] Magicall… common opinions, and received… relations’ on 

magnets. The results of these experiments were presented in his books Pseudodoxia 

Epidemica (Enquiries into vulgar and common errors).  

 

The enduring significance of Browne’s work was his demonstration of the importance of 

experimentally verifiably science in medicine. Regardless of the efficacy of many uses of 

magnets as medical interventions, the nature of the interventions, in particular the 

external application of magnets, were conducive to rigorous tests of efficacy. A trial 

proposed by Mesmer to the Faculté de Medécine in 1780, intended to validate his 

‘Baquet de Mesmer’ (a tub of magnetised water) as a medical therapy, would have been 

one of the first prospective randomised trials conducted. Four years later, an investigation 

of Mesmer’s practices conducted by Benjamin Franklin, Antoine Lavoisier and members 

of the medical faculty of the University of Paris lead to the first double-blinded placebo 

controlled trials of a medical therapy.  
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In the nineteenth century the development of the theory of electrodynamics by Oersted, 

Franklin, Ampére, Biot and Savart culminated with Maxwell’s publication of the wave 

theory of light and his synthesis of the relationship between electricity and magnetism 

into four elegant, concise equations. Faraday’s identification of the principle of induction 

and the evolution of electromagnets capable of producing strong, controllable magnetic 

fields provided the theory and the means of studying the (relatively) weak magnetic 

properties of biological materials. Pauling and Coryell, building on work begun by 

Faraday, examined the magnetic properties of haem iron to help elucidate the relationship 

between the chemical form of iron and the oxygen-binding abilities of haemoglobin 

(Pauling and Coryell 1936).  

 

The intrinsic magnetic properties of atoms, predicted by quantum theory, were observed 

indirectly by Zeeman from the effects of magnetic fields on the optical spectrum of 

sodium atoms (Zeeman 1897) and by Stern and Gerlach from the effects of magnetic 

fields on the trajectory of electrons (Gerlach and Stern 1924). Direct measurements of 

nuclear magnetic resonance (NMR) in atomic and molecular beams were made by Rabi 

and co-workers in 1938 (Rabi et al. 1938a; Rabi et al. 1938b; Rabi et al. 1939). Over the 

following 35 years, advancements in NMR, most notably from the work of Bloch (Bloch 

1946) and Purcell (Purcell et al. 1946), and the development of image acquisition and 

analysis techniques using “encoding of spatial co-ordinates by known magnetic field 

shapes…” (Lauterbur 1973), proposed by Lauterbur and developed by Mansfield 

(Mansfield and Maudsley 1977), enabled imaging of the NMR relaxation times in tissue. 
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With the evolution and refinement of electromagnets, in particular superconducting 

electromagnets, as well as the fabrication of strong permanent magnets, it is now possible 

to generate stable, well-defined magnetic fields on the order of Teslas in medical 

facilities and the laboratory. These technological advancements were necessary for many 

applications involving magnetism in medicine, including Magnetic Resonance Imaging, 

guidance of magnetic surgical implants that deliver therapeutic agents to tumours 

(McNeil et al. 1995a; b), vascular catheters that can be magnetically guided through the 

heart (Ram and Meyer 1991) and the purification of cells using magnetic microspheres 

coated with monoclonal anti-tumour antibodies (Treleaven et al. 1984). Further potential 

applications include using an external magnet to concentrate drugs attached to magnetic 

microspheres or nanoparticles at a target organ (Poznansky and Juliano 1984) and 

‘magnetic fluid hyperthermia’, i.e. heating tumour cells by applying an alternating field 

over magnetite nanoparticles embedded in the tumour (Chan et al. 1993; Jordan et al. 

1993). However, strong magnetic fields are often involved indirectly in many medical 

technologies, such as the powerful ‘bending’ magnets that guide electron beams used in 

radiation therapy and in cyclotrons to manufacture radioisotopes for diagnostic and 

treatment purposes. 

 

1.2 The Diseases; Thalassaemia and Malaria  
 

Two of the most prevalent and potentially lethal public health concerns, malaria and the 

haemoglobinopathies such as the thalassaemias, are concentrated in developing countries. 

Carriers of a single abnormal gene associated with thalassaemia are protected against 

infection from the malaria parasite Plasmodium falciparum, enabling the genetic 
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frequency for the thalassaemias to reach up to 25% in malarious countries. However, 

both the heterozygous and homozygous forms of thalassaemia can give rise to anaemia of 

varying degrees of severity. 

 

Both malaria and thalassaemia are intrinsically associated with the formation of 

pathogenic iron particles. Some methodologies exploit the magnetic properties of the iron 

in these particles for diagnostic and for research purposes. The broad aims of this thesis 

are to investigate and quantify these magnetic properties and to consider how the 

magnetic state of the iron appertains to the physico-chemical properties of the particles. 

 

1.3 Thesis Outline 
 

Following this brief introductory chapter, a review of the principles of iron metabolism, 

as well as the relevant details of the pathologies malaria and thalassaemia, will be 

presented in Chapter 2. Chapter 3 outlines the basic concepts of magnetism and magnetic 

materials presented in the experimental work. Chapters 4 and 5 describe original 

experimental work performed on thalassaemic tissues and the iron storage compounds 

isolated from the tissues respectively, and present evidence that the magnetic 

susceptibility of the iron stored in tissues is dependent on the crystal structure of the iron 

particles. In Chapter 6, attention is transferred to the magnetic properties of the 

components of malaria-infected red blood cells and the physics underlying magnetic cell 

separation. Chapter 7 examines a possible means of exploiting the dynamic response of 

cells in a magnetic field environment to distinguish between strains of malaria. Finally, 
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Chapter 8 discusses the clinically relevant implications of the experimental work, as well 

as proposing future experiments. 
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CHAPTER 2  
 

Literature Review 
 
 
2.1 Iron metabolism and toxicity 
 
 

The importance of iron in the human body is reflected by the abundance of the element 

and the array of functions involving iron within the body (Underwood 1977; Jacobs and 

Worwood 1981). Iron is found at the active sites of many enzymes and participates in 

both electron and oxygen transport (Hoffbrand et al. 1976). However, the catalytic 

potential of iron also extends to the conversion of superoxide and hydrogen peroxide into 

free radical species that can damage biological tissues (Gutteridge and Halliwell 1989; 

McCord 1998). Free iron(III) ions can react with superoxide according to Equation 2.1, 

generating oxygen and iron(II). The ferrous iron ions can then decompose hydrogen 

peroxide, as described by the Fenton reaction (Equation 2.2). The overall iron-catalysed 

Haber-Weiss reaction, shown in Equation 2.3, converts superoxide and hydrogen 

peroxide to water, hydroxyl ions and the highly reactive OH° radical capable of 

damaging organic molecules such as DNA, proteins and cell membranes (Winterbourn 

1995). 

! 
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The toxic potential of iron is limited through the binding and / or packaging of iron into 

biologically inert forms. Iron may be bound to proteins such as ferritin, plasma transferrin 

or haemoglobin, responsible for iron storage, circulation and oxygen transport 

respectively. However, levels of free iron in the body are minimised, primarily through 

close regulation of iron homoeostasis (Finch and Huebers 1982; Bothwell et al. 1989; 

Finch 1994; Andrews 1999). Humans lack a physiological pathway for iron excretion 

(Finch 1994) and so the 1 - 2 mg of iron absorbed each day from the diet is 

approximately equal to the iron loss from sloughing of mucosal cells, menstruation and 

other blood losses, and desquamation, as illustrated in  Figure 2.1.  

 

When iron absorption exceeds metabolic requirements iron may be stored in tissues in 

either ferritin or haemosiderin form, and remobilised for later use. Adult males normally 

have between 35 – 45 mg of iron per kg body weight, with approximately two thirds of 

the total body iron incorporated into haemoglobin (Bothwell and Finch 1962). Pre-

menopausal women usually have slightly lower iron stores, as iron is lost through 

menstruation.  
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Figure 2.1: Distribution of iron in adults (reproduced from Andrews 1999). 

 

Given the necessity of iron in the body, it is unsurprising that iron deficiency is the most 

prevalent nutritional disorder in the world, affecting almost 20% of the population in 

industrialised countries of Europe and North America (Hallberg 1995; Looker et al. 

1997). In developing countries up to 70% of women and children are afflicted by iron 

deficiency as poor nutrition and infectious diseases such as malaria and tuberculosis 

(Greenwood 1997) exacerbate the imbalance between intake and loss of iron. However, 

iron overload also presents a major health problem. Dysregulation of iron absorption 

causes excessive body iron to accumulate in patients with hereditary haemochromatosis 
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and chronic liver disease (Bothwell and Finch 1962; Stremmel et al. 1993). Iron overload 

also arises as a complication from frequent blood transfusions given to patients with 

haemoglobinopathies, and in patients with increased erythropoiesis owing to anaemia 

(Halliday and Powell 1982).  

 

2.1.1 Transferrin 
 
Iron is transported between sites of acquisition, storage and utilisation via molecules of 

transferrin, a monomeric glycoprotein with a high binding affinity for iron (reviewed in 

(Richardson and Ponka 1997; Ponka and Lok 1999). The protein is folded into two lobes, 

representing each of the N- and C-terminal halves of the chain (Gorinsky et al. 1979). 

Within each lobe are two structurally similar (Mazurier et al. 1977; Jeltsch and Chambon 

1982) but functionally distinct domains. The first domain of each lobe contains a 

hydrophilic cleft including an iron-binding site (Brock and Arzabe 1976; Evans and 

Williams 1978; Bailey et al. 1988). Apotransferrin adopts an ‘open jawed’ conformation, 

with the domains separated. Upon binding an iron(III) ion, the domains hinge closed to 

prevent hydrolysis or pre-emptive release of the iron (Baker and Lindley 1992). The iron 

is co-ordinated to four protein ligands (Anderson et al. 1987) and the remaining two cis-

bonds are occupied by a water molecule and an anion, usually carbonate (Aisen et al. 

1974; Schlabach and Bates 1975).  

 

Uptake of plasma transferrin is mediated by membrane glycoproteins called transferrin 

receptors (reviewed in (Ponka and Lok 1999), which are expressed in varying numbers 

on the surfaces of almost all cells. After selective binding of diferric transferrin to the 
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transferrin receptor (Young et al. 1984; Cazzola et al. 1987; Huebers et al. 1990; Pollack 

1992; Testa et al. 1993; de Silva et al. 1996; Richardson and Ponka 1997) the cell surface 

then invaginates to form an endosome, internalising the transferrin (Sullivan et al. 1976; 

Hemmaplardh and Morgan 1977; Baker et al. 1982; Iacopetta et al. 1983). A proton 

pump lowers the endosomal pH (Morgan 1981; van Renswoude et al. 1982), protonating 

the anion molecule(s) bonded to the transferrin-bound iron, leading to the expulsion of 

first the anion and then the iron from the transferrin molecule (Aisen et al. 1999). The 

released iron passes through the endosomal membrane and into an intracellular pool of 

labile iron. In humans approximately 3 mg of iron is transported around the body each 

day, with 80% delivered to the bone marrow for haemoglobin synthesis (Bothwell et al. 

1979).  

 

2.1.2 Haemoglobin and Myoglobin 
 

2.1.2.1 Structure and Function 
 
Haemoglobin and the closely related metalloprotein myoglobin bind oxygen in a 

reversible process. Haemoglobin absorbs oxygen in the lungs and relinquishes it to the 

respiring tissues. In vertebrates haemoglobin is concentrated within cells called 

erythrocytes to enable transport of oxygen over long pathways. Erythrocytes, shown in 

Figure 2.2, are circular, flexible discoids with a biconcave profile that maximises the cell 

surface area, promoting gas exchange between haemoglobin and tissues. The mean 

erythrocyte diameter and volume are 6 – 8 µm and 90 µm3 respectively. The intracellular 

haemoglobin concentration is 5.5 mM and so each erythrocyte contains approximately a 

billion iron atoms.  
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Figure 2.2: A scanning electron micrograph of erythrocytes (reproduced from Alberts et 

al. 2002). 

 

Vertebrate haemoglobin is predominantly heteroteterameric (Dickerson and Geis 1982). 

In each molecule of human adult haemoglobin two α and two β globular protein subunits, 

known as globins, are connected through salt bridges, hydrogen bonds and van der Waals 

interactions (Ackers and Smith 1987). The genes encoding for α and β globins are 

located on chromosomes 16 and 11 respectively (Hardison 1996). Inherited haemoglobin 

disorders, termed haemoglobinopathies, are classified as either structural haemoglobin 

variants or thalassaemias. Structural haemoglobin variants are generally associated with 

single amino acid substitutions whereas the thalassaemias manifest as ineffective globin 

synthesis, shortening one or more of the protein chains. Such genetic abnormalities may 

give rise to potentially life-threatening anaemias.  
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The three-dimensional structure of the globins is strongly conserved, with near-identical 

folding arrangements in each sub-unit of haemoglobin and in monomeric myoglobin 

(Ackers et al. 1992; Hardison 1996). Each globin protein is folded to create a 

characteristic ‘pocket’ in which the haem group is bound (Fermi et al. 1984), as shown in 

Figure 2.3.  

 

Figure 2.3: Human adult haemoglobin, shown on the left, usually contains two α and two 

β globin chains, each folded to create a ‘pocket’ in which a haem group is bound. 

Looking down the pseudo two-fold x axis, the conformation of the molecule when 

deoxygenated (centre) changes upon binding of oxygen (right) by a rotation of the 

symmetrically related αβ dimers by approximately 15° relative to each other (reproduced 

from Eaton et al. 1999). 

 

The iron atom at the centre of the haem protoporphyrin ring is equally bonded to the four 

surrounding nitrogen atoms. Below the plane of the haem group the histidine residue of 

the globin is coordinated to the iron, with an oxygen or a water molecule occupying the 

remaining bonding position above the plane (Baldwin and Chothia 1979). The structure 

of the haem group is illustrated in Figure 2.4. Electrostatic bonds between the globin 
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units contort the deoxygenated haemoglobin molecule into a relatively low oxygen-

affinity conformation (Monod et al. 1965). Upon the binding of oxygen to the haem 

group of one globin subunit, the mechanical stresses placed on the electrostatic bonds 

encourage the remaining globins to assume a conformation that exposes the haem groups 

to oxygen (Perutz et al. 1978), increasing the oxygen affinity approximately 500 fold 

(Perutz et al. 1998). The cooperative oxygen binding process of haemoglobin is 

responsible for the sigmoidal shape of the oxygen absorption curve of blood (Bohr et al. 

1904). 

 

 

Figure 2.4: The haem molecule. In haemoglobin an oxygen molecule may be bonded 

above the plane (in the position denoted Y) and the globin molecule is bonded below the 

plane via the central iron atom (reproduced from Hempelmann and Egan 2002). 

2.1.3 Ferritin and Storage Iron 
 
Ferritin plays an essential role in iron metabolism as the protein shell provides both an 

accessible iron storage compartment and a means of detoxifying iron (see reviews by 
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Massover and Cowley 1973; Harrison et al. 1986; St. Pierre et al. 1989; Crichton 1990; 

Harrison and Arosio 1996; Chasteen 1998). The water-soluble protein is composed of 24 

structurally equivalent polypeptide subunits, each folded into a four-helix bundle. The 

subunits are assembled into an approximately spherical shell with external diameter of 12 

to 13 nm and internal cavity diameter of 7 to 8 nm, as illustrated in Figure 2.5.  

 

      

Figure 2.5: Cross-sectional structure of apoferritin (shown on left). The spherical cage is 

approximately 12 nm in diameter. Iron enters the cage and becomes oxidised, forming an 

iron(III) oxyhydroxide core (shown on right), limited to 8 nm in diameter by the 

dimensions of the internal cavity of the protein shell (reproduced from Dickson 1998).  

 
Small hydrophilic and hydrophobic channels through the shell permit the passage of iron 

ions into the cavity. Each molecule can incorporate up to 4500 iron atoms that enter the 

cavity as iron(II) and are bound and oxidised to iron(III) at catalytic centres on the 

protein surface (Harrison and Arosio 1996). The iron(III) oxyhydroxide particles nucleate 

at one or more ferroxidase sites on the internal surface of the shell, providing a growing 

site for further iron(II) incorporation and oxidation. Iron can be re-mobilised from ferritin 

through reduction to iron(II). Dispersed native horse-spleen ferritin particles are shown in 

Figure 2.6. 
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Figure 2.6: Transmission electron micrograph of ferritin nanoparticles. The scale bar is 

50 nm. Image obtained by Linda Harris. 

 

Aerobic incorporation and oxidation of iron(II) is catalysed by the protein, but enhanced 

by the hydrolysis of iron(III) and precipitation of iron(III) oxyhydroxide, so there is a 

tendency towards an ‘all or nothing’ distribution of iron within particles (Macara et al. 

1972; Chasteen 1998). Nevertheless, the iron oxyhydroxide cores of ferritin molecules 

have a narrow size distribution compared to haemosiderin (Frankel 1989). 

2.1.3.1 Haemosiderin 
 
Haemosiderin particles are usually associated with protein residues and form irregular 

clusters within siderosomes. The size distribution and composition of haemosiderin 

particles tends to be more heterogeneous than of ferritin particles and the characteristic, 

even defining, feature of haemosiderin is the insolubility of particles relative to ferritin. 
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2.1.3.2 Iron Core Structure 
 
The mineral cores of ferritin molecules show varying degrees of crystallinity, ranging 

from partly- to well-ordered structures (St. Pierre et al. 1989). The ferritin protein 

influences the chemical species of iron(III) oxyhydroxide formed, as the crystalline 

structure of the cores is similar to that of the mineral ferrihydrite (5Fe2O3.9H2O) (Towe 

and Bradley 1967), whereas in absence of ferritin, under otherwise identical conditions, 

iron oxyhydroxide precipitates of either goethite-like or lepidocrocite-like material are 

formed (Harrison et al. 1967). The relatively high electron density of ferritin cores enable 

characterisation with a variety of solid-state physics techniques, including transmission 

electron microscopy (TEM), X-ray diffraction (XRD), electron diffraction (ED), 

Mössbauer spectroscopy, extended X-ray absorption fine structure (EXAFS), solid angle 

neutron scattering (SANS), solid angle X-ray scattering (SAXS) and to a lesser extent 

magnetometry (Haggis 1965; Harrison et al. 1967; Fischbach et al. 1969; Williams et al. 

1978; Thiel et al. 1985; St. Pierre et al. 1989; Mackle et al. 1991; Pankhurst and Pollard 

1992; Pankhurst 1994; Thein 1998; Allen et al. 2000; Janney et al. 2000; St Pierre et al. 

2002). Ferritin core crystallinity is usually classified empirically as either 2-line or 6-line 

ferrihydrite-like, according to the number of visible diffraction peaks or lines in XRD or 

ED images. 

  

Ferrihydrite is anomalous in nature as the material naturally forms crystals with a size 

limit of approximately 10 nm. Particles are characteristically poorly crystalline and 

metastable, but ferrihydrite may in fact be a precursor to more stable iron oxide phases 

(Schwertmann and Cornell 1991). There appears to be little long-range order of the 
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crystals, although recent work suggests that each crystal is in fact composed of several 

nanometre-sized crystallites, each displaying a clear structural order, jumbled together so 

that there is little overall structure of the assembled crystal (Janney et al. 2000; Janney et 

al. 2001). Conversion to more stable iron oxide phases may be accomplished through 

rearrangement and reordering of the crystallite subunits (Cornell and Giovanoli 1985; 

Cornell et al. 1987; Cornell et al. 1989).  

 

The first proposed structure of ferrihydrite was derived from the structure of haematite, 

showing layers of hexagonal close packed oxygen with variable occupancy of iron within 

one of the four layers of each unit cell (Towe and Bradley 1967). Revisions of this 

structure have been proposed and the main point of contention appears to be whether 

tetrahedral iron is present in addition to octahedral iron (Eggleton and Fitzpatrick 1990; 

Drits et al. 1993; Manceau and Drits 1993). The most widely accepted model of 

ferrihydrite structure, postulated from XRD data, was proposed by Drits and co-workers 

(1993) for ‘defect-free’ ferrihydrite. This model, illustrated in Figure 2.7, shows double 

hexagonal stacking (ABAC) of O and OH ions. Iron occupancy of the octahedral sites is 

approximately 50% and the iron atoms are displaced from the centres of the sites by 

0.024 nm in the direction perpendicular to the anionic layers (Janney et al. 2000). A 

recent model of ferritin structure, obtained from electron nanodiffraction of synthetic and 

ferritin samples (Cowley et al. 2000), suggests that whilst the majority of cores show the 

hexagonal structure similar to the major phase of ferrihydrite, several minor phases, 

including some with structure similar to the minerals magnetite and maghaemite, are also 

present. A minority of cores contain highly disordered material, but it appears that each 



 33 

core is composed of a single crystal of one phase only. The heterogony of crystalline 

substructures is found in both 2-line and 6-line ferrihydrite, with some structures 

common to both, but the fraction of highly disordered crystallites, accounting for 

approximately half of the substructures in 2-line ferrihydrite, is far smaller in 6-line 

ferrihydrite. Two-line ferrihydrite is also formed of close-packed ionic sheets with iron 

predominantly in the octahedral sites, and the structure shows approximately equal 

tendencies towards the cubic (ABC) and hexagonal (ABA) stacking sequences. Recently, 

St Pierre and co-workers have suggested that the two / six line model for ferrihydrite may 

be too simplistic. Instead, they propose a continuum of structures ranging from well-

ordered crystals, where iron atoms are dispersed regularly throughout the lattice, to 

highly disordered materials in which iron atoms are displaced or absent and the crystal 

lattice may contain structural discontinuities and defects.   

 

The structure of haemosiderin particles appears far more heterogeneous than that of 

ferritin cores. Haemosiderin exists in different chemical species, broadly classified as (i) 

ferrihydrite-like (similar to ferritin) (ii) a mineral with a structure related to very poorly 

crystalline goethite (goethite has the formula α-FeOOH), and (iii) a non crystalline 

iron(III) oxyhydroxide (Dickson et al. 1988c; Mann et al. 1988b; St. Pierre et al. 1989). 

The chemical species of haemosiderin present in pathological tissues may depend on the 

biological conditions under which the haemosiderin was deposited (St. Pierre et al. 

1987b; Mann et al. 1988b; St. Pierre et al. 1991b; St. Pierre et al. 1998b).  
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Figure 2.7: The proposed model of ferrihydrite. The rectangular box indicates the unit 

cell, black spheres represent oxygen atoms and iron atoms are located within the shaded 

octahedra (reproduced from Janney 2000). 

2.1.3.3 Ferrihydrite-like Form 
 
The predominant chemical species of haemosiderin is similar to the cores of mammalian 

ferritin. Electron diffraction patterns obtained from these cores show between two and six 

major rings with intensities and positions consistent with results from ferrihydrite.  

2.1.3.4 Goethite-like Form 
 
Goethite is a far more stable form of iron oxide than ferrihydrite, and is in fact one of the 

polymorphs to which other iron oxides eventually evolve upon aging (Flynn 1984). The 

highly stable nature of the mineral arises from the double arrays of edge-sharing 

FeO3(OH)3 octahedra that form 2 x 1 channels, linked through corner sharing and bridged 

by hydrogen bonds, as illustrated in Figure 2.8. As observed for ferrihydrite, only 50% of 
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the octahedral interstices are occupied by ferric iron. Unit cells are orthorhombic (a = 

4.59, b = 9.94, c = 3.06 Angstroms), as determined by neutron diffraction (Forsyth et al. 

1968). Goethite-like iron oxide deposits have been identified in horse spleen 

haemosiderin via X-ray diffraction (Schwietzer 1953; Woehler and Zoll 1960) and 

electron diffraction studies of haemosiderins isolated from humans and other animals 

(Dickson et al. 1988c; Mann et al. 1988b). 

 

 

Figure 2.8: Model of crystal structure of goethite, illustrating cross-linkage of octahedra 

through corners. The Fe-Fe distances, showing the distances to the nearest Fe octahedra 

for two edge-linked (E and E′) and one double-corner linked Fe (D C), are calculated 

from Fourier-transforming EXAFS spectra (reproduced from Manceau and Drits 1993). 

2.1.3.5 Amorphous Iron Oxide Form 
 
Haemosiderin cores containing highly disordered material have been identified through 

electron diffraction (Mann et al. 1988b), nanodiffraction and Mössbauer spectroscopy 

(Dickson et al. 1988c). The study of ferritin cores described above suggests that particles 

of amorphous iron oxide will be composed of amorphous crystallites and so will not have 

any detectable order on the range of Angstroms to nanometres. Although amorphous iron 
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oxide has been detected in the cores of a minority of ferritin particles, it is widely thought 

that aggregates of amorphous haemosiderin particles are formed when iron oxide 

precipitates rapidly in the tissue, rather than through a degradation of ferritin.  

 

 

2.2 Malaria 
 

2.2.1 The Disease 
 
Over 40% of the world’s population are at risk of contracting malaria (Greenwood and 

Mutabingwa 2002). Annually, over 500 million people are infected, causing over 2.5 

million fatalities. The urgent need for effective malaria control and prevention measures 

has been heightened by the spread of drug-resistant strains (White 1996). Global 

warming has also increased the incidence of malaria, with the emergence and / or re-

emergence of the disease in previously malaria-free regions (McMichael et al. 2006).  

 

Four Plasmodium species of malaria parasite are infectious to humans, but only the 

species P. falciparum, associated with the highest degree of morbidity and mortality 

(Cook 1986; Greenwood 1997), will be the focus of this thesis. 

 

2.2.2 Parasite life cycle 
 
P. falciparum undergoes distinct vector and host phases of its life cycle (Figure 2.9). The 

parasites are transmitted between human hosts by the female Anopheles gambaei 

mosquito (Garcia and Bruckner 1988; White 1996; Stanley 1997). When the mosquito 
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feeds on an infected human, gametocytes are ingested with the blood meal (Pradel and 

Frevert 2001). Inside the mosquito’s gut male and female gametes fuse to form zygotes 

that undergo mitosis to produce ookinetes. The ookinetes then cross the wall of the gut 

and form sporozoite-filled oocysts. The oocysts burst, releasing sporozoites which 

migrate to the mosquito’s salivary glands where they can be injected into the human 

bloodstream by the infectious mosquito (Jones and Hoffman 1994).  

 

 

Figure 2.9: Life cycle of P. falciparum parasite in the vector (female A. gambaei 

mosquito) and host (human) (reproduced from Wirth 2002). 

 

Inside the human host sporozoites migrate to the liver and invade hepatocytes (Pradel and 

Frevert 2001). Over the course of five to seven days the parasites grow and multiply 

asexually, finally producing merozoites that are released into the bloodstream (White 

1996). Unlike Plasmodia species such as P. vivax and P. berghei, P. falciparum shows no 
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preference for erythrocytes of particular developmental stages, enabling the parasites to 

achieve infection of more than 10% of circulating red blood cells.  

 

The intraerythrocytic life cycle of the parasite is associated with clinically symptomatic 

malaria, manifesting as fevers or chills, anaemia or cerebral malaria (Aikawa 1988; 

Garcia and Bruckner 1988; Pongponratn et al. 1991; Gratzer and Dluzewski 1993; White 

1996). Most of the commonly used antimalarial drugs target the parasites during this 

phase of development (Panisko and Keystone 1990). The parasite undergoes three 

morphologically distinct stages; the merozoite develops over 24 hours into a complete 

ring form with one or more characteristic chromatin dots. As the parasite cell enlarges a 

lysosomal-like food vacuole develops, allowing parasites in the trophozoite stage to 

ingest host cell haemoglobin. After a further 12 hours the nucleus of the trophozoite then 

divides, marking the schizont stage of the life cycle. The schizont reproduces asexually to 

form 12 to 20 merozoites per erythrocyte. Approximately 48 hours after the initial 

invasion the infected erythrocyte ruptures, releasing merozoites into the blood stream in 

search of fresh red blood cells. Environmental conditions may induce the merozoites to 

instead undergo differentiation to form gametocytes (Miller and Warrell 1984; Stanley 

1997), which can then be ingested by mosquitos for spread of the parasites to new hosts. 

 

2.2.3 Haemoglobin Metabolism and Haemozoin Formation 
 
Parasites ingest haemoglobin from the erythrocyte cytoplasm into the parasite food 

vacuole via endocytosis (Hempelmann and Marques 1994). A series of protease enzymes 

digest the protein constituent and liberate large quantities of potentially toxic free haem 
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(Rosenthal et al. 1988; Goldberg et al. 1991; Eggleson et al. 1999; Shenai et al. 2000). 

Malaria parasites and host erythrocytes appear unusually susceptible to oxidative stress 

(Vennerstrom and Eaton 1988; Postma et al. 1996), hence free iron poses a great 

problem. In addition to promoting the production of reactive oxidative species in the 

reactions described above (Orjih et al. 1981; Winterbourn 1995), free haem can bind to 

cell membranes, increasing the permeability of the food vacuole to cations, and increased 

levels of lipid peroxidation in infected erythrocytes have been observed (Simoes et al. 

1992; Schwarzer et al. 2003). P. falciparum parasites are unable to excrete haem and also 

lack the haem oxygenase pathway that would open the porphyrin ring to form less toxic 

by products. Instead, like the parasites Schistosoma and Haemoproteus (Oliveira et al. 

1999; Oliveira et al. 2000a; Oliveira et al. 2000b; Chen et al. 2001) Plasmodia convert 

haem into particulate haemozoin, the characteristic malaria pigment (Goldberg et al. 

1990; Goldberg et al. 1991; Slater 1992). Haemozoin plays a key historical role in the 

study of malaria, as the distinctive brown crystals, illustrated in Figure 2.10, are clearly 

visible in the midgut of the mosquito and within infected erythrocytes. The discovery of 

the crystals led to the identification of the Anopheles gambaei mosquito as the malaria 

vector (Ross 1897).  
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Figure 2.10: Scanning electron micrograph of purified haemozoin crystals. The scale bar 

is 300 nm (reproduced from Sullivan 2002). 

 

Haemozoin was generally assumed to be a haemoprotein until Fitch and 

Kanjananggulpan demonstrated that the protein could be removed without altering the 

solubility and mass spectroscopy profile of the pigment (Fitch and Kanjananggulpan 

1987). The crystal structure of the pigment remained uncertain, but the absence of protein 

implied that the insoluble nature of haemozoin was essential in rendering the iron 

biologically inert. Brown (1911) proposed that haemozoin was formed by hydroxylation 

of free haem, producing haematin, and Slater and co-workers (1992) showed that the 

porphyrin moiety of haemozoin was identical to that of haematin but hypothesised that by 

re-ordering the haematin molecules the solubility of the crystal would be markedly 

reduced relative to haematin. In support of this hypothesis, their study of purified 

haemozoin and synthetic β-haematin via infra-red (IR) spectroscopy showed identical 
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spectra with sharp peaks at 1 664 and 1 211 cm-1, indicative of a carboxylate group 

coordinated to the iron atom at the centre of the ferriporphyrin ring (Slater et al. 1991). 

Further evidence from EXAFS and electron spin resonance confirmed an iron-

carboxylate bonding between two haem groups, and it is now accepted that haemozoin 

and β-haematin are chemically, spectroscopically and crystallographically identical 

(Fitch and Kanjananggulpan 1987; Slater et al. 1991; Bohle et al. 1997). Bohle and co-

workers later presented a model of haemozoin showing that the dimers of iron-oxygen 

bonded haem groups are formed into crystals through hydrogen bonds (Bohle et al. 1998; 

Pagola et al. 2000), as illustrated in Figure 2.11.  

 

 

Figure 2.11: A haemozoin dimer (shown in rectangular window) is formed through a 

bond between the iron atom at the centre of one haem unit and the O41 atom of the 

second haem. Dimers are associated by hydrogen bonds between the O36 and O37 atoms 

(reproduced from Pagola et al. 2000). 
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The process of haemozoin formation is often referred to as polymerisation, but in light of 

the current dimeric model a more accurate term would be biocrystallisation 

(Hempelmann and Egan 2002). 

 
There may be multiple forms of haem present in the food vacuole simultaneously. 

Spectrophotometric studies by Brown and co-workers (1970) indicated that haem 

spontaneously formed µ-oxo (Fe-O-Fe) dimers in aqueous solutions. However, recent 

spectroscopic, magnetic and diffusion measurements have demonstrated that while haem 

does form dimers under typical food vacuole conditions, these are not µ-oxo dimers but 

most likely π-π (stacked) dimer (de Villiers et al. 2007). The π-π bonds are far more 

conducive to the formation of haemozoin as the µ-oxo bond precludes co-ordination 

between the iron and the propionate side chain. The formation of both the π-π dimer and 

the haemozoin dimer involve deprotonation of haem ligands, so dimerisation is a highly 

pH dependent process (for a thorough discussion of the relationship between pH and 

dimerisation refer to de Villiers et al. 2007 and Ursos and Roepe 2002). As such, the 

relative concentrations of the monomeric and the two dimeric forms of haem and crystals 

of dimers will all be strongly influenced by solution conditions inside the food vacuole. 

2.2.3.1 Glutathione Activity 
 
Another postulated mechanism to detoxify haem involves transmission of haem through 

the food vacuole membrane and into the parasite cytosol, where free haem is then 

degraded by glutathione, a tripeptide thiol that acts as a redox buffer. The intense 

glutathione activity in malarial-infected red blood cells is important to understanding the 

pathophysiology of malaria, and proteins involved in glutathione-dependent processes 
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may present potential targets for antimalarial drugs, hence there are extensive reviews, 

including Picard-Moreau et al. (1975), Golener and Chevion (1989), Hunt and Stocker 

(Hunt and Stocker 1990), Atamna and Ginsburg (1995), Ginsburg (2002) and Becker 

(2003) on glutathione metabolism in malaria. Atamna and Ginsburg (1995)  demonstrated 

that haem is decomposed by reduced glutathione (GSH) through the destruction of the 

tetrapyrrole ring. In this reaction, ferric iron is liberated and then reduced to the ferrous 

state by GSH, which is oxidised to glutathione disulfide. The mechanism of GSH-

dependent degradation of haem is not yet fully understood, and the final products of the 

degradation and the relative fractions of haem detoxified by glutathione activity and by 

haemozoin formation are still the subject of contention. 

 

2.2.4 Antimalarial Activity of 4-Aminoquinolines 
 
Parasite iron metabolism in general, and haem detoxification in particular, is the target 

for a number of antimalarial agents, as summarised by Olliaro and Yuthavong (1999). 

Artemisinin and related compounds bind with free haem or iron to generate free radicals 

via the endoperoxide bridge (Meshnick et al. 1996). Atovaquone activity interferes with a 

membrane protein complex containing haem (Srivastava et al. 1997). Iron chelators, 

while not forming part of antimalarial regimens, have a demonstrable inhibition of 

parasite growth in vitro (Goudeau et al. 2001). An important class of antimalarials, the 4-

aminoquinolines, is thought to act by inhibiting both haemozoin formation (Mungthin et 

al. 1998) and glutathione activity (Ginsburg et al. 1998).  

 



 44 

Chloroquine (7-chloro-4-(4-diethylamino-1-methylbutylamino)quinoline), illustrated in 

Figure 2.12, is one of the most successful drugs of all time (Katz et al. 1985; Cowman 

and Foote 1990; Panisko and Keystone 1990; Strickland 1991; Markell et al. 1992; White 

1992; Foster 1994). A concerted campaign in the 1960s combined chloroquine as both 

prophylaxis and treatment with the extensive use of insecticides. The campaign 

succeeded in reducing the incidence of malaria, although the outcome proved temporary 

(Strickland 1991). However, the rapid evolution and spread of chloroquine resistance has 

contributed to the observed rise of mortality rates of malaria over the past 30 years 

(Rathod et al. 1997; Warhurst 2001).  

 

 

Figure 2.12: Structure of chloroquine (reproduced from O'Neill et al. 1998). 

 

Quinine, derived from isolates of the bark of the cinchona tree, was the first widely 

available antimalarial. The structure of the quinine compound was identified in 1908 and 

a series of empirical studies was conducted on compounds based on the quinine nucleus 

(Steck 1970).  The addition of a 4-amino side chain to the nucleus proved highly 

effective, and of these 4-aminoquinoline compounds chloroquine in particular had an 
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excellent therapeutic index (O'Neill et al. 1998). Despite widespread chloroquine 

resistance, 4-aminoquinolines remain an integral part of modern antimalarial regimes, 

usually in combination with artemisinin (Denis et al. 2002; Davis et al. 2005) as per 

World Health Organisation recommendations. Resistance to 4-aminoquinolines is 

thought to be drug-specific, with in vitro studies showing that close structural analogues 

of chloroquine, including hydrochloroquine, retain full efficacy against all but the most 

highly resistant strains (Geary and Jensen 1983; Guo and Fu 1989; Chen 1991).  

 

Chloroquine is a diprotic weak base and will diffuse from blood plasma into the infected 

erythrocyte (Yayon et al. 1985; Cowman and Foote 1990; Panisko and Keystone 1990). 

Membrane permeability of chloroquine decreases in acidic environments, so Henderson-

Hasselbach calculations predict a 2 000 fold accumulation of the drug within the acidic 

food vacuole. However, chloroquine concentrates almost one million fold to near 

millimolar levels (Krogstad and Schlesinger 1987; Slater 1993), indicating direct uptake 

of the drug (Saliba et al. 1998). Chloroquine is effective only on the parasite stages 

actively degrading haemoglobin, i.e. late rings and trophozoites (Smalley 1977), targeting 

haem and / or haem derivatives rather than protein or protease enzymes. In solution 

chloroquine shows high binding affinity for free haem in solution (Macomber and Sprinz 

1967; Gutteridge et al. 1972) and carbon NMR studies indicate that each molecule of the 

drug becomes ‘sandwiched’ between two haem groups (Constantinidis and Satterlee 

1988). The complex then becomes incorporated into the growing faces of the haemozoin 

crystals. The process occurs only in the presence of free haem (Chou et al. 1980; Sullivan 

and Meshnick 1996), indicating that the drug-haem complex is adsorbed onto the crystal 
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face, ‘capping’ the growing crystal and prevents further growth and effectively hindering 

the haem detoxification process. The process is illustrated in Figure 2.13. Chloroquine 

and other 4-aminoquinolines also inhibit degradation of haem by glutathione, again by 

forming toxic drug-haem complexes that cannot be destroyed by glutathione activity. 

These complexes accumulate within the cell membrane and cause lipid peroxidation 

(Fitch et al. 1982; Ginsburg et al. 1998). 

 

 

Figure 2.13: Proposed mechanism of quinoline action. The drug binds to a haem 

molecule and the complex becomes incorporated into the growing haemozoin crystal. No 

further haem can be added to the ‘capped’ crystal and so toxic monomeric haem 

accumulates within the food vacuole (reproduced from Sullivan et al. 1996). 
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2.2.5 Chloroquine Resistance 
 
As the majority of research on the 4-aminoquinolines has focused on chloroquine, this 

discussion will focus on the molecular basis of chloroquine resistance (CQR). However, 

the following arguments will likely apply to resistance to other 4-aminoquinolines.  

 

The target of chloroquine is haem released from host cell haemoglobin, therefore the 

target cannot be modified by selection pressure on the parasite. An experiment showing 

equal binding affinity for haem extracts from chloroquine sensitive (CQS) and resistant 

strains show equal binding affinity (Bray et al. 1998) confirms that CQR does not involve 

a mutation of the drug target. Although CQR is associated with a reduction of drug 

accumulation (Wellems 1992; Warhurst 2001; Wellems and Plowe 2001), the 

antimalarial activity of chloroquine is not simply determined by uptake of the drug. 

Hence, CQR implies either a reduction of chloroquine at the site of interaction, or a 

reduction of the rate of interaction between the drug and the target. Theories of the 

molecular nature of CQR are broadly categorised as either ‘pump’ theories, i.e. the 

reduction of chloroquine within the food vacuole through the activity of a molecular 

pump, or alternatively, ‘altered partitioning’ theories that invoke an change in the balance 

of ions within the food vacuole. Note that an adjustment of the ion balance may change 

both the uptake of chloroquine into the food vacuole as well as the binding between 

chloroquine and the target molecule (Roepe and Martiney 1999).  

 

The appeal of a molecular pump model is perhaps due to an analogous process in drug-

resistant tumour cells, in which a transport protein limits the intracellular levels of drugs 
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(Roepe et al. 1993; Bray and Ward 1998). Further reason to assume a molecular pump 

exists in malaria parasites is that chemosensitising agents, such as verapamil, partially 

reverse drug resistance in both tumour cells and parasites (Martiney et al. 1995; Roepe 

and Martiney 1999). Early experiments appeared to show CQR parasites releasing pre-

accumulated chloroquine at a rate 50 times greater than sensitive parasites. The results 

were interpreted as supportive of the pump model (Krogstad et al. 1987) but others are 

now questioning this interpretation, proposing altered cellular retention due to a reduction 

in binding accounts for the inferred ‘efflux’ of chloroquine (Martiney et al. 1995; Bray et 

al. 1996; Sullivan et al. 1996; Bray et al. 1998). Later experiments showed similar rates 

of efflux of chloroquine from the food vacuole in sensitive and resistant strains (Roepe et 

al. 1993; Bornmann and Roepe 1994; Hoffman et al. 1996; Roepe et al. 1996; Wadkins 

and Roepe 1997).  

 

In support of the altered partitioning model there is compelling evidence that CQR is 

associated with a decrease of the pH of the food vacuole from 5.5 to 5.2 (Dzekunov et al. 

2000; Ursos et al. 2001). Partitioning of a diprotic chloroquine molecule is determined by 

the square of the pH gradient across the membrane, therefore decreasing the pH of the 

food vacuole suggests that resistant parasites should accumulate more chloroquine, but in 

fact experimental measurements of drug concentration in parasitised cells demonstrates 

that resistant parasites accumulate less of the drug (Wellems 1992; Warhurst 2001; 

Wellems and Plowe 2001). Bray and co-workers (1998) demonstrated that the saturable 

component of chloroquine uptake is reduced in CQR parasites. The results were 

interpreted as demonstrating that CQR is conferred by reducing the interaction between 
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the drug and target. Thus an understanding of the parasite haem metabolism, including 

haemozoin formation, is vital to elucidating the mechanism of quinoline action and drug 

resistance.  

 

 
2.3 Thalassaemia 
 

2.3.1 The Disease 
 
Thalassaemia is caused by a genetic abnormality of haemoglobin synthesis, and the 

diseases are classified according to the ineffectively synthesised globin chain. The 

lifespan of red blood cells is closely associated with the degree of globin imbalance 

(Schrier 1994). Erythropoiesis is also stimulated up to ten fold and, in order to meet the 

iron requirements for increased erythropoiesis, dietary iron absorption increases 

dramatically (Cazzola et al. 1987; Pootrakul et al. 1988). The defective native 

erythrocytes (Pippard et al. 1979; Pootrakul et al. 1988) and the senescent erythrocytes 

are removed from circulation by the spleen but not all of the recovered iron is returned to 

the erythroid bone marrow. Instead, iron recovered from the catabolized erythrocytes 

may initially accumulate in the reticuloendothelial macrophages but eventually enters the 

parenchymal cells where it is stored in the form of ultrafine particles of iron(III) 

oxyhydroxide. Thus, paradoxically, anaemia arising from defective haemoglobin 

synthesis is often associated with an increasing body iron burden (Pootrakul et al. 1988). 

At low levels of iron loading the particles are encased within the storage protein ferritin, 

but as the body iron burden increases the protein component may be incomplete or 

entirely absent and the particles usually occur as insoluble aggregates of haemosiderin. 
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Although thalassaemias are inherited in a Mendelian recessive fashion the clinical 

heterogeneity of severity is extraordinary. The thalassaemias are approximately 

equatorially distributed, as shown in Figure 2.14, and in many countries the genetic 

frequencies for thalassaemia and structural haemoglobin variants approach dominant 

proportions (Wasi 1981; Fucharoen and Winichagoon 1992; Weatherall 1997b). 

Thalassaemias, and other haemoglobinopathies such as South-east Asian Ovalocytosis 

and Sickle Cell Anaemia, reach such high frequencies primarily because the diseases 

offer a mild protection against malaria (Serjeantson et al. 1977; Flint et al. 1986; 

Weatherall 1997a). A number of mechanisms explaining impaired growth of parasites in 

mutant erythrocytes are proposed, including enhanced oxidant radical production due to 

unpaired globin chains (Friedman 1979), membrane rigidity (Liu et al. 1995) and 

enhanced phagocytosis of mutant erythrocytes containing ring-stage parasites (Ayi et al. 

2004). Interestingly, recent work suggests that the incidence of uncomplicated malaria 

may be significantly higher in thalassaemic children than in normal children (Williams et 

al. 1996), particularly in regions where two or more species of the Plasmodium parasite 

co-exist. Williams and co-workers demonstrated that the α+-thalassaemia trait increases 

susceptibility to P. vivax, a less lethal parasite than P. falciparum, effectively acting as a 

natural vaccine to confer partial resistance to severe P. falciparum infection. 
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Figure 2.14: Distribution of thalassaemias (reproduced from Weatherall 1997b) 

 

2.3.2 Treatment of Thalassaemia 
 
The appropriate clinical management of thalassaemia is determined by the severity of the 

disease and level of iron loading. Bone marrow transplant may offer an effective 

treatment if intervention is early enough, but in older patients with an elevated body iron 

burden complications arising from pre-accumulated iron increase the failure rate of 

transplants to approximately 30% (Lucarelli et al. 1993). Hence, for older patients, 

treatment of thalassaemia usually combines regular blood transfusions with the removal 

of accumulated iron with a chelating agent. The role of splenectomy in thalassaemia 

management is still debated (Olivieri 1999).  

 

Each 420 ml unit of transfused blood contains 200 to 250 mg of iron (Porter 2001) and so 

chronic transfusion-dependent patients accumulate approximately 1g of iron per month 
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(Kushner et al. 2001). Within 10 to 20 transfusions, the first symptoms of iron overload 

begin to appear (Porter 2001). Non-transferrin bound iron, circulating in the plasma, and 

poorly characterised pools of intracellular labile iron promote free hydroxyl radicals that 

cause tissue damage (Hershko 1978). The quantities of non-protein associated iron may 

be extremely small relative to the total body iron burden but as the iron is free to 

participate in redox cycling, each atom of free iron can generate many free radicals. 

Accumulated tissue iron leads to end-organ toxicity, resulting in cardiac failure, fibrosis 

and / or cirrhosis of the liver, diabetes mellitus, infertility and growth retardation, and the 

degree of iron loading negatively correlates with life expectancy (Zurlo et al. 1989; 

Brittenham et al. 1994). However, with effective management of the body iron burden the 

morbidity and mortality are reduced (Barry et al. 1974). The liver is the primary iron 

storage site but the spleen, heart and pancreas also become iron loaded (Bhamarapravati 

et al. 1967; Iancu 1992).  

 

Humans are unable to actively excrete iron, regardless of the body iron burden, so iron 

losses through sloughing of mucosal cells are limited to approximately 4 mg iron per day 

(Crosby et al. 1963; Green et al. 1968). A negative iron balance is achieved by 

administering a chelating agent until a safe tissue iron concentration is reached (Porter et 

al. 1996). Iron chelators complex with the six coordination sites of iron, preventing free 

radical production while promoting excretion of iron in the faeces or urine (Hershko et al. 

1998). Chelators target non-transferrin bound iron (Porter 1996) and intracellular pools of 

labile iron released from catabolized haemoglobin and denatured ferritin (Hershko 1989). 

Only a limited amount of iron is available for chelation at a given time (Keberle 1964), 
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some of which is required for essential body functions, therefore chelators must be 

administered in small, continual doses (Porter 1997). Chelators are required to have a 

high specificity for iron(III) to prevent iron bound to haemoglobin complexing with the 

chelator. Commercially available chelators include hexadentate desferrioxamine (DFO), 

bidentate deferiprone (L1) and and tridentate ICL-670 (Exjade), shown in Figure 2.15.  

 

 

Figure 2.15: Structure of ICL670. The nitrogen and oxygens that coordinate with iron are 

shown in bold (reproduced from Galanello et al. 2003). 

 

Careful monitoring of body iron stores is essential to the clinical management of 

transfused thalassaemic patients. Serum ferritin levels correlate with body iron levels 

(Worwood 1986; Herbert et al. 1997) and are easy to measure, so serum ferritin presents 

an attractive means of assessing body iron. However, serum ferritin levels may be 

influenced by infections, malignancies, chelation (Davis and Porter 2000; Pakbaz et al. 
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2004; Pakbaz et al. 2005) or liver damage (Nielsen et al. 2000b), hence are neither 

sufficiently sensitive nor sufficiently specific to give an adequate indication of the total 

body iron (Nielsen et al. 2000b). Liver iron accounts for 70% or more of total body iron 

(Modell and Berdoukas 1981; Angelucci et al. 2000) and the liver iron concentration 

correlates with total body iron, providing a prognosis for iron overload (Brittenham et al. 

1994; Olivieri and Brittenham 1997; Angelucci et al. 2000). Thus, the ‘gold standard’ for 

quantifying body iron was, until recently, chemical analysis of liver biopsy. However, 

even if the discomfort and the 0.1 to 0.01% risk of mortality (McGill et al. 1990; Afdhal 

and Nunes 2004) to the patient undergoing a biopsy procedure is ignored, the errors 

introduced by inadequate sample sizes, inhomogeneous iron distribution (Kreeftenberg et 

al. 1984; Villeneuve et al. 1996; Emond et al. 1999), histological processing (Chua-

anusorn et al. 1997) and conversion between wet and dry weight values (Fischer et al. 

2006) may all confound iron concentrations in biopsy samples. Advances in 

superconductor technology, which made possible the production of large, stable magnetic 

fields, have enabled non-invasive methodologies of quantifying iron concentration by 

exploiting the relatively large, paramagnetic susceptibility of the iron deposits. 

Measurements of tissue iron concentration via biosusceptometry (Farrell et al. 1980; 

Brittenham et al. 1982; Nielsen et al. 2000a; Nielsen et al. 2002) and via MRI 

(Kaltwasser et al. 1990; Clark and St Pierre 2000; St Pierre et al. 2005a; Wood et al. 

2005a) both correlate very well with iron concentration. Potential biases to magnetic 

measurements of body iron stores will be examined in this thesis. 
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CHAPTER 3  
 

Magnetic Materials Related to Biological Systems 
 

This chapter covers the basic concepts of magnetism and magnetic materials discussed in 

the remainder of the thesis. Please note that the SI system is used in this thesis unless 

otherwise stated. Quantities in bold denote vectors. 

 

3.1 Atomic magnetism 
 

The nuclei of atoms, and the individual electrons, possess a property called ‘spin’ and an 

associated angular momentum. These properties are purely quantum mechanical but can 

be visualised as rotation of the charged body about an axis. The motion creates a 

magnetic moment µ .  

 

3.1.1 Paramagnetism and Diamagnetism 
 
Paramagnetic moments of free atoms arise from the spin and the orbital angular 

momentum of electrons about the nucleus. Changes to the orbital moment of the electrons 

cause a diamagnetic contribution to the magnetisation, M, which is defined as the 

magnetic moment per unit volume. The magnetic susceptibility, χ, of a material relates 

the induced magnetisation to the strength of the applied magnetic flux density B by 

! 

" =
µ0M

B
                       Equation 3.1 
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Materials with a positive magnetic susceptibility are called paramagnetic and materials 

with a negative magnetic susceptibility are called diamagnetic.  

 

Diamagnetism results from the change in motion of electrons induced by an applied 

magnetic field. Electron orbits alter to create a persisting electric current and the 

associated magnetic field is opposite to the applied field. Atoms with filled electron shell 

have zero spin and orbital moments and therefore diamagnetic susceptibilities, which are 

typically of the order of -10-6 to -10-5. The diamagnetic contribution to the magnetic 

susceptibility of a material is independent of temperature. 

 

Paramagnetism is associated with partially unfilled electron shells and so is exhibited by  

• Atoms, molecules and lattice defects with odd numbers of electrons 

• Free atoms and ions with partially filled inner electron shells 

• Most metals 

• A few compounds with an even number of electrons 

Paramagnetic atoms have permanent magnetic moments. According to the Larmor 

theorem, the magnetic moment of a system of charged particles is proportional to the 

total angular momentum J of the system, thus 

! 

µ = "gµBJ                          Equation 3.2  

where g is a factor determined by the details of the dynamic charge distribution. µB is the 

Bohr magneton, defined as eh/4πm in SI units, where m is the rest mass of the electron. 

The Bohr magneton is closely equal to the free rest mass of the electron. In an applied 

magnetic field the z-component of the magnetic moment precesses about the field 
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direction at one of a discrete number of orientations determined by the quantised angular 

momentum of the atom. In an applied magnetic flux density B the energy levels of the 

system are split:  

! 

U = "µ #B = mJgµBB               Equation 3.3 

where mJ is the azimuthal quantum number and has values J, J-1,….-J. Thus, there are 

2J+1 equally spaced energy levels, populated according to the Boltzmann distribution 

function. The magnetisation for a system of N identical molecules with total angular 

momentum J can be approximated by the Brillouin function. At high temperatures and / 

or small magnetic fields, magnetisation is approximately linear with field strength, so  

! 

M

µ
0
H
"
Np

2µB

2

3kBT
=
C

T
                        Equation 3.4  

where 

! 

p " g[J(J +1)]
1/ 2 is the effective magnetic moment of the atom. C is known as the 

Curie constant and Equation 3.4 is referred to as the Curie-Brillouin law. Paramagnetic 

susceptibilities are typically of the order of +10-5 to +10-3 at room temperature. 

 

As the focus of this thesis is on particles containing iron, it is worth noting that the 

experimental value of the effective magnetic moment of iron ions, and other ions in the 

iron transition group of the periodic table, deviate substantially from values predicted 

using Hund’s rules of electron orbital occupancy. The electrons responsible for 

paramagnetism of iron ions are in the outermost 3d electron shell, which is exposed to an 

intense, anisotropic electric field produced by surrounding atoms. The field uncouples the 

spin and the orbital angular momentum of the atom, splitting the orbital angular 

momentum sublevels so that the measured magnetic moment is effectively determined 
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only from the spin contribution S to the total angular momentum, i.e. 

! 

p = g[S(S +1)]
1/ 2 . 

The phenomenon is referred to as quenching of the orbital magnetic moment. Figure 3.1 

illustrates the excellent agreement between the measured magnetic moment of samples 

and the predicted values calculated using only the spin contribution to the magnetic 

moment. 

 

Figure 3.1: Experimental measurements of magnetic moment versus H/T for samples of 

(I) potassium chromium alum, (II) ferric ammonium alum and (III) gadolinium sulfate 

octahydrate (reproduced from Henry 1952). 

 

3.1.2 Ferromagnetism, Ferrimagnetism and Antiferromagnetism 
 

The existence of ferromagnetism is a macroscopic phenomenon that cannot be explained 

by appealing to classical physics principles. Ferromagnets exhibit spontaneous 

magnetisation, even in the absence of an applied magnetic field, indicating long-range 
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order of the magnetic moments of atoms and electron spins. Interaction between atoms 

aligns the moments parallel to each other as if in a magnetic field. The strength of the 

magnetisation is proportional to the strength of the simulated internal field HE, also 

referred to as a Weiss field (Weiss 1907), i.e. HE = λM, where λ is a positive constant. 

The internal field affects the magnetic moments equivalently to a real magnetic field. 

However, there is no current density associated with the postulated internal field, hence it 

does not satisfy Maxwell’s equations and is not a real magnetic field. The typical strength 

of the internal field of an iron crystal may be of the order of thousands of Tesla, four or 

five orders of magnitude greater than the field at the surface of the crystal.  

 

The magnetic behaviour of ferromagnetic materials is temperature-dependent as the 

ordering of magnetic moments is opposed by thermal fluctuations. If χp is the 

paramagnetic susceptibility of the material then in an applied field HA a magnetisation 

and therefore an internal field will be induced such that 

! 

M = "p(HA +HE)           Equation 3.5 

Substituting Equation 3.4 into Equation 3.5, and using the Weiss definition of the 

simulated internal field, gives 

! 

MT = C(HA + "M)

#$p =
C

T %C"

             Equation 3.6 

The susceptibility becomes infinite when T approaches Cλ, indicating that below a 

critical temperature there is a spontaneous magnetisation. Ferromagnetic materials thus 

obey the Curie-Weiss law given by Equation 3.6, where Tc = Cλ, behaving as 
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paramagnets above Tc (1043 K for iron). Below Tc the internal field complicates the 

magnetic susceptibility. 

 

Antiferromagnetic materials were originally considered a subclass of paramagnetic 

materials, as the small positive magnetic susceptibility of antiferromagnets is within the 

same order of magnitude as most paramagnets. The iron cores of ferritin and 

haemosiderin were initially thought to contain paramagnetic iron(III) as the room-

temperature magnetic susceptibility of ferritin was similar to experimentally predicted 

values for iron(III) salts (Michaelis et al. 1943a). However, further studies revealed the 

antiferromagnetic structure of the cores (Harrison et al. 1967; Towe and Bradley 1967). 

With the development in cryogenic magnetometers, antiferromagnetic and paramagnetic 

materials can be distinguished by the temperature dependence of the magnetic 

susceptibility. 

 

The magnetic moments in antiferromagnets are divided into two sublattices with nearest 

neighbouring moments, or pairs of next-nearest neighbouring moments, aligned 

antiparallel, as illustrated in Figure 3.2. Above absolute zero perfect antiferromagnetic 

ordering of magnetic moments is not realised, as thermal fluctuations can overcome the 

energy associated with antiparallel alignment. To examine the temperature dependence of 

antiferromagnetism, a theory developed by Néel again postulates internal magnetic fields. 

The field exerted on one sublattice is proportional to the magnetisation of the other 

sublattice, i.e. 

! 

H
1

= "#M
2
 and 

! 

H
2

= "#M
1
 for some λ > 0. As for the ferromagnetic case, 
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it is possible to derive the susceptibility of the antiferromagnet in an applied magnetic 

field HA; 

! 

M
1

H
A

=
M

2

H
A

=
C

2(T + 1
2C")

#$ =
M

1
+M

2

H
A

=
C

T + C"

             Equation 3.7 

Equation 3.7 becomes singular as the temperature approaches a (negative) critical 

temperature θ. It should be noted that Equation 3.7 only holds for temperatures greater 

than the Néel temperature TN. 

 

Figure 3.2: Magnetic unit cell of MnO (only Mn++ ions are shown). Pairs of next-nearest 

neighbouring moments of manganese are antiferromagnetically aligned. The magnetic 

unit cell has twice the linear dimensions of the chemical unit cell. The antiferromagnetic 

structure of MnO exists only below 120 K (reproduced from Shull et al. 1951). 

 

Above TN the material behaves like a paramagnet with the magnetic susceptibility defined 

in Equation 3.7, but below TN spontaneous magnetisation complicates the magnetic 

susceptibility of the material. A qualitative description of the magnetic susceptibility at 
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absolute zero must consider two situations: parallel or perpendicular fields to the axis of 

the spins. In the parallel situation, one sublattice is already aligned in the same direction 

as the field. The other sublattice will be magnetised in the opposite direction and so the 

overall magnetic susceptibility will be zero. When a magnetic field is applied 

perpendicular to the magnetic lattices the moments can partially align with the applied 

field, giving a net positive magnetisation. It can be shown that the magnetic susceptibility 

for fields applied perpendicular to the magnetic lattices is constant between absolute zero 

and TN. 

 

Ferrimagnets were originally regarded as anomalous ferromagnets, until Néel decided 

that a group of magnetic oxides known as the ferrites displayed sufficiently distinct 

magnetic structure to warrant a distinct classification. The typical chemical formula of 

ferrites is MO.Fe2O3, where M is a divalent cation, typically with atomic numbers 25 to 

30. The divalent cations and the trivalent Fe3+ ions are arranged unequally on two parallel 

lattices. Interaction between the sublattices may be ferromagnetic or antiferromagnetic 

but the unequal occupation, or unequal magnitude of magnetic moments, of the 

sublattices can give rise to a net spontaneous magnetisation. Ferrimagnetic materials 

undergo distinct phase transitions, manifesting as a marked decrease of the net 

magnetisation. Above a critical temperature, ferromagnets, ferrimagnets and 

antiferromagnets all behave paramagnetically. Figure 3.3 illustrates the temperature 

dependence of the inverse of the magnetic susceptibility of different classes of magnetic 

materials. 
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Figure 3.3: Variation of inverse of magnetic susceptibility χ with temperature for (1) 

paramagnets, (2) ferromagnets above the Curie temperature TC, (3) antiferromagnets 

above the Néel temperature TN, antiferromagnets below TN in a a field applied parallel 

(3a) or perpendicular (3b) to the magnetic sublattices, and (4) ferrimagnets. 

 

3.2 Bulk magnetic properties 
 

A qualitative description of the bulk magnetic properties of ferromagnets is also 

applicable to ferrimagnets. 

3.2.1 Magnetic domains 
 
Weiss introduced the concept of domains within ferromagnets. Subdivision of a material 

into domains reduces the stray magnetic field energy (Kittel 1949), as illustrated in 
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Figure 3.4. Within each domain the magnetisation is saturated, but the magnetisation 

vectors of different domains are not necessarily parallel and so the net magnetisation may 

be reduced. Aligning the magnetisation vectors of all domains with an applied magnetic 

field may induce saturation of the net magnetisation. 

 

Figure 3.4: From left to right: increasing the number of magnetic domains within a 

material reduces the stray field energy, which is proportional to the density of flux lines 

outside the material. 

 

3.2.2 Magnetisation curves 
 
The hysteresis loop in Figure 3.5 describes the typical magnetisation versus field 

behaviour of a ferromagnet.  
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Figure 3.5: Technical magnetisation curve. The coercive field Hc is the reverse field that 

reduces M to zero. The remanent magnetisation Mr is the magnetisation at H = 0. The 

saturation magnetisation Ms is the limit of the magnetisation. 

 

The shape of a hysteresis loop is material-dependent and so certain parameters can be 

used to characterise the material. Applying a positive magnetic field causes the 

magnetisation to increase until it reaches a maximum value Ms (the saturation 

magnetisation), such that all magnetic moments aligned. As the field is removed the 

magnetisation slowly decreases, reaching a value Mr (the remanent magnetisation). A 

field then applied in the negative direction reduces the magnetisation until the sample is 

demagnetised. The strength of the field required to demagnetise the sample is the 

coercive field Hc. Further increasing the negative field induces a saturation magnetisation 
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in the opposite direction. Applying a positive field reverses the magnetisation to the 

original (positive) direction. 

 

3.2.3 Magnetic field environment of a ferromagnetic sphere 
 
Consider a sphere of volume V and uniform magnetisation M in an applied magnetic field 

of magnitude H. The total magnetic flux density B at the pole of the sphere is: 

! 

B = µ
0
(H + M) 

Outside of the sphere, the magnitude of the flux density gradient along the axis of the 

magnetisation: 

! 

dB

dx
= "

3µ
0
MV

2#x 4
 

where x is the distance from the centre of the sphere. Thus, at the pole of the sphere the 

magnitude of the flux density gradient will be: 

! 

dB

dx
= "

2µ
0
M

R
 

where R is the radius of the sphere.  
 

3.3 Magnetic nanoparticles 
 

The critical factors governing the magnetic behaviour of nanoparticles are the intrinsic 

properties of the particles and interaction between particles. The magnetic nanoparticles 

examined in this thesis show no evidence of particle interaction so only the factors 

influencing the intrinsic magnetic properties of the particles, predominantly the size and 

the crystalline anisotropy, will be discussed here. 
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3.3.1 Anisotropy energy 
 
The internal energy associated with alignment of magnetic moments generally depends 

on the direction of the magnetisation relative to the crystal lattice, creating ‘easy’ and 

‘hard’ directions of magnetisation as illustrated by Figure 3.6. The magnetic anisotropy 

energy originates from spin-orbit coupling (Landau and Lifshitz 1975; Chikazumi 1997). 

Crystal symmetries are usually uniaxial so the anisotropy energy Ea can be expressed in 

terms of the angle φ between the magnetisation and the crystal axes: 

! 

E
a

= K
1
V sin

2 " + K
2
V sin

4 " + ...                    Equation 3.8 

where K1 and K2 are anisotropy constants and V is the volume of the material.  

 

Figure 3.6: Easy, medium and hard directions of magnetisation for a cubic crystal. 
 

3.3.2 Single domain particles and magnetisation reversal 
 
Sufficiently small ferromagnetic particles display markedly different magnetic behaviour 

from macroscopic ferromagnets. At the nanoscale, surface effects become important and 

below a critical size ferromagnetic particles exist only in the single domain state (Frenkel 
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and Dorfman 1930; Landau and Lifshitz 1975). In most ferromagnets the single domain 

state becomes energetically favourable below a diameter of 10 to 100 nm. All magnetic 

moments in single domain particles are aligned parallel to each other so the net 

magnetisation is saturated, i.e. 

! 

M = M
S
.V .  

 

The net magnetisation of the particle may rotate in space without altering the relative 

alignment of the atomic magnetic moments, in a process known as coherent rotation, as 

illustrated in Figure 3.7.  

 

Figure 3.7: Coherent rotation of net magnetisation of a single domain magnetic particle. 

 
Uniaxial single domain particles, referred to as Stoner-Wolfarth particles (Stoner and 

Wohlfarth 1948), provide the simplest model for magnetisation reversal. In a magnetic 

field Ha applied at angle θ to the magnetisation, the potential energy of a particle will be: 

! 

E = "M
S
.VH

a
cos(# "$) + KV sin

2 #          Equation 3.9  

The potential energy for the particle therefore has two equilibrium positions, separated by 

an energy barrier, as illustrated in Figure 3.8. 
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Figure 3.8: (a) An energy barrier of height ΔE(0), determined by the maximal anisotropy 

energy of the particle, separates the two states of easy magnetisation for Stoner-Wolfarth 

particles. (b) Applying a magnetic field removes the symmetry between states. Alignment 

antiparallel to the field becomes a metastable equilibrium state and parallel alignment the 

more energetically favourable state. 

 

3.3.3 Superparamagnetism 
 
The magnetisation of the particle may undergo Brownian type rotation if the thermal 

energy of the particle is sufficient to activate the system over the potential energy barrier. 

The relaxation time τ for such a rotation is approximated as  

! 

" # " 0 exp
$E

k
B
T

% 

& 
' 

( 

) 
*            Equation 3.10  
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where τ0 ~ 10-9 – 10-12 and kB is the Boltzmann constant. Thermal fluctuations become 

increasingly important as particle size, and therefore the height of the energy barrier, 

decreases. Over observation timescales greater than the relaxation time of the particle, 

nanoparticles may behave like paramagnets at temperatures well below the Curie 

temperature of the corresponding ferromagnetic materials.  

 

The theory of superparamagnetic behaviour of such particles was first proposed by Néel 

(Néel 1949) and developed by Bean and Livingston (Bean and Livingstone 1959) and 

Brown (Brown 1959b; a; 1963). When thermally activated relaxation of magnetisation 

occurs the magnetisation of the particle is no longer ‘blocked’ in a single direction, but 

can rotate freely between favourable orientations. A system of ‘unblocked’, non-

interacting magnetic nanoparticles will appear to have randomly oriented magnetisations 

in the absence of a magnetic field and hence no net magnetisation. The magnetisation 

vectors of unblocked ferromagnetic particles behave analogously to the randomly 

oriented magnetic moments of atoms in a paramagnetic material. However, the 

magnetisations of the ferromagnetic nanoparticles are typically five orders of magnitude 

larger than the magnetic moments of paramagnetic atoms. To describe the field 

dependence of unblocked particles the quantum mechanical Brillouin function can be 

replaced by the classical Langevin function, as appropriate for larger magnetic moments. 

The system of ferromagnetic nanoparticles is thus termed ‘superparamagnetic’. The 

blocking temperature TB of a system of identical particles marks the transition between 

thermally stable magnetisation and superparamagnetism. 
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Néel later extended the theory of superparamagnetism to include antiferromagnetic 

particles (Néel 1962). Unequal occupation of the magnetic sublattices gives rise to a non-

zero magnetisation, so an antiferromagnetic particle smaller than a critical size will also 

display superparamagnetic behaviour. Néel’s theory assumed that for very fine 

antiferromagnetic particles occupation of the magnetic sublattices would be effectively 

random. The distribution of uncompensated moments would therefore be Gaussian, and 

the average uncompensated moment would be proportional to the square root of the 

number of atomic moments of the particle (i.e. 

! 

µ" N ). Such particles display 

superparamagnetic behaviour superimposed over the antiferromagnetic properties of the 

material.  

 

3.4 Methods of Measuring Magnetic Properties 
 

The broad aim of this thesis was to probe the chemical species of iron nanoparticles in 

human tissue by characterising the magnetic behaviour of the iron and relating magnetic 

properties to spectroscopic parameters. The chemical species of tissue iron deposits were 

investigated with Mössbauer spectroscopy at cryogenic temperatures. A commercial 

superconducting quantum interference device (SQUID) magnetometer was used to 

measure the magnetic susceptibility of iron atoms in tissue samples. Magnetic separation 

columns provided a surrogate measure of the magnetophoretic mobility of red blood 

cells. 
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3.4.1 Magnetophoresis 
 
The induced motion of microscopic objects in an anisotropic magnetic field is termed 

magnetophoresis (Melcher 1981). This section will examine the theory of red blood cell 

magnetophoresis, making the assumptions that: 

• the magnetisation M of the cell is effectively constant over the cell volume V 

• the cell can rotate so that the induced magnetisation vector of the cell is either 

parallel or antiparallel to the magnetic field 

• the velocity vm attained by the cell is sufficiently slow that the cell inertia is 

negligible, so the cell motion is governed by the laws of Low Reynolds Number 

Hydrodynamics 

 

In an applied magnetic field B, the force exerted on a cell is the gradient of the 

magnetostatic energy (Zborowski and Chalmers 2005); 

! 

F
m

= "#U
m

=#(M.B)                                    Equation 3.11 

The frictional drag force opposing the induced motion is given by: 

! 

F
d

= 6"#Rv
m

         Equation 3.12 

where R is the hydrodynamic cell radius and η is the viscosity of the suspension fluid. If 

gravitational and buoyant forces are negligible relative to the magnetic force, the cell 

velocity can be found by setting Equation 3.11 equal to Equation 3.12;  

! 

v
m

=
"(M.B)

6#$R
                Equation 3.13 
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The factors determining vm can be separated into intrinsic cell properties, namely volume 

and magnetic susceptibility, and extrinsic factors, namely the fluid properties and the 

magnetic field environment. A cell of volumetric susceptibility χ in a fluid of volumetric 

susceptibility χf will have an effective volumetric susceptibility Δχ given by Δχ = χ - χf. 

Thus, the induced magnetisation of the cell is 

! 

M = "#VH                      Equation 3.14 

A parameter termed the magnetophoretic mobility m of the cell, analogous to the 

electrophorectic mobility, is defined as: 

! 

m =
"#V

6$%R
          Equation 3.15 

Note that, owing to the concave discoid shape of red blood cells, the cell volume is not a 

well-defined function of the cell radius. The  magnetic ‘force’ is determined by the 

magnitude and gradient of the magnetic flux density over the cell:  

! 

S
m

= "
B.#B

µ
0

            Equation 3.16  

Cells that are paramagnetic relative to the suspension fluid will tend to migrate in the 

direction of the maximum increase of field strength and cells diamagnetic relative to the 

suspension fluid will migrate in the opposite direction.  

    

3.4.2 Mössbauer Spectroscopy 
 
57Fe Mössbauer spectroscopy is a highly iron-specific tool for probing the chemical and 

magnetic environment of iron atoms. The spectral parameters can be considered 

‘fingerprints’ of the electron density distribution around the iron nuclei. At appropriate 
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temperatures, the signals from different iron-containing compounds may be 

distinguishable; hence, it is possible to quantify the relative fraction of different chemical 

species of iron present.  

 

3.4.2.1 Fundamentals 
 
Recoil-free absorption of gamma rays by nuclei in a crystalline solid, known as the 

Mössbauer effect (Mössbauer 1958), is used in Mössbauer spectroscopy (Greenwood 

1966; Gibb 1976; Dickson and Berry 1986; St. Pierre et al. 1989; Dickson 1998). A 

radioactive source is oscillated to Doppler shift the energy of emitted photons. 

Absorption by a target material occurs only when the energy of the photons corresponds 

to a transition between accessible nuclear energy levels. The Mössbauer effect occurs if 

the recoil momentum of a fraction of the absorbing nuclei embedded in a solid matrix is 

taken up by the entire solid. The large mass of the solid relative to the individual nuclei 

results in essentially recoil-free absorption of photons by a fraction of the nuclei. The 

spectrum is thus a graph of source velocity versus photon absorption intensity. Thin 

samples have absorption peaks that are theoretically Lorentzian in shape, with a full 

width of the half maximum value (FWHM) corresponding to twice the uncertainty in the 

width Γ of the energy state. 

 

The density of the surrounding electrons affects the nuclear energy levels. Asymmetry in 

the electron distribution creates an electric field gradient, and the motion of the electrons 

may produce a magnetic field at the nucleus. A summary of how these effects manifest in 

Mössbauer spectroscopy is described in  
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Table 3.1.  

Spectral 

parameter 

Description Physical source 

Centre Shift δ Distance the centre of 

the spectrum is 

shifted from the 

origin (0 mm.s-1) 

Arises from Coulomb interactions between the 

nucleus and the surrounding electrons. 

Proportional to the shift in the s-orbital electron 

density at the nucleus.  

Quadrupole 

splitting ΔEQ 

Asymmetry of sextet, 

or, related to 

separation of doublet 

peaks 

Asymmetry of the nuclear charge distribution 

creates a nuclear quadrupole moment Q. 

Interaction with an electric field gradient, V, 

over the nucleus splits the nuclear energy 

levels. Magnitude of ΔEQ is related to Q and V.  

Magnetic 

Hyperfine 

Field Heff 

Splitting of sextet 

peaks 

Nuclear Zeeman splitting; caused by the 

interaction between the nuclear spin moment 

with the net spin of electrons at the centre of 

the atom. Proportional to the strength of the 

magnetic field experienced by the nucleus. 

Relative area 

A 

Fraction of the signal 

area comprised by a 

particular component 

Related to the fraction of iron atoms in a 

particular chemical species 

 

Table 3.1: Summary of Mössbauer spectral parameters. 
 
 
The ability to record Mössbauer spectra at a variety of temperatures was essential for 

characterising superparamagnetic particles. Above the critical blocking temperature TB 

superparamagnetic particles undergo magnetic relaxation during the timescale of 

Mössbauer spectroscopy (10-9 to 10-7 s). Magnetic hyperfine splitting is not exhibited by 

unblocked particles so increasing the temperature from below to above TB will extinguish 
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the hyperfine splitting, reducing the sextet component of the spectrum to a doublet. A 

typical Mössbauer spectrum recorded near the mean blocking temperature of a collection 

of nanoparticles ranging in size and crystallinity will show a paramagnetic doublet 

superimposed over a magnetic hyperfine sextet. 

3.4.2.2 Experimental set-up 
 
The geometry of the experimental set-up is illustrated in Figure 3.9. The Mössbauer 

spectra in this thesis were recorded using a 57Co source in Rh foil. 57Co decays to the 

ground state of 57Fe via the excited state 57Fe and the transition from the excited to the 

ground state of 57Fe releases the 14.4 keV gamma ray used to record spectra. The source 

was scanned over the velocity range -13 to + 13 mm.s-1 with constant acceleration. A 

proportional counter detector registered transmitted gamma rays, which were recorded as 

a function of source velocity. The spectra were then folded to eliminate the parabolic 

shape superimposed on the background due to variation in the solid angle subtended by 

the detector window about the source. The velocity scale was calibrated by referring to 

the spectrum of an α-iron foil at room temperature, which showed a sextet with well-

defined line positions at ± 5.312, ± 3.076 and ± 0.840 mm.s-1. The centre of this spectrum 

was considered to correspond to the zero-velocity of the source. A variable temperature 

cryostat enabled recording spectra below room temperature. The cryostat dewar consisted 

of a liquid helium reservoir surrounded by a liquid nitrogen outer jacket. The continuous 

flow of liquid helium cools the sample and the liquid nitrogen reduces helium boil off. 
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Figure 3.9: The geometry for Mössbauer spectroscopy. 

 

3.4.3 SQUID Magnetometry 
 

3.4.3.1 Instrumentation 
 
Magnetometry measurements were made with a Quantum Design magnetic properties 

measurement system (MPMS-7).  The instrument uses a sensor based on a 

superconducting quantum interference device (SQUID) for detection of sample magnetic 

moments as they are passed through a second-order gradiometer superconducting sensor 

coil system. The system consists of a central coil with 2 counter-clockwise turns and 2 

single clockwise turn coils 2 cm above and 2 cm below the central coil. The sensor coils 

are inductively coupled via superconducting wires to the SQUID input coil. When the 

sample is passed through the sensor coils the magnetic moment of the sample induces a 
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persistent electrical current in the sensor and the SQUID input coils, proportional to the 

change of magnetic flux through the sensor coils. The output voltage produced by the 

SQUID electronics is directly proportional to the current in the SQUID input coil. 

Calibrating the SQUID with a Pd standard enables conversion of the output voltage into 

electromagnetic units (emu). Magnetisation of a sample as a function of field, 

temperature or time can be measured. 

3.4.3.2 Measurement errors 
 
The MPMS-7 assembly controls the temperature of the sample, allowing measurements 

between 1.8 K and 400 K, with a precision of 0.01 K. The superconducting electromagnet 

enables production of magnetic fields up to 7 Tesla with a precision of the order of 10-5 

Tesla. Magnetic moments can be measured with sensitivity of the order of 10-10 A.m-2. 

 

3.4.4 Non-Invasive Measurements of Liver Iron Concentration 
 
Measurements of liver iron concentration via non-invasive methodologies are not 

presented in this thesis but, as these methodologies exploit the magnetic properties of 

pathological iron particles, it is worth a brief discussion of the underlying physical 

principles of Biomagnetic Liver Susceptometry (BLS) and Magnetic Resonance Imaging. 

3.4.4.1 Biomagnetic Liver Susceptometry 
 
Bauman and Harris (Bauman and Harris 1967a) proposed quantifying liver iron stores by 

magnetic susceptibility measurements, and Farrell and co-workers later developed 

(Farrell et al. 1980) and clinically validated (Brittenham et al. 1982) instrumentation 

based on a SQUID magnetometer for such measurements. Biomagnetic Liver 
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Susceptometers are currently operating in Hamburg, Torino and Oakland, California 

(Nielsen et al. 2002; Fischer et al. 2003; Fung et al. 2005) for the purpose of measuring 

liver iron concentration. The principle of BLS is similar to that of a conventional SQUID 

magnetometer in that measurements involve moving the tissue of interest with respect to 

an applied field. The motion of the magnetised tissue causes a change in flux through a 

detector coil, inducing a persistent electric current that is directly proportional to the flux 

change through the coil. By measuring the current and by taking into account both the 

geometry and distance of the liver surface from the sensor (measured using ultrasonic 

imaging) and the geometry of the applied field, the magnetisation and magnetic 

susceptibility of the tissue can be determined. 

 

Tissue iron deposits are assumed to have a uniform paramagnetic susceptibility of 1.6 × 

10-6 m3.kgFe
-1 (Shoden and Sturgeon 1960a), a couple of orders of magnitude greater than 

the diamagnetic susceptibility of tissue (approximated as having a uniform magnetic 

susceptibility equivalent to that of water, -9 × 10-6 m3.kg-1) (Farrell et al. 1980; Fischer et 

al. 1999a). The validity of these assumptions will be examined in Chapters 4 and 5. As 

the mass of iron may account for, at most, a few percent of the mass of the wet liver, the 

magnetic susceptibility of the tissue is compensated for by using the differential 

measurement technique (Farrell et al. 1980; Farrell 1983). A water reservoir is placed 

between the patient’s torso and the SQUID detector, and as the patient is moved relative 

to the detector water fills the void. The change in flux is therefore proportional to the 

magnetic susceptibility of the magnetised volume relative to water and is used to 
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calculate the concentration of iron in the tissue. An illustration of the instrumentation and 

the measurement process is shown in Figure 3.10. 

 
Current BLS instruments typically use a 35 mT superconducting magnet and the patient 

bed, liquid helium dewar and the gantry supporting the dewar and water reservoir 

membrane are constructed from wood or aluminium so as to minimise interference from 

paramagnetic or ferromagnetic materials (Starr et al. 2000). Figure 3.11 shows an image 

of a volunteer having his liver iron concentration measured via BLS.  

 
 

 

Figure 3.10: Schematic of Biomagnetic Liver Susceptometry measurement (Fischer 
1998). 
 



 81 

 
 
Figure 3.11: Measurement of liver iron concentration via BLS at the Torino site.  
 
 

3.4.4.2 Principles of Nuclear Magnetic Resonance  
 
In a static magnetic field B0 the magnetic moment of individual nuclei will precess about 

the field direction at an angular frequency known as the Larmour frequency ω: 

! 

" = #B
0
 

For protons, 

! 

" = 2.68 #108rad.s$1.T$1. The energy associated with the interaction depends 

on the orientation of the nuclear magnetic moments relative to the applied field as 

described by Equation 3.3. Protons have a spin quantum number of ½ so there are two 

possible orientations of the z-component of the proton magnetic moment; parallel to the 

applied magnetic field (lowest energy state) and antiparallel to the field (highest energy 

state). The states are populated according to the Boltzmann distribution. Protons in a 1.5 

Tesla field (the typical field strength in MRI scanners) at body temperature marginally 
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favour the spin-up orientation; the population difference is approximately 0.0005% 

(Haacke et al. 1999)   but the density of protons in tissue creates a measurable 

magnetisation M0. At equilibrium, M0 lies in the same direction as B0 in the laboratory 

frame of reference. If a pulsed magnetic field Brf, tuned to the Larmour frequency of the 

protons, is applied perpendicularly to B0 the protons can absorb energy from the 

oscillating field and become excited to the energetically unfavourable state (Bloch 1946; 

Purcell et al. 1946). The number of protons excited to this state is determined by the 

intensity and duration of the Brf pulse.  The net magnetisation can be rotated into the 

transverse (i.e. perpendicular to B0) plane with a pulse of appropriate intensity and 

duration. Upon removal of Brf the transverse magnetisation of the sample will precess 

about B0.  

 
Loss of energy to the surrounding lattice causes the protons to return to the equilibrium 

state over a time T1, called the spin-lattice relaxation time. Over this period the 

magnetisation relaxes back to its longitudinal orientation. The removal of Brf also 

removes the impetus for the phase coherence of the protons. Individual protons in the 

system experience a different local environment and magnetic field strength because of 

the surrounding nuclei, and so after Brf is removed the protons begin to precess at slightly 

different frequencies. The reduction of phase coherence manifests as a decay in the 

magnitude of the transverse magnetisation of the system over a time T2, known as the 

spin-spin relaxation time. 
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3.4.4.3 Magnetic Resonance Imaging of Iron deposits 
 
 T2 measurements are highly sensitive to the presence of paramagnetic inclusions in 

tissue (Koenig and Brown 1984; Vymazal et al. 1998), and so variations in T2 are 

exploited as contrast mechanisms for MR imaging. The local magnetic field of iron atoms 

greatly shortens T2, as verified with aqueous solutions of iron salts and ferritin, and with 

iron loaded subjects (Engelhardt et al. 1994). Transverse relaxation rates are shown to 

correlate with tissue iron concentration (Olivieri and Brittenham 1997), enabling non-

invasive measurement of tissue iron concentration via MRI. Figure 3.12 shows a proton 

transverse relaxation rate image used to measure liver iron concentration (St Pierre et al. 

2005b).  

 

 
Figure 3.12: Example of proton transverse relaxation rate image of a liver superimposed 

over a false-colour spin echo image (St Pierre et al. 2005b). 
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CHAPTER 4  

The Magnetic Susceptibilities of Iron Deposits in 
Thalassaemic Spleen Tissue 

  
 
 
4.1 Introduction 
 

The magnetic susceptibilities of ferritin and haemosiderin were first measured by 

Michaelis and coworkers (Michaelis et al. 1943b).  They made measurements on samples 

of horse spleen ferritin at 27°C and haemosiderin at 22°C yielding iron specific magnetic 

susceptibility values of 1.33 (± 0.02) x 10-6 m3.kgFe
-1 for the ferritin and 1.1 x 10-6 

m3.kgFe
-1 for the haemosiderin.  This work was later followed by measurements at 23°C 

on human ferritin and haemosiderin isolated from liver tissue by Schoden and Sturgeon 

(1960b) yielding values of 1.6 x 10-6 m3.kgFe
-1 for the ferritin and values of 1.5, 2.1, and 

1.2 × 10-6 m3.kgFe
-1 for three different human haemosiderin samples.  The value of 1.6 × 

10-6 m3.kgFe
-1 for human ferritin measured by Schoden and Sturgeon has subsequently 

been used by Fischer and co-workers (1999b) to obtain non-invasive in vivo 

measurements of liver iron concentrations in iron loaded patients using the technique of 

magnetic biosusceptometry (Bauman and Harris 1967b; Messer and Harris 1967).  This 

value is now routinely used in biosusceptometry measurements to determine liver iron 

concentrations.  However, the biological variability in the magnetic susceptibility 

measurements of Michaelis and coworkers (1943b) and Schoden and Sturgeon (1960b) 

appears to be larger than their reported analytical variability suggesting that the magnetic 

susceptibility of tissue iron deposits may vary between individuals. Furthermore, since 
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the early measurements of the magnetic susceptibilities of ferritin and haemosiderin, 

there has been the discovery that there are different chemical species of iron(III) 

oxyhydroxide associated with different samples of haemosiderin and that the different 

chemical species have different magnetic properties at cryogenic temperatures (Dickson 

et al. 1988c; St. Pierre et al. 1989; Allen et al. 2000). These observations raise the 

questions of whether or not there are significant differences in the body temperature 

magnetic susceptibilities of the different chemical species of tissue iron deposit and to 

what degree these differences might affect measurements of tissue iron concentration by 

biomagnetic susceptometry techniques when different species are present or when the 

chemical speciation is unknown.  

 

In order to address these questions, the iron specific magnetic susceptibilities of iron 

loaded spleen tissues from two identifiably different groups of iron-loaded patients have 

been measured.  Spleen tissue was chosen because it is readily available after 

splenectomy procedures.  The two groups of patients have been shown in a previous 

study to have different chemical speciation of the spleen tissue iron deposits (St. Pierre et 

al. 1998a).  The characterisation of the chemical speciation of the iron in these tissues is 

extended in this study. 

 

4.2 Materials and Methods 

 

All human tissue samples were obtained under Human Ethics Committee guidelines 

(guidelines from human rights committees in both Australia and Thailand).  Samples of 
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spleen were obtained from two identifiably different groups of iron loaded patients, 

namely 7 β-thalassemic patients who had received regular red cell transfusions and iron 

chelation therapy and 11 β-thalassaemia/haemoglobin E patients who had received few, if 

any, red cell transfusions and no iron chelation therapy. These tissue samples have been 

shown in a previous study to have different chemical speciation of tissue iron deposits 

with the β-thalassemic tissues having a greater fraction of the iron in the form of 

goethite-like haemosiderin than the β-thalassaemia/Hb E samples (St. Pierre et al. 1998a).  

The β-thalassemic samples were obtained from patients who had undergone splenectomy 

at Princess Margaret Hospital, Perth. The ages of the patients at the time of splenectomy 

ranged from 10 to 15 years and all had received regular transfusions of packed red cells 

together with chelation therapy. Regular transfusions of packed red cells (15-20 ml/kg 

body mass/month) were started at about 12 months of age.  This regimen is equivalent to 

a rate of approximately 0.5 units of packed red cells per month at age 1 year increasing to 

1-2 units of packed cells per month by the age of approximately 10 years.  Chelation 

therapy using desferrioxamine (Desferral, Ciba-Geigy) was started between the ages of 2 

and 3 years. Samples of β-thalassaemia/Hb E spleen were obtained either post 

splenectomy or post mortem from 11 patients from Siriraj Hospital, Bangkok. The age of 

the patients ranged from 20 to 40 years and they had received few (less than a total of 30 

units of packed red cells), if any, red cell transfusions and no chelation therapy. Tissue 

samples were freeze dried and ground to a powder prior to magnetic susceptometry 

measurements and iron content analysis with atomic absorption spectrometry.   
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A sample of human liver ferritin was also prepared to enable comparison of results with 

those on human liver ferritin measured by Schoden and Sturgeon (1960b). The ferritin 

was isolated from four livers obtained post-mortem from β-thalassaemia/Hb E subjects 

according to the method of ferritin purification described in Biomineralisation (Chua-

anusorn and St. Pierre 2006). These subjects had received few, if any, blood transfusions.  

 

Mössbauer spectra were recorded in transmission geometry using a 57Co in rhodium foil 

source.  The source was driven at constant acceleration from -13 to +13 mm/s with a 

double ramp waveform.  Spectra were subsequently folded to eliminate the parabolic 

background caused by variation in the solid angle subtended by the detector window 

about the source.  The resulting spectra consisted of 250 data points with a background 

count of between approximately 1 × 106 and 2 × 106 per channel.  The counting time was 

determined by the iron concentration of the sample under study.  The velocity scale was 

calibrated with reference to the spectrum of an α-iron foil at room temperature, the centre 

of the spectrum being taken as zero velocity.  Freeze dried samples of tissue were packed 

into 10 mm diameter Perspex sample holders for the 78 K spectra and 13 mm copper 

sample holders with Mylar windows for the 5 K measurements.  The thickness of the 

sample was adjusted so that the 14.4 keV Mössbauer γ rays were attenuated by 

approximately 1/e.  Sample temperatures were maintained at 78 K or at 5 K during the 

spectral data acquisition using a liquid nitrogen or liquid helium cryostat respectively.  

 

Each Mössbauer spectrum was initially fitted with a doublet and sextet of Lorentzian 

peaks using a sum of squares minimization procedure.  In some spectra, a small signal 
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owing to haem-iron was detectable and as such a second doublet was included in the 

fitting procedure. The doublet from haem-iron is clearly distinguishable from that of 

paramagnetic haemosiderin iron since it exhibits a much larger quadrupole splitting 

giving a clearly resolved peak even when superimposed on a paramagnetic haemosiderin 

doublet (Dickson 1984). In such cases, the relative spectral area of the haem doublet was 

used to measure the fraction of haem-iron in the sample.  The two peaks in each doublet 

were constrained to be of equal area and width while the ratio of areas of the outer to 

middle to inner pairs of peaks of the sextet were constrained to be in the ratio 3:2:1.  The 

linewidths, centre shift, and quadrupole splitting of the doublet were allowed to vary 

freely during the fits, as were the linewidths, magnetic-hyperfine-field splitting, centre 

shift, and quadrupole perturbation on the sextet. This fitting procedure yields 

reproducible spectral parameters and doublet to sextet area ratios for spectra with high 

signal to noise ratios.  However, for some of the 78-K spectra with low sextet-signal to 

noise ratios, this fitting procedure tends to give unreliable results. 

 

Mean values for the Mössbauer spectral parameters of the 78-K sextet signal in the 4 

spleen spectra with the highest sextet-signal to noise ratio were used as a standard with 

which to refit all of the spleen tissue 78-K spectra.  All of the spleen 78-K spectra were 

refitted with a high-spin Fe(III) doublet, a haem doublet where necessary, and the 

standard sextet.  During the fitting procedure, the linewidths, magnetic-hyperfine-field 

splitting, centre shift, and quadrupole perturbation of the sextet were allowed to vary by 

up to one standard deviation from the mean values derived from the 4 spectra with the 

highest sextet-signal to noise ratios.  The area of the sextet was allowed to vary freely.  In 
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this way the relative spectral area of the sextet in spectra with very low sextet-signal to 

noise ratios could be more reliably assessed assuming that the Mössbauer spectral 

parameters of the sextet do not vary significantly from sample to sample.  

 

Samples of the freeze-dried powders (both tissues and ferritin sample) were compressed 

into pellets of approximate mass 60 mg for magnetic susceptometry measurements. All 

pellets were less than 4.5 mm in length.  For three of the spleens, duplicate pellets were 

made in order to test reproducibility of measurements.  Pellets were mounted in long 

uniform plastic tubes and were held in place in the tubes for magnetometry measurements 

with collars formed from folded lengths of plastic tubes of less than 8mm in length that 

surrounded the pellets symmetrically.  The tubes were much longer than the dimensions 

of the sense coils and hence do not contribute to the measured signal.  However, the 

diamagnetic susceptibility of the collars was measured independently and accounted for 

in the measurement of the sample magnetic susceptibilities by subtraction of the moment 

of the collar from the moment of the collar and pellet.  

 

Magnetic susceptometry measurements were made using a Quantum Design magnetic 

properties measurement system (MPMS-7).  The instrument uses a sensor based on a 

superconducting quantum interference device (SQUID) for detection of sample magnetic 

moments as they are passed through a second-order gradiometer superconducting sensor 

coil system, described in Chapter 3.4.3. As both collars and sample pellets were less than 

10 mm in length they were small with respect to the coil spacing and hence were 

approximated as point dipoles.   
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Sample magnetic moments were measured as a function of applied magnetic field over 

the range of fields ± 2.4 x 106 A.m-1 (± 30 kOe).  Sample temperatures were maintained 

at 37°C during the measurements. At this temperature and over this magnetic field range 

the magnetic moment of the samples was approximately linear with applied magnetic 

field, consistent with previous observations of magnetic susceptibility of ferritin at 

temperatures close to body temperature (Makhlouf et al. 1997; Brooks et al. 1998). Iron-

specific magnetic susceptibilities were determined by measuring the slope of the mass-

specific magnetic moment against applied magnetic field and correcting for collar 

magnetic susceptibility and iron-free-tissue magnetic susceptibility (see Section 4.3).  

 

Tissue samples were stored in the freeze dried state between measurement of Mössbauer 

spectra and measurement of the magnetic susceptibility. In order to check that no change 

in chemical speciation had occurred during the intervening period, a Mössbauer spectrum 

was recorded for a second time at 78K for a sample of spleen tissue with a mixture of 

spectral species after the magnetic susceptibility measurement. No changes in the 

Mössbauer spectral parameters were detectable indicating that there had been no 

detectable change in the chemical speciation of iron within the sample during the period 

of the study. 

 
 

4.3 Results 

 

Elemental analysis of the tissue samples indicated tissue iron concentrations ranging from 

2.2 to 21 mg Fe. g-1 dry tissue. The means (± standard deviation) of the non-haem iron 



 91 

concentration of the β-thalassaemic and β-thalassaemia/Hb E samples were 7.7 (± 6.3) 

and 5.6 (± 1.9) mg Fe.g-1 dry tissue, and the medians (and interquartile ranges) were 6.1 

(3.6 – 8.9) and 5.7 (4.4 – 9.3) mg Fe.g-1 dry tissue respectively. There was no significant 

difference in the distribution of tissue iron concentrations between the two groups of 

patients as determined by a Wilcoxon-Mann-Whitney (W-M-W) test. 

 

4.3.1 Mössbauer Spectroscopy 

Mössbauer spectra of the spleen tissue samples comprised a superposition of a doublet 

spectral component (attributed to paramagnetic or superparamagnetic high-spin iron(III) ) 

and a sextet spectral component (attributed to magnetically blocked iron(III) ) at both 78 

K and 5 K (see Figure 4.1).  For an explanation of terms see St Pierre et al (1989). For 

some samples a small doublet attributable to haem iron was also apparent. Mean values 

for the fitted parameters of each spectral component are given in Table 4.1.   
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Figure 4.1: Mössbauer spectra from β-thalassaemia/Hb E spleen tissue sample at (a) 78K 

and (b) 5K.  
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 Spectral  

Component 

δ 
 

(mm/s) 

ΔEQ 

 
(mm/s) 

Bhf 

 
(Tesla) 

Γ 
 

(mm/s) 

Doublet 0.46 ± 0.02  

 

0.67 ± 0.03  0.63 ± 0.07  

78 K 

Sextet 0.47  

(0.42 to 0.51) 

-0.21 

(-0.28 to -0.13) 

47.0 

(46.5 to 47.4) 

0.86 

(0.73 to 0.99) 

Doublet 0.50 ± 0.02 0.55 ± 0.04  0.56 ± 0.08 5 K 

Sextet 0.47 ± 0.04 -0.15 ± 0.04 48.9 ± 5.9 0.59 ± 0.21 

 
Table 4.1: Mean values and standard deviations (or ranges) for Mössbauer spectral 

parameters of doublet and sextet components in thalassaemic tissues at 78 K and at 5 K. δ 

is the centre shift, ΔEQ is the quadrupole splitting or quadrupole perturbation of the 

doublet and sextet component respectively, Bhf is the magnetic hyperfine-field splitting 

and Γ is the full linewidth at half-height. For the sextet component, Γ is measured from 

the outer peaks. 

 

The fraction FS of the non-haem spectral signal in the form of a sextet at 78 K is related 

to the fraction of non-haem tissue iron in the form of the goethite-like iron oxyhydroxide 

(Dickson et al. 1988c; Mann et al. 1988b; St. Pierre et al. 1989). The mean (± standard 

deviation) of FS for spleens from the transfusion dependent β-thalassaemia patients was 

0.27 ± 0.12 and from the non-transfusion dependent β-thalassaemia/Hb E patients was 

0.129 ± 0.036.  The medians (and interquartile ranges) of FS were 0.26 (13 – 33) and 

0.125 (0.102 – 14.1) for the β-thalassaemia and β-thalassaemia/Hb E patients 
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respectively.  The distributions of FS for the two patient groups were significantly 

different (W-M-W test p = 0.01) (Figure 4.2).  

 

 

Figure 4.2: Scatter plot of FS, the fraction of Mössbauer spectrum recorded at 78 K in the 

form of a sextet for β-thalassaemia () and β-thalassaemia/Hb E () spleen tissue 

samples. 

 
The fraction FD of non-haem spectral signal in the form of a doublet at 5 K is reported to 

be related to the fraction of tissue non-haem-iron in the form of non-crystalline iron 

oxyhydroxide (Dickson et al. 1988c; Mann et al. 1988b; St. Pierre et al. 1989). The mean 

(± standard deviation) of FD for spleens from the transfusion dependent β-thalassaemia 

patients was 0.22 ± 0.08 and from the non-transfusion dependent β-thalassaemia/Hb E 

patients was 0.43 ± 0.19. The medians (and interquartile ranges) of FD were 0.26 (0.18 – 
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0.36) and 0.41 (0.25 – 0.59) for the β-thalassaemia and β-thalassaemia/Hb E patients 

respectively.  The distributions of FD for the two patient groups were not found to be 

significantly different using a W-M-W test.  A statistically significant correlation was 

found between FS and tissue non-haem-iron concentration but not between FD and tissue 

non-haem-iron concentration.  A weak correlation was found between FS and FD 

(Spearman rank order correlation coefficient 0.47, p = 0.051).  The relationship between 

the two parameters appears non-linear (Figure 4.3) with FS remaining at approximately 

0.10 until FD drops below approximately 0.35.  As FD drops below 0.35 there is a very 

rapid rise in FS to values around 0.40. 

 

 
Figure 4.3: Relationship between FS measured at 78 K (represents the fraction of 

goethite-like iron oxyhydroxide in tissue) and FD measured at 5 K (represents the fraction 

of non-crystalline iron oxyhydroxide in tissue) for β-thalassaemia () and β-

thalassaemia/Hb E () spleen samples. 
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4.3.2 Magnetic Susceptibility Measurements 

The mass-specific magnetic susceptibility, χMass, of each tissue sample is shown plotted 

against tissue non-haem-iron concentration in Figure 4.4.  The relationship between 

mass-specific magnetic susceptibility and tissue non-haem-iron concentration appears to 

be different for the two patient groups with the transfusion-dependent β-thalassaemia 

patients exhibiting a generally lower non-haem-iron-specific magnetic susceptibility, χFe, 

than the non-transfusion-dependent β-thalassaemia/Hb E patients.  The mass-specific 

magnetic susceptibility and non-haem-iron concentration data were fitted with the 

following model, based on Weidermann’s mixture equation (Equation 4.1).  

! 

"
Mass

= # " 
Fe
$ Fe[ ] + "

Tissue
$ 1% Fe[ ]( )                Equation 4.1 

where χTissue is the mass-specific magnetic susceptibility of non-haem-iron-free spleen 

tissue and 

! 

[Fe] is the tissue non-haem-iron concentration expressed as the fraction of the 

mass of the tissue that is non-haem-iron.  Fits of this model to the data from each patient 

group are shown in Figure 4.4 yielding average non-haem-iron-specific magnetic 

susceptibilities (χ′Fe) of 1.10 ± 0.10 × 10-6 m3.kgFe
-1 and 1.60 ± 0.20 × 10-6 m3.kgFe

-1 and 

mass-specific magnetic susceptibilities for non-haem-iron-free tissue (χTissue) of –7.8 ± 

1.0 × 10-9 m3.kg-1 dry tissue and –7.9 ± 1.3 × 10-9 m3.kg-1 dry tissue for the transfusion-

dependent β-thalassaemia and non-transfusion-dependent β-thalassaemia/Hb E patients 

respectively.  It should be noted that the values of the average non-haem-iron-specific 

magnetic susceptibilities deduced from this model are based on the assumption that there 

is no increase in concentration of other high magnetic susceptibility elements 

concomitant with the non-haem-iron concentration increases.  The validity of this 
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assumption is supported by a previous study of macro, trace, and ultra-trace elements in 

thalassaemic tissues (Shuler et al. 1990). 

 

 

Figure 4.4: Mass Susceptibility of β-thalassaemia () and β-thalassaemia/Hb E () 

spleen tissue samples versus iron concentration. 

 
The values for the mass-specific magnetic susceptibilities of non-haem-iron-free tissue 

(χTissue) from the above analysis were used to calculate a value of the non-haem-iron-

specific magnetic susceptibility (χFe) for each individual tissue specimen using the 

following equation 

! 

"
Fe

= "
Tissue

+
"
Mass

# "
Tissue

Fe[ ]
                Equation 4.2 
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The distributions of values of χFe for each patient group are shown in Figure 4.5.  The 

mean (± standard deviation) of χFe for spleens from the transfusion-dependent β-

thalassaemia patients was 1.16 ± 0.25 ×10-6 m3.kgFe
-1 and from the non-transfusion 

dependent β-thalassaemia/Hb E patients was 1.55 ± 0.23 ×10-6 m3.kgFe
-1. . The medians 

(and interquartile ranges) of χFe were 1.16 (0.85 – 1.44) ×10-6 m3/kgFe and 1.63 (1.36 – 

1.75) ×10-6 m3.kgFe
-1 for the β-thalassaemia and β-thalassaemia/Hb E patients 

respectively.  The distributions of χFe for the two patient groups were significantly 

different (W-M-W test p = 0.01).  A statistically significant correlation was observed 

between χFe and tissue non-haem-iron concentration neither for each patient group alone 

nor for the two groups combined.   

 

 

Figure 4.5: Distribution of iron-specific magnetic susceptibilities of β-thalassaemia () 

and β-thalassaemia/Hb E () spleen tissue samples (p = 0.01). 



 99 

 
Figure 4.6 shows the values of χFe for each tissue specimen plotted against FS.  There is a 

statistically significant correlation between χFe and FS (Spearman rank order correlation 

coefficient –0.54, p = 0.03) with higher values of FS yielding generally lower values of 

χFe. Figure 4.7 shows the values of χFe for each tissue specimen plotted against FD.  There 

is a statistically significant correlation between χFe and FD (Spearman rank order 

correlation coefficient 0.58, p = 0.02) with higher values of FD yielding generally higher 

values of χFe.   

 

 

Figure 4.6: Iron-specific magnetic susceptibility of β-thalassaemia () and β-

thalassaemia/Hb E () spleen tissue samples versus non-haem FS measured at 78 K. 

(Spearman rank order correlation p = 0.03). 
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Figure 4.7: Iron-specific magnetic susceptibility of β-thalassaemia () and β-

thalassaemia/Hb E () spleen tissue samples versus FD. (Spearman rank order 

correlation p = 0.02). 

 
The iron-specific magnetic susceptibility of the pooled human liver ferritin sample was 

measured by assuming that the mass-specific magnetic susceptibility of the non-iron 

component of ferritin is equivalent to the average mass-specific magnetic susceptibilities 

of non-haem-iron-free spleen tissues (χTissue) -7.8 × 10–9 m3.kg-1.  It is worth noting that 

even a reasonably large percentage error on the value of the mass-specific magnetic 

susceptibility of the non-iron component of ferritin has very little effect on the result 

obtained for the iron-specific magnetic susceptibility of ferritin.  The value of χFe for the 

ferritin sample was found to be 1.14 (±0.11) × 10–6 m3.kgFe
-1 which is consistent with the 

value of 1.33 (± 0.02) × 10–6 m3.kgFe
-1 obtained for horse spleen ferritin (Michaelis et al. 
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1943b) but is significantly less than the value of 1.64 (±0.04) × 10–6 m3.kgFe
-1  obtained 

by Shoden & Sturgeon (Shoden and Sturgeon 1960b) for human liver ferritin. 

 

Measurement of χFe for three duplicate samples of homogenised spleen tissue indicated 

an overall analytic variability of approximately 9.6%.  

 

4.4 Discussion 

 

The spleen samples from the two groups of patients covered a range of tissue non-haem-

iron concentrations but the distributions of non-haem-iron concentration in the two 

groups were similar thus enabling comparisons to be made between the two groups.  In 

all cases the predominant form of iron in the tissues was non-haem iron.  

The Mössbauer spectra recorded for all of the tissues in this study consisted of a central 

doublet characteristic of high-spin Fe(III) superposed on a spectral sextet, the sextet 

being due to magnetic-hyperfine-field splitting of the 57Fe nuclear energy levels.  Similar 

central doublet and sextet signals have been observed in previous reports of Mössbauer 

spectra of human tissues or extracts from human tissues (Kaufman et al. 1980; Bell et al. 

1984; Rimbert et al. 1985; Rimbert et al. 1986; St. Pierre et al. 1987a; Chorazy et al. 

1988; Dickson et al. 1988a; Dickson et al. 1988b; Dickson et al. 1988d; St. Pierre et al. 

1988; St. Pierre et al. 1989; St. Pierre et al. 1992b; Webb et al. 1992; Chua-anusorn et al. 

1994; Ward et al. 1994b; Webb et al. 1996).  On the basis of these previous reports these 

spectral components can be identified as being due to polynuclear iron(III) oxyhydroxide 

deposits in the tissue.  The assignment of these signals to polynuclear iron(III) 
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oxyhydroxide deposits is consistent with the fact that the predominant form of iron found 

in iron loaded tissues is usually haemosiderin (Weir et al. 1984b).  The doublet 

component observed in the spectrum at 78 K has parameters consistent with (a) ferritin, 

(b) non-crystalline haemosiderin, (c) haemosiderin based on the structure of the mineral 

ferrihydrite, or (d) the doublet component associated with haemosiderin based on the 

structure of the mineral goethite (the doublet component being due to those haemosiderin 

particles with a smaller magnetic anisotropy energy) (Dickson et al. 1988d; Mann et al. 

1988a; St. Pierre et al. 1989).  As such it is not possible to unambiguously identify the 

source of this signal and the signal may be due to a combination of the above forms of 

iron.  However, the sextet component in the spectrum at 78 K can be identified as being 

due to the presence of haemosiderin based on the structure of the mineral goethite since 

this is the only form of tissue iron deposit known to give a Mössbauer spectral sextet 

component with these parameters at 78K (St. Pierre et al. 1991a; St. Pierre et al. 1992b; 

Ward et al. 1994b).  Similarly, while the sextet component at 5 K can be associated with 

any or all of ferritin, ferrihydrite based haemosiderin, and goethite-like haemosiderin, the 

doublet component observed at 5 K can be uniquely assigned to non-crystalline iron 

oxyhydroxide (Dickson et al. 1988d; Mann et al. 1988a; St. Pierre et al. 1989). However, 

it is possible to rank the different forms of haemosiderin, goethite-like, ferrihydrite-like 

and non-crystalline iron oxyhydroxide, in order of decreasing crystallinity. 

 

Hence, as discussed elsewhere (St. Pierre et al. 1998a), the significantly different 

distributions of FS for the two groups of patients indicate that the chemical speciation of 

iron is different between the two groups with the transfusion dependent β-thalassaemia 
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patients having a greater fraction of their spleen iron in the form of the goethite-like iron 

oxyhydroxide.  In this study it has been shown that the distributions of FD for the two 

groups of patients are not significantly different indicating that the fraction of spleen iron 

in the form of non-crystalline iron oxyhydroxide is not significantly different for the two 

groups of patients.  

 

The observed negative correlation and apparently non-linear relationship between FS and 

FD suggests that pathological conditions that favour the formation of goethite-like 

haemosiderin in spleen tissue hinder the formation of non-crystalline iron oxyhydroxide 

deposits and vice versa.   

 

The observed linear relationships between the mass-specific magnetic susceptibility and 

tissue non-haem-iron concentration (Figure 4.4) confirm that magnetic susceptometry 

techniques can be used to assess tissue non-haem-iron concentrations.  However, the fact 

that the chemical speciation of the non-haem-iron appears to determine the non-haem-

iron-specific magnetic susceptibility of the tissue (Figure 4.6 and Figure 4.7) suggests 

that errors in estimations of tissue non-haem-iron concentrations will in some part be due 

to the biological variability of the chemical speciation between different individuals.  A 

likely explanation for the negative correlation between χFe and FS (Figure 4.6) is that the 

goethite-like deposits associated with the sextet signal in the Mössbauer spectra at 78K 

are more crystalline (as determined by electron diffraction measurements) and have 

larger particle sizes than the other forms of iron(III) oxyhydroxide tissue deposits (Chua-

anusorn and St. Pierre 2006).  As such, there is likely to be a greater degree of spin 
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compensation in the antiferromagnetic structures thus reducing χFe.  Similar arguments 

can be made to explain the positive correlation between χFe and FD (Figure 4.7).  The 

doublet component in the Mössbauer spectra at 5 K is associated with non-crystalline 

iron(III) oxyhydroxide tissue deposits (Chua-anusorn and St. Pierre 2006) and hence 

these deposits are expected to have a greater fraction of uncompensated spins in their 

structures thus increasing χFe.    

 

The data presented in this report are for spleen tissue.  However, the organ of primary 

interest in the clinical use of biomagnetic susceptometry is the liver.  It is currently 

unknown whether there is a similar magnitude of variation in the chemical speciation of 

tissue iron deposits in iron loaded liver tissue.  Four liver samples reported in a previous 

study (St. Pierre et al. 1998a) (from the group of non-transfusion dependent β-

thalassaemia/Hb E patients) gave values of FS in the approximate narrow range 0.08 to 

0.14.  No data are available for transfusion dependent β-thalassaemia liver tissue.  

Samples of pancreas tissue from three non-transfusion dependent β-thalassaemia/Hb E 

patients did show a somewhat larger variation in FS between individuals (range from 0.12 

to 0.27) (St. Pierre et al. 1998a).  The coefficient of variation of χFe for all spleen 

specimens studied here was 21% (somewhat larger than the average analytical 

uncertainty on the measurement of χFe for an individual specimen of approximately 10%) 

suggesting that biological variability in χFe would contribute a random uncertainty of 

approximately 19% to non-invasive measurements of spleen non-haem-iron 

concentrations using biomagnetic susceptometry.  If the currently accepted value of χFe 

for use in liver biosusceptometry (1.6 × 10-6 m3.kgFe
-1) was used to measure spleen iron 
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concentration in the entire group of patients in this study, there would be a systematic 

underestimation of the tissue non-haem-iron concentration of 12.5% (Standard Error 6%).  

 

Further measurements of χFe for liver tissue specimens will need to be made in order to 

determine whether similar magnitudes of uncertainty would apply to biomagnetic 

susceptometry measurements of liver iron concentration.  Differences in the iron-specific 

magnetic susceptibilities χFe for liver tissue between different patients would explain 

some of the variability seen in comparisons of measurements of liver iron concentration 

measured by non-invasive magnetic measurements with those measured by chemical 

assay of biopsy specimens. 
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CHAPTER 5  
 

Magnetic Susceptibilities of Crude Haemosiderin from 
Human Spleen and Liver Tissue 

 
 

5.1 Introduction 
 

The forms of iron storage in human tissue may be separated according to their solubility 

properties (McKay and Fineberg 1960; Shoden and Richter 1960; Shoden and Sturgeon 

1960a; 1964; Richter and Bessis 1965; Ludewig and Franz 1970; Vidnes and Helgeland 

1973; Weir et al. 1984a). Magnetic susceptibility studies of iron storage components 

isolated from iron-loaded human liver and horse spleen tissue show relatively uniform 

values of iron-specific magnetic susceptibility, χFe, for ferritin samples (Michaelis et al. 

1943a; Shoden and Sturgeon 1960a; Hackett et al. 2006). However, the studies showed a 

large variability of χFe for haemosiderin samples that exceeded the reported analytical 

variability (Shoden and Sturgeon 1960a). The relative proportions of iron oxide structures 

can be elucidated via Mössbauer spectroscopy, as each form is associated with different 

spectral parameters (Dickson et al. 1988c; St. Pierre et al. 1989; Pankhurst and Pollard 

1992). It is not always possible to uniquely ascribe a Mössbauer spectral component to a 

particular form of iron oxide. The results from Chapter 4 showed the large variation of 

the chemical speciation of tissue iron oxide particles. Crude haemosiderin was prepared 

from a subset of the spleen tissue samples displaying a range of iron concentration 

representative of typical iron-loaded tissue. Removal of the water-soluble iron proteins 

from these samples, in principle, removes all ferritin, haemoglobin, myoglobin and 
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cytochrome c. Thus, all iron-sensitive techniques for studying the structure and magnetic 

properties of iron oxides yield information only from iron in the haemosiderin particles.  

 

5.2 Methods and Materials 
 

All human tissue samples were obtained under Human Ethics Committee guidelines 

(guidelines from human rights committees in both Australia and Thailand).  The spleen 

tissue samples examined in this chapter represent a subset of the samples examined in 

Chapter 4. Six samples of spleen tissue were obtained from β-thalassaemic patients who 

had received regular red cell transfusions and iron chelation therapy and four liver and 

three spleen tissue samples were obtained from seven β-thalassemia/haemoglobin E 

patients who had received few, if any, red cell transfusions and no iron chelation therapy. 

The β-thalassaemic samples were obtained from patients who had undergone 

splenectomy at Princess Margaret Hospital, Perth. The ages of the patients at the time of 

splenectomy ranged from 10 to 15 years and all had received regular transfusions of 

packed red cells together with chelation therapy. Regular transfusions of packed red cells 

(15-20 ml.kg-1 body mass.month-1) were started at about 12 months of age.  This regimen 

is equivalent to a rate of approximately 0.5 units of packed red cells per month at age 1 

year increasing to 1-2 units of packed cells per month by the age of approximately 10 

years.  Chelation therapy using desferrioxamine (Desferral, Ciba-Geigy / Novartis) was 

started between the ages of 2 and 3 years. Samples of β-thalassemia/Hb E spleen and 

liver were obtained either post splenectomy or post mortem from 7 patients from Siriraj 

Hospital, Bangkok. The age of the patients ranged from 20 to 40 years and they had 
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received few (less than a total of 30 units of packed red cells), if any, red cell transfusions 

and no chelation therapy.  

 

For the purpose of this chapter, the term crude haemosiderin is used to refer to tissue with 

all aqueous soluble iron components (including ferritin iron) removed. Each tissue was 

homogenised at 4°C in sodium chloride solution (0.9% w.v-1 NaCl, AR, Unilab) in a 1 g 

tissue: 5 ml solution ratio, using a Polytron homogeniser (Kinematica GmbH, Luzern, 

Switzerland). Protease inhibitor, 0.12 mM phenylmethylsulphonyl fluoride (PMSF, AR, 

Sigma) in propan-1-ol (AR, Sigma), was added to the NaCl solution. The homogenates 

were centrifuged at 6080g for 30 min at 4°C in a Sorvall centrifuge (SS/1 Sorval) and the 

pellet was rehomogenised in the NaCl solution before being centrifuged again 2-3 more 

times. The pellet was then washed by centrifugation with the NaCl solution until a clear 

supernatant was obtained. In the final step, distilled water was substituted for the NaCl 

wash. The material in the pellets, classified as ‘crude haemosiderin’, was freeze dried and 

ground to a powder prior to magnetic susceptometry measurements, Mössbauer 

spectroscopy and iron content analysis with atomic absorption spectrometry.   

 

Mössbauer spectra were recorded in transmission geometry using a 57Co in rhodium foil 

source.  The source was driven at constant acceleration from -13 to +13 mm.s-1 with a 

double ramp waveform.  Spectra were subsequently folded to eliminate the parabolic 

background caused by variation in the solid angle subtended by the detector window 

about the source.  The resulting spectra consisted of 250 data points with a background 

count of between approximately 1 × 106 and 2 × 106 per channel.  The counting time was 



 109 

determined by the iron concentration of the sample under study.  The velocity scale was 

calibrated with reference to the spectrum of an α-iron foil at room temperature, the centre 

of the spectrum being taken as zero velocity. Sample temperatures were maintained at 78 

K during the spectral data acquisition using a continuous flow cryostat with liquid helium 

as the coolant. Freeze dried samples of crude haemosiderin were packed into 10 mm 

diameter Perspex sample holders and the thickness of each sample was adjusted so that 

the 14.4 keV Mössbauer γ rays were attenuated by approximately 1/e.  

 

Each Mössbauer spectrum was initially fitted with a doublet and sextet of Lorentzian 

peaks using a sum of squares minimization procedure. The two peaks in each doublet 

were constrained to be of equal area and width while the ratio of areas of the outer to 

middle to inner pairs of peaks of the sextet were constrained to be in the ratio 3:2:1.  The 

linewidths, centre shift, and quadrupole splitting of the doublet were allowed to vary 

freely during the fits, as were the linewidths, magnetic-hyperfine-field splitting, centre 

shift, and quadrupole perturbation on the sextet. The free-form fitting procedure yielded 

reproducible spectral parameters and doublet to sextet area ratios for spectra with high 

signal to noise ratios.  However, for the results for some of the 78-K spectra with low 

sextet-signal to noise ratios were unreliable. 

 

Mean values for the Mössbauer spectral parameters of the 78-K sextet signal in the 4 

spleen spectra presented in Chapter 4 with the highest sextet-signal to noise ratios were 

used as a standard with which to refit all of the crude haemosiderin 78-K spectra.  All of 

the haemosiderin 78-K spectra were refitted with a high-spin Fe(III) doublet and the 
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standard sextet.  During the fitting procedure, the linewidths, magnetic-hyperfine-field 

splitting, centre shift, and quadrupole perturbation of the sextet were allowed to vary by 

up to one standard deviation from the mean values derived from 4 spectra of splenic 

tissue with the highest sextet-signal to noise ratios.  The area of the sextet was allowed to 

vary freely.  In this way the relative spectral area of the sextet in spectra with very low 

sextet-signal to noise ratios could be more reliably assessed assuming that the Mössbauer 

spectral parameters of the sextet do not vary significantly from sample to sample.  

 

Samples of the freeze-dried haemosiderins were compressed into pellets of approximate 

mass 60 mg for magnetic susceptometry measurements. All pellets were less than 4.5 mm 

in length. The pellets were mounted in long uniform plastic tubes and were held in place 

in the tubes for magnetometry measurements with plastic collars of less than 8mm in 

length that surrounded the pellets symmetrically. The tubes were much longer than the 

dimensions of the sense coils and hence do not contribute to the measured signal.  

However, the diamagnetic susceptibility of the collars was measured and accounted for in 

the measurement of the sample magnetic susceptibilities.  

 

5.3 Results 
 

Elemental analysis of the crude haemosiderin samples indicated iron concentrations 

ranging from 0.3 - 83 mg Fe.g-1 dry haemosiderin. The means and standard deviations of 

iron concentrations measured for haemosiderin and corresponding tissue samples are 

given in Table 5.1.  
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  Iron concentration 

(mg.g-1 dry sample) 

χFe (× 10-6 m3.kgFe
-1) 

C. H. 12 ±14 1.3 ± 0.3 β-thalassemia 

spleen (n = 6) Tissue 8 ± 7 1.1 ± 0.3 

C. H. 14 ± 7 1.6 ± 0.1 β-thalassemia/Hb E 

spleen (n = 3) Tissue 7 ± 2 1.5 ± 0.2 

C. H. 59 ± 28 1.3 ± 0.1 β-thalassemia/Hb E 

liver (n = 4) Tissue 32 ± 11 1.6 ± 0.3 

 

Table 5.1: Summary of means and standard deviations of iron concentration and iron-

specific magnetic susceptibility of crude haemosiderin (C.H.) and corresponding tissue 

samples. 

 

A strong correlation was observed between the iron concentrations of the tissue and 

corresponding haemosiderin samples, as illustrated in Figure 5.1 (Pearson’s r-value 0.99, 

p < 0.01). A linear model fitted to the data gave the parameters shown in Equation 5.1. 

The mean iron concentration of the crude haemosiderin samples is approximately twice 

that of the tissue samples, suggesting that the majority of the soluble tissue components 

contain little iron. However, the non-zero intercept of the linear fit indicates that the 

tissue samples contain on average 1.7 ± 0.9 mg of ferritin iron per gram of dry tissue. 

! 

[Fe]Hsd (mg.g
-1) = (2.0± 0.1) " [Fe]Tissue # (3.4 ±1.8)     Equation 5.1 

! 

[Fe]
Hsd

 and 

! 

[Fe]
Tissue

are the haemosiderin and tissue iron concentrations respectively. 
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Figure 5.1: Crude haemosiderin versus tissue iron concentration of β-thalassemia spleen 

(), β-thalassemia/Hb E spleen () and β-thalassemia/Hb E liver () samples (Pearson’s 

r-value 0.99, p < 0.01). 

 

5.3.1 Mössbauer Spectroscopy 
 
Using the constrained fitting procedure all 13 samples showed a sextet spectral 

component superimposed over a doublet spectral component. Parameters for the 

constrained sextet are given in Table 5.2. The fraction of the Mössbauer spectra of the 

crude haemosiderin samples in the form of a sextet (FS) ranged from 0.07 ± 0.03 to 0.60 

± 0.08. The range of FS of the corresponding tissue samples was 0.08 ± 0.03 to 0.41 ± 

0.12. The means and standard deviations of the Mössbauer spectral doublet parameters 

measured for the crude haemosiderin samples are shown in Table 5.2. Values measured 

for corresponding tissue samples are included for comparison purposes. A significant 
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correlation was observed between FS for the tissue samples and FS for the corresponding 

crude haemosiderin samples (Pearson’s r-value 0.95, p < 0.01), shown in Figure 5.2. The 

linear regression fit to the data was constrained to pass through the origin and has a 

gradient of 1.24 ± 0.07, indicating that FS for the haemosiderin samples is approximately 

20% higher than that of the corresponding tissue samples. 

 
 

 δ 
(mm.s-1) 

ΔEQ 

(mm.s-1) 
Bhf 

(Tesla) 
Γ 

(mm.s-1) 

C.H. 0.44 ± 0.03 0.63 ± 0.07  0.69 ± 0.14 β-thal spleen 

(n = 6) Tissue 0.46 ± 0.03 0.68 ± 0.03  0.68 ± 0.08 

C.H. 0.48 ± 0.02 0.66 ± 0.04  0.54 ± 0.05 β-thal/Hb E spleen  

(n = 3) Tissue 0.48 ± 0.02 0.65 ± 0.01  0.56 ± 0.06 

C.H. 0.46 ± 0.01 0.68 ± 0.02  0.58 ± 0.05 β-thal/Hb E liver 

(n = 4) Tissue 0.48 ± 0.01 0.66 ± 0.03  0.58 ± 0.07 

Constrained Sextet  0.47 ± 0.04 -0.21 ± 0.07 47.0 ± 0.5 0.86 ± 0.13 

 
Table 5.2: Mean and standard deviations of Mössbauer spectral doublet parameters for 

crude haemosiderin (C.H.) and corresponding tissue samples. The constrained sextet 

parameters are the mean and standard deviation of the sextet components of four spleen 

tissue samples with the highest signal: noise ratio.  
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Figure 5.2: Relationship between FS of spleen tissue and haemosiderin samples of β-

thalassemia spleen (), β-thalassemia/Hb E spleen () and β-thalassemia/Hb E liver () 

samples 

 

5.3.2 Magnetic Susceptibility Measurements 
 
The mass-specific magnetic susceptibility of the haemosiderin samples was plotted 

against the haemosiderin iron concentration, as shown in Figure 5.3. A significant linear 

correlation between the mass-specific magnetic susceptibility and the iron concentration 

was measured (Pearson’s r-value 0.99, p < 0.01). The model given in Equation 5.2, based 

on Wiedermann’s mixture equation, was fitted to the samples collectively. 

! 

"
Mass

= # " 
Fe
$ Fe[ ] + "

Non -Fe
$ 1% Fe[ ]( )          Equation 5.2 

χNon-Fe is the mass-specific magnetic susceptibility of iron-free material and 

! 

[Fe] is the 

iron concentration expressed as a mass fraction. 
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Figure 5.3: Mass Susceptibility of β-thalassemia spleen (), β-thalassemia/Hb E spleen 

() and β-thalassemia/Hb E liver () haemosiderin samples versus iron concentration 

(Pearson’s r-value 0.99).  

 

 Fitting this model yielded an average iron-specific magnetic susceptibility (χ′Fe) of 1.25 

± 0.04 × 10-6 m3.kgFe
-1 and a magnetic susceptibility of the iron-free material (χNon-Fe) of  

-5.8 ± 1.5 × 10-9 m3.kg-1 dry material. The value of χ′Fe lies between the values of 1.10 ± 

0.10 × 10-6 m3.kgFe
-1 and 1.60 ± 0.20 × 10-6 m3.kgFe

-1 obtained from fitting the same 

model separately to the β-thal major and β-thal/Hb E tissue samples respectively. The 

magnetic susceptibility of the iron-free material also agrees well with values of -7.8 ± 1.0 

× 10-9 and -7.9 ± 1.0 × 10-9 m3.kg-1 dry material obtained for the tissue samples. 
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The iron-specific magnetic susceptibility χFe of individual samples was calculated by 

substituting the value of χNon-Fe obtained from Equation 5.2 into the following equation; 

! 

"
Fe

= "
Non -Fe

+
"
Mass

# "
Non -Fe

Fe[ ]
           Equation 5.3 

The distributions of values of χFe are shown in Figure 5.4.  

 

 

Figure 5.4: Scatter plot of χFe, the iron-specific magnetic susceptibility, of β-thalassemia 

spleen (), β-thalassemia/Hb E spleen () and β-thalassemia/Hb E liver () 

haemosiderin samples. 

 

The means and standard deviations of the values of χFe measured for the haemosiderin 

and corresponding tissue samples are given in Table 5.1. No significant correlation was 

found between the χFe and the iron concentration of either the haemosiderin or the 

corresponding tissue samples.  
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A significant correlation was identified between χFe and FS for the haemosiderin samples, 

as illustrated in Figure 5.5 (Spearman rank order correlation coefficient ρ = -0.68, p = 

0.02). A correlation was also measured between χFe and FS of the corresponding tissue 

samples (ρ = –0.54, p = 0.03). The results from both tissue and crude haemosiderin 

samples show that χFe tends to increase with decreasing FS. Despite the significant 

correlation of FS between the haemosiderin and tissue samples, a significant correlation 

was not found between χFe for the haemosiderin samples and χFe for the corresponding 

tissue samples. 

 

 

 

Figure 5.5: Iron-specific magnetic susceptibility of β-thalassemia spleen (), β-

thalassemia/Hb E spleen () and β-thalassemia/Hb E liver () haemosiderin samples 

versus FS (Spearman rank order correlation p = 0.02). 
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5.4 Discussion 
 

The iron concentration correlates strongly between tissue and crude haemosiderin 

samples, as does the chemical speciation. The method used to prepare the crude 

haemosiderin removes only the water-soluble components of the tissues. The iron-

containing components are presumed to be primarily ferritin iron, but perhaps include 

very small quantities of haemoglobin and other iron-containing proteins. Ferrihydrite-like 

iron oxyhydroxide is the major form identified thus far in ferritin cores (Haggis 1965; 

Harrison et al. 1967; Towe and Bradley 1967; Fischbach et al. 1969; Boas and Troup 

1970; Massover and Cowley 1973; Williams et al. 1978; Thiel et al. 1985; St. Pierre et al. 

1989; Mackle et al. 1991; Allen et al. 2000; St Pierre et al. 2002) and so the removal of 

ferritin from a tissue sample will presumably decrease the relative doublet area of the 78-

K Mössbauer spectrum of that sample. The results of this study show a (non-significant) 

trend of an increased relative area of the 78-K Mössbauer sextet for haemosiderin 

compared with the tissue sample from which it is isolated. However, as the iron in the 

iron-loaded spleen and liver tissue samples is predominantly stored as haemosiderin 

(Cook 1929; Richter and Bessis 1965; Selden et al. 1980; Wixom et al. 1980; Weir et al. 

1984a), removing ferritin from the samples is unlikely to significantly change the iron 

oxyhydroxide composition of the samples. The strong correlations of both tissue and 

haemosiderin iron concentrations and Mössbauer spectral parameters are further evidence 

for haemosiderin as the primary form of tissue iron storage in thalassaemia.  

 

 The sextet component of the 78-K Mössbauer spectrum can be exclusively ascribed to 

haemosiderin particles with a crystal structure based on the mineral goethite (St Pierre et 
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al. 1988; St. Pierre et al. 1992a; Ward et al. 1994a). However, the doublet component of 

the haemosiderin samples has parameters consistent with ferrihydrite-like haemosiderin 

of varying degrees of crystallinity, amorphous haemosiderin and also the doublet 

component associated with goethite-like haemosiderin with a smaller than critical 

magnetic anisotropy energy (Dickson et al. 1988c; Mann et al. 1988b; St. Pierre et al. 

1989). Despite the removal of the ferritin iron, the source of the doublet component of the 

spectra still cannot be unambiguously identified.  

 

The haemosiderin samples presented here thus vary in the composition of the chemical 

species of iron oxyhydroxide. The observed correlation between the Mössbauer spectral 

parameters and the iron-specific magnetic susceptibility shows that the chemical 

speciation of the iron oxyhydroxide particles influences the magnetic behaviour of the 

iron spins even at body temperature. Measurements of both tissue samples and crude 

haemosiderins indicate a trend of increasing χFe with decreasing FS. The iron spins in the 

crystal lattices of ferrihydrite and goethite are ordered antiferromagnetically (Williams et 

al. 1978; Pankhurst and Pollard 1992; Dickson et al. 1993; Mohieeldin et al. 1994; Gider 

et al. 1995) and so defects in the crystal lattice, measured as a decrease in particle 

crystallinity, create uncompensated spins. These partially or completely uncompensated 

spins manifest as an increase of the iron-specific magnetic susceptibility (Néel 1949; 

Pankhurst and Pollard 1993). 
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CHAPTER 6  
 

Magnetic Studies of Haemoglobin and Haem 
Derivatives in Malaria-Infected Erythrocytes 

 
 

6.1 Introduction 
 

Faraday measured the magnetic susceptibility of dried blood using a Faraday balance in 

1845 and noted that extending this study to fresh blood samples would be interesting, but 

did not pursue the work further. Pauling and Coryell (1936) resumed the experiments, 

and measured a zero magnetic moment for the iron in oxyhaemoglobin molecules, 

interpreting this as evidence for no unpaired electrons in oxyhaemoglobin. A 

paramagnetic contribution to the total magnetic susceptibility of deoxyhaemoglobin was 

noted. Pauling and Coryell rejected the possibility of interaction between the haem 

groups in each globin molecule on principle. Instead, an effective magnetic moment of 

5.4 µB for each iron atom was calculated, consistent with a model of a ferrous iron atom 

at the centre of each porphyrin ring, bonded to the globin molecule and four surrounding 

nitrogen atoms through ionic rather than covalent bonds. Further studies of the magnetic 

properties and structure of methaemoglobin found evidence for five unpaired electrons in 

each molecule, giving rise to an effective moment of 5.8 µB per iron atom (Coryell et al. 

1937). 

 

Pauling and colleagues’ results and their interpretations were, and to some extent remain 

controversial. Accurate assessment of the magnetic properties of haemoglobin presents 
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many problems to researchers, owing to both the relatively weak magnetic susceptibility 

of haemoglobin and the difficulty in avoiding introduction of artefacts through sample 

preparation methods. Cerdonio and co-workers later measured a net paramagnetic 

susceptibility for solutions of oxyhaemoglobin and interpreted the paramagnetism as 

arising from non-zero effective moment of iron atoms in oxyhaemoglobin (Cerdonio et 

al. 1977; Cerdonio et al. 1978; Cerdonio et al. 1981). Pauling strongly refuted Cerdonio 

and co-workers’ interpretations and the debate continued until Savicki, combining 

Mössbauer spectroscopy with magnetometry, showed that small but significant amounts 

of deoxyhaemoglobin were present in solutions of concentrated haemoglobin, even after 

exposure to air (Savicki et al. 1984). Savicki proposed that a deoxy component was the 

likely source of the paramagnetic susceptibility of supposedly pure oxyhaemoglobin 

samples. Further experiments by Cerdonio, using sample preparation methods described 

by Savicki, supported Savicki’s hypothesis (Cerdonio et al. 1985).   

 

Savicki et al also determined the magnetic susceptibility of the protein constituent of 

haemoglobin (Savicki et al. 1984). Globin is denser and thus more diamagnetic than 

water and so completely oxygenated erythrocytes are diamagnetic relative to water 

(Spees et al. 2001). However, cells containing entirely deoxygenated or oxidised 

haemoglobin are paramagnetic relative to water. A model derived by Spees and co-

workers (Spees et al. 2001) predicts the magnetic susceptibility of cells containing 

varying fractions of oxygenated and deoxygenated haemoglobin. The model was later 

extended by Moore and co-workers for cells containing methaemoglobin and malaria 

parasites (Zborowski et al. 2003; Moore et al. 2006). 
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Owen and co-workers first demonstrated the use of high-gradient magnetic columns to 

separate erythrocytes on the basis of variations of magnetic susceptibilities by extracting 

deoxygenated erythrocytes from a suspension of whole blood (Owen 1978). The 

experiment was later repeated with asynchronous cultures of P. falciparum (Paul et al. 

1981). Overwhelmingly, cells containing mature stage parasites were retained within the 

magnetised column. Other experimental techniques use the relative motion of 

erythrocytes in an applied magnetic field as a surrogate measure of the magnetic 

susceptibility of the haem iron (Marmur et al. 1981; Vainshtein and Zobina 1982; 

Piruzian et al. 1984; Zborowski et al. 2003; Moore et al. 2006). Such experiments require 

highly stable, well-calibrated magnetic field environments (Chalmers et al. 1999; Moore 

et al. 2000) to determine the magnetic susceptibility of the erythrocytes from 

measurements of cell velocity. Moore and co-workers demonstrated that cells containing 

sufficient methaemoglobin concentrations will migrate in the direction of increasing field 

strength (Zborowski et al. 2003). Further experiments with synchronised cultures of P. 

falciparum parasites again demonstrated that cells containing mature parasites were 

preferentially attracted to a high magnetic field region, indicating the presence of 

paramagnetic iron species (Moore et al. 2006). 

 

The pathways of haemoglobin degradation and haemozoin synthesis are not yet 

established. Haem is readily liberated and oxidised in the food vacuole and, once the 

synthesis of haemozoin is initialised, the process of haemozoin formation appears to 

proceed spontaneously (Dorn et al. 1995), but the difficulty of isolating, purifying and 

quantifying haemozoin further hinders understanding of parasite haem metabolism and 
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haemozoin formation. Reports of the fraction of cellular haemoglobin converted to 

haemozoin differ significantly, with values ranging from 25% to 80% (Ball et al. 1948; 

Roth et al. 1986; Goldberg et al. 1990). One study examining the fate of haem iron in P. 

falciparum parasitised cells showed that, unlike the haem ‘balance sheet’ for P. berghei 

(Wood and Eaton 1993), there was no difference in cellular iron content between infected 

and uninfected cells (Egan et al. 2002). The results also showed that the D10 parasite 

strain ingested 61±2% of host cell haemoglobin, predominantly into the food vacuole, 

where approximately 90% of the ingested haem was converted to haemozoin. Thus, for 

cells containing late-stage trophozoites, approximately 50±10% of erythrocyte iron is in 

the form of haemozoin. These values agree well with reports of between 65% and 80% of 

haemoglobin digested by parasites during the mature trophozoite and schizont stages of 

the growth cycle (Goldberg 1992; Moore et al. 2006).  

 

The intrinsic relationship between the chemical and magnetic properties of iron provides 

a means of elucidating the form and structure of iron compounds. The paramagnetic 

susceptibilities of some chemical forms of iron are several orders of magnitude greater 

than the diamagnetic susceptibilities of organic materials (Cerdonio et al. 1985), so 

magnetic methodologies are potentially a highly sensitive and specific means of studying 

the forms of iron in biological systems. Previous experiments using magnetic separation 

(Paul et al. 1981) and magnetophoresis (Moore et al. 2006) indicate a change of the 

chemical state of haem iron during parasite growth. However, the form(s) of iron 

responsible for the increase in cellular magnetic susceptibility have not been 

unequivocally determined.  
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This chapter describes quantification of the concentration and magnetic properties of the 

different forms of iron in parasitised erythrocytes. P. falciparum parasites were 

magnetically separated and, rather than isolating the different iron-containing 

compounds, magnetic measurements were performed on cell contents as a whole. The 

forms of iron present in the cells were identified using a combination of spectroscopy and 

magnetometry. Standard samples of these forms were prepared and characterised both 

magnetically and spectroscopically. The physical processes underlying the enrichment of 

mature stage parasites in the magnetic separation columns were explored and several 

potential uses of magnetic separation processes in malaria research were considered.  

 

6.2 Methods 

 

Twenty-four unsynchronised cultures of P. falciparum 3D7 clones were maintained 

according to the method of Trager and Jensen (1978). Thin blood films, stained with 10% 

v/v Giemsa, were examined before and after magnetic separation. At least 1 000 cells per 

film were counted and cells were categorised as unparasitised, immature (ring and early 

trophozoite stages, i.e. the first 30 hours of parasite life cycle) and mature (late 

trophozoite and schizont stages i.e. 30 – 48 hours of the parasite life cycle). The 

parasitaemia (defined as percentage of erythrocytes infected with parasites) and the 

mature parasite density (defined as percentage of erythrocytes infected with late 

trophozoites and schizonts) were measured. Cultures were selected for magnetic 

separation when parasitaemia ranged between 6 – 10% and the mature parasite density 

was approximately 2 – 3%.   
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6.2.1 Magnetic Separation 

Prior to separation, each culture was centrifuged at 2000 rpm for 10 minutes and the 

culture medium was removed. The pellet, containing approximately 1mL packed cells, 

was then resuspended in 5 mL phosphate-buffered saline (PBS) with foetal calf serum 

(Miltenyi et al. 1990). The cells were exposed to ambient oxygen to ensure complete 

oxygenation of functional haemoglobin.  

 

Commercially available midiMACS columns and magnet were used to separate the 

cultures (Miltenyi et al. 1990). The magnetic field strength between the poles of the 

magnet was measured with a Hall probe. A sample of the matrix of magnetisable spheres 

was taken from one of the columns and the magnetisation as a function of field strength 

was measured with a SQUID magnetometer. Sphere radii were measured with an optical 

microscope and 112 spheres were weighed to determine the mean sphere mass. 

 

One separation column was used for each culture. The column was held between the 

poles of the magnet and the flow rate of cells through the column was regulated with an 

adjustable tap connected to the column with a length of silicone tubing. Flow rate was 

maintained at approximately 0.2 mL.min-1 so that the average fluid velocity was less than 

340 µm.s-1. After the sample had passed through, the column was washed twice with 1 

mL of separation buffer to flush out trapped erythrocytes. The fraction of cells that 

passed through the column whilst it was exposed to the magnetic field was classed as the 

non-magnetic fraction. The column was then removed from the magnet and flushed 

through with separation buffer, and the cells collected were classed as the magnetic 
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fraction. Separation of each culture typically yielded 50 to 100 µL of packed cells in the 

magnetic fraction, and so magnetic fractions from three or four separations were pooled. 

The total volume of cells in each pooled magnetic fraction was at least 200 µL as this was 

the minimum volume suitable for magnetometry experiments. The non-magnetic and the 

pooled magnetic fractions were centrifuged and the pelleted cells were smeared for 

microscopy. The samples were then freeze-thawed to lyse the cells and ultra-centrifuged 

at 19 000 g for 30 minutes to remove the supernatant, containing PBS and water. Cell 

membranes formed a thin layer between the haemoglobin and the supernatant, and when 

possible were removed. Magnetometry subsamples of at least 200 µL and spectroscopy 

subsamples of 50 µL were taken from each individual non-magnetic fraction and each 

pooled magnetic fraction.  

 

A magnetic fraction was diluted with uninfected red blood cells to create a sample with a 

mature parasite density intermediate to the non-magnetic and the remaining magnetic 

fractions. The final mature parasite density of the diluted sample was 13%. Owing to the 

small sample volume, haemozoin extraction and quantification were not performed. 

 

6.2.2 Elemental Analysis 

Following magnetic examination the magnetometry samples of a known volume were 

digested in 10 mL of 1:1 ratio of 10 M AR grade nitric / sulphuric acid to remove the 

organic materials. The resulting aqueous solutions were then diluted up to a known 

volume for ICP-AES and the iron and chlorine concentrations were measured.  
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6.2.3 Spectrophotometry 

A standard solution of oxyhaemoglobin was prepared by bubbling pure oxygen gas 

through fresh whole blood. Standard solutions of methaemoglobin were prepared by 

exposing 5 mL packed cells to a 5 mM sodium nitrite solution and incubating at 37°C for 

2 hours (Zborowski et al. 2003). The solutions were frozen and thawed to lyse the cells, 

then centrifuged at 13 000 g and the cell membranes removed. A standard sample of β-

haematin was prepared by dissolving 1 g of porcine β-haematin (commercially available 

from Sigma-Aldrich) in 1 M sodium hydroxide solution (Orjih and Fitch 1993), then 

diluting with 2.5% SDS buffered with 25mM Tris to pH 7.8, to a final concentration of 

1.6 mM.  

 

Dilutions of each standard sample were prepared in PBS and the absorption spectrum 

between 350 and 700 nm was recorded. Dilutions of the β-haematin solution were used to 

form a standard curve for absorption versus concentration. 

 

It is not possible to measure haemozoin concentration in situ with spectroscopic 

techniques as biological matrices and free haem alter the absorption spectrum of 

haemozoin (Munro and Marques 1996; Marques and Perry 1999). Likewise, the 

oxyhaemoglobin-to-methaemoglobin ratio cannot be measured in solutions containing 

significant concentrations of haemozoin. A 1:100 v.v-1 dilution of each non-magnetic 

sample with less than 5% parasitaemia was prepared in PBS in triplicate and the 

absorption coefficients at 400, 577 and 630 nm were measured. Winterbourne’s formula, 
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shown in Equation 6.1, was used to calculate the ratio of oxygenated haemoglobin to 

methaemoglobin (Winterbourn 1995).  

! 

[Methaemoglobin] = 279A630 " 3.0A577

[Oxyhaemoglobin] = 66A577 " 80A630

                  Equation 6.1 

                                                      

Haemozoin was isolated by freeze-thawing cells to induce lysis, then centrifuging the 

sample and removing the supernatant. The pellets, containing haemozoin and other forms 

of non-protein bound haem, were treated with SDS and centrifuged. The SDS-insoluble 

haemozoin pellets were then solubilized with 0.1 M NaOH. Solutions were diluted with 

2.5% SDS buffered with 25 mM Tris to pH 7.8 and the absorbance at 400 nm was 

measured (Orjih and Fitch 1993). Haemozoin could not be isolated in sufficient quantities 

from the non-magnetic fractions for accurate quantification and so the best estimate for 

the haemozoin concentration of these samples is zero with an uncertainty of 

approximately 5%.  

 

6.2.4 Magnetometry 

Magnetometry samples consisted of approximately 200 µL of cell lysate. Each sample 

was suspended in a plastic tube and held in place by a polycarbonate plug. After freezing 

the plug was removed and the sample was supported with ice made from de-ionised 

water. The plastic tubes and surrounding ice were much longer than the dimensions of the 

magnetometer sense coils, and so did not contribute to the measured signal. However, as 

the cell lysate was surrounded by ice, the magnetic susceptibility of the samples was 

measured relative to the volumetric susceptibility of ice. All cell lysate samples were less 
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than 1 cm in length, as illustrated in Figure 6.1, and hence could be approximated as 

point dipoles.  

 

Figure 6.1: Magnetometry sample configuration, showing cell lysate surrounded by pure 

ice in a plastic tube. 

 
Measurements were corrected for changes in the density of water and of the sample 

constituents with temperature (Cerdonio et al. 1981). All susceptibility values are quoted 

in the cgs units system to facilitate comparisons with literature data. Conversion of 

susceptibility values to the SI unit system requires multiplication by a factor of 4π. 

 

 
Magnetic susceptibility, measured at 265 K and 10 K, was determined from the 

measurement of the magnetic moment of the sample, relative to pure ice, in an applied 

field. The field was swept from 30 000 to 0 Oersteds (3 to 0 Tesla). The volumetric 

magnetic susceptibility relative to air, χsample, was determined by subtracting the 

volumetric magnetic susceptibility of water: 

! 

" sample = #" sample + "H2 0 
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where 

! 

"# sample  is the measured volumetric susceptibility of the sample relative to water 

and 

! 

"
H
2
0
 is the volumetric susceptibility of water (

! 

"
H
2
0
= -0.72 × 10-6 at 265 K and -0.75 

× 10-6  at 10 K) (Weast and Astle 1998). Some samples were found to contain small 

volumes of the magnetic separation buffer, as indicated by detectable concentrations of 

chlorine in the samples. At room temperature, the volumetric susceptibility of the buffer 

is similar to that of water, but the relative changes in density necessitated corrections for 

the diamagnetic volumetric susceptibility of the buffer at 265 K and 10 K. The protein 

contribution to the magnetic susceptibility of the sample, χglobin, was calculated as: 

! 

"globin = nglobinMglobin"#(globin) 

where 

! 

"#(globin) is the mass susceptibility of globin in the haemoglobin molecule, 

measured by Savicki and co-workers as -0.58 × 10-6 mL.g-1 (Savicki et al. 1984), Mglobin = 

64 230 g.mol-1 is the molecular mass of globin and nglobin, the concentration of globin, 

was calculated as nglobin = ¼ the molar concentration (mol.mL-1) of iron in the sample. 

The molar magnetic susceptibility of the iron, χFe, was then calculated: 

! 

"Fe =
" sample # "globin

nFe

 

where nFe is the molar concentration (mol.mL-1) of iron in the sample. The value of the 

molar magnetic susceptibility of the iron at room temperature was calculated from each 

measurement using  

! 

"Fe(298K) = "Fe(measured)
T(measured)

298
. 

 
The molar magnetic susceptibility of the iron at room temperature was taken to be the 

mean of the values obtained from the 10 K and the 265 K measurements. It should be 
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noted that the molar magnetic susceptibility of the iron is expressed in units of mL per 

mole of iron. (To compare the χFe values in this chapter with previous work measuring 

the magnetic susceptibility of iron per mole of haemoglobin, multiply the χFe values by 

four.) 

 

6.3 Results 
 

6.3.1 Microscopy 

Mature parasite densities in the unfractionated cultures ranged from 2.1 to 5.4%. After 

magnetic fractionation, the mature parasite density ranged from 34 to 84% in the 

magnetic fractions, and from 0.8 to 6.3% in the non-magnetic fractions. The process of 

magnetic separation increased the density of mature parasites between 6.3 and 31 fold, 

with a mean enrichment of 22 fold. Initial experiments with magnetic separation columns 

had used a higher fluid velocity, of the order of 1500 µm/s, but under this condition the 

enrichment of mature parasites was only two- or threefold.  

 

A sample with an initial mature parasite density of 4.2% was passed through a separation 

column, depleting the mature parasite density to 3.9% in the non-magnetic fraction. The 

non-magnetic fraction was then passed through a second separation column, further 

reducing the mature parasite density in the final non-magnetic fraction to 3.4%. The 

magnetic fractions extracted from the first and second separation process had mature 

parasite densities of 75% and 83% respectively.  
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6.3.2 Spectroscopy 

In the magnetic fractions the percentage of iron as haemozoin ranged from 25 to 52%, 

with a mean (and standard deviation) of 41 ± 11%. Haemozoin concentration versus the 

mature parasite density is illustrated in Figure 6.2. As expected, the haemozoin 

concentration correlates with mature parasite density. A linear model, constrained to pass 

through the origin, was fitted to the data and extrapolated to show that the mature 

parasites converted on average 63 ± 2% of cellular iron to haemozoin (Pearson’s 

coefficient r = 0.99, p < 0.01). 

 
The non-magnetic fractions appeared to contain little or no haemozoin and so the 

percentage of haemoglobin converted to methaem was measured using the Winterbourne 

formula. The methaem concentration ranged from 5.3 to 49% of cellular haemoglobin, 

with a mean (and standard deviation) concentration of 34 ± 10%. The absorption spectra 

of the oxygenated haemoglobin and methaemoglobin standard samples indicated 3% and 

100% methaemoglobin concentrations respectively. 
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Figure 6.2: Percentage of cellular iron converted to haemozoin versus mature parasite 

density. 

 

6.3.3 Magnetometry 

The median molar magnetic susceptibility of the iron in the magnetic fractions was 5 600 

× 10-6 mL.mol-1 (range 2 200 × 10-6 to 6 700 × 10-6 mL.mol-1), almost six times greater 

than the median magnetic susceptibility of the iron in the non-magnetic fractions (median 

and range of 1 100 × 10-6 mL.mol-1 and 670 × 10-6 to 1 500 × 10-6 mL.mol-1 respectively). 

The magnetic susceptibilities of the iron in the standard samples of methaemoglobin, β-

haematin and oxyhaemoglobin were measured as 14 000 ± 800, 13 000 ± 650 and 25 ± 

500 × 10-6 mL.mol-1 respectively. The susceptibilities corresponded to magnetic moments 

of 5.8 ± 0.1, 5.6 ± 0.1 and 0.2 ± 0.1 Bohr magnetons per haem group for the 

methaemoglobin, β-haematin and oxyhaemoglobin samples respectively, in close 
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agreement with recent literature values (Spees et al. 2001; Zborowski et al. 2003; de 

Villiers et al. 2007). After correcting the measurement of oxyhaemoglobin for a 

contribution from a 3% methaemoglobin component as measured via spectroscopy, the 

magnetic susceptibility of the iron in oxyhaemoglobin was calculated to be – (350 ± 

500)× 10-6 mL.mol-1.  

 

Distributions of the magnetic susceptibilities of the iron in the magnetic and non-

magnetic fractions and the standard samples are displayed in Figure 6.3.  

 

 

Figure 6.3: Scatter plot of the magnetic susceptibility of iron in standard samples of 

oxyhaemoglobin (Oxy - ), β-haematin (β-h - ), methaemoglobin (Met - ), and for 

magnetic (Mag - ) and non-magnetic (Non-mag - ) fractions.  
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It is worth noting that even a relatively large error on both the concentration and the 

magnetic susceptibility of globin and / or other protein constituents will have little effect 

on the magnetic susceptibility values calculated for cellular iron. Repeated measurements 

of magnetic susceptibility and iron concentration of methaemoglobin samples indicate 

that the final error of the magnetic susceptibility of the iron is approximately 5%. 

 
A statistically significant correlation was identified between the magnetic susceptibility 

of the iron in the cell lysates and the mature parasite density. A linear model was fitted to 

the data, shown in Figure 6.4, and the parameters from the model are shown in Equation 

6.2 (Pearson’s coefficient r = 0.99, p < 0.01). 

 

 

Figure 6.4: Magnetic susceptibility of iron versus mature parasite density.  
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! 

"
Fe
(#10$6mL.mol$1) = (830 ± 60) + (67 ± 21) #mature(%)             Equation 6.2                                             

where mature(%) is the mature parasite density. The model indicates a net paramagnetic 

susceptibility of cellular iron in uninfected cells and / or cells infected with immature 

parasites. The magnetic susceptibility of (830 ± 60) × 10-6 mL.mol-1 corresponds to 

approximately 5 - 7% of iron atoms in the high-spin ferric state. Extrapolation of the 

model predicts a mean magnetic susceptibility of iron of (7 600 ± 2 200) × 10-6 mL.mol-1 

for mature parasitised cells, indicating that a further 59 ± 16 % of cellular iron has been 

converted to high spin ferric iron by the parasites.  

 

Spectroscopic measurements of the percentage of cellular iron as haemozoin versus 

magnetic susceptibility of iron are shown in Figure 6.5. A linear model, shown in 

Equation 6.3, was fitted to the data (Pearson’s coefficient r = 0.92, p < 0.01). 

! 

"
Fe
(mL.mol

#1
) = (1000 ±100) $10#6 + [Hz]$ (110 ± 9) $10#6           Equation 6.3 

where 

! 

[Hz]  is the percentage of cellular iron as haemozoin. The gradient of the model 

corresponds to a magnetic susceptibility of iron of (11 000 ± 900) × 10-6 mL.mol-1 for 

haemozoin, which is lower than the magnetic susceptibility of (13 000 ± 600) × 10-6 

mL.mol-1 evaluated for the iron in the β-haematin sample. The model also predicts a net 

paramagnetic susceptibility of (1 000 ± 100) × 10-6 mL.mol-1 of cellular iron prior to 

haemozoin synthesis, implying that unparasitised cells and / or cells infected with 

immature parasites contained other forms of paramagnetic iron. The magnetic 

susceptibility of non-haemozoin paramagnetic iron, χFe(non-Hz), was calculated for each 
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sample via Equation 6.4, and the non-haemozoin iron magnetic susceptibility versus 

mature parasite density is shown in Figure 6.6. 

 
 

 

Figure 6.5: Magnetic susceptibility of iron versus percentage of cellular iron converted to 

haemozoin.  
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Figure 6.6: Magnetic susceptibility of non-haemozoin iron versus mature parasite density.  

 

! 

"Fe (non #Hz) =
"Fe(sample) # [Hz]• "Fe(Hz)

(100 # [Hz])
              Equation 6.4                                                        

where χFe(sample) is the magnetic susceptibility of the iron in the sample, χFe(Hz) = 11 

000 × 10-6 mL.mol-1 and 

! 

[Hz]  is the percentage of cellular iron as haemozoin as 

measured via spectroscopy and therefore (1-

! 

[Hz]) is the percentage of non-haemozoin 

cellular iron. No significant correlation between the magnetic susceptibility of the non-

haemozoin iron and the mature parasite density was detected. A mean (± standard 

deviation) magnetic susceptibility of the iron of (710 ± 200) × 10-6 mL.mol-1 was 

calculated for non-haemozoin iron. 
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6.3.4 Magnetophoretic mobility calculations 

Erythrocyte volumetric magnetic susceptibilities, χRBC, were evaluated using the 

measured molar magnetic susceptibilities of cellular iron together with a model based on 

that developed by Spees and co-workers (2001). The red cell volumetric magnetic 

susceptibility is given by:  

! 

"RBC = (1# nHb.$Hb)"H2 0 + nHb("mol(globin) + 4"Fe)                                                          

where νHb = 48 000 mL.mol-1 is the molar volume of haemoglobin (Cerdonio et al. 1978), 

! 

"mol(globin)  = -37 800 × 10-6 mL.mol-1 is the molar magnetic susceptibility of the globin 

(Savicki et al. 1984), 

! 

"
H
2
0
 =  -0.72 × 10-6 (Weast and Astle 1998) and nHb = 5.5 × 10-6 

mol.mL-1 is the erythrocytic haemoglobin concentration (Hillman and Finch 1996). The 

erythrocyte magnetic susceptibilities for cells with different chemical species of iron are 

given in Table 6.1 and plotted in Figure 6.7.  

 

Interestingly, the small paramagnetic susceptibility of cellular iron in the uninfected 

erythrocytes, or cells containing immature parasites, increases the erythrocyte 

susceptibility to coincide with the volumetric susceptibility of water. As (predominantly 

diamagnetic) haemoglobin is ingested and haemozoin produced, the relative 

susceptibility of the erythrocyte increases to approximately half the relative susceptibility 

of cells containing fully oxidised haemoglobin.  
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 χFe 

(×10-6 mL.mol-1) 

Volumetric 

erythrocyte 

susceptibility 

χRBC (×10-6) 

Volumetric erythrocyte 

susceptibility relative 

to water  

Δχ (×10-6) 

Oxyhaemoglobin -350 ± 500 -0.75 ± 0.01 -0.03 ± 0.01 

Methaemoglobin 14 000 ± 800 -0.43 ± 0.02 0.29 ± 0.02 

Mature parasitised cell 7 600 ± 2 200 -0.57 ± 0.05 0.15 ± 0.05 

Uninfected cell 830 ± 60 -0.718 ± 0.004 0.001 ± 0.004 

 

Table 6.1: Molar magnetic susceptibilities (± standard error) of cellular iron and of 

volumetric magnetic susceptibilities (± standard error) of unparasitised cells (or cells with 

little to no haemozoin), cells infected with mature parasites and cells containing fully 

oxygenated and fully oxidised haemoglobin. Also shown are the cell volumetric 

susceptibilities relative to water. The volumetric susceptibilities of the cells have been 

evaluated using a model adapted from model developed by Spees and co-workers 

together with the molar magnetic susceptibilities of cellular iron measured in this study.  

 



 141 

 

Figure 6.7: Mean volumetric susceptibilities of uninfected cells (Uninfected - ), cells 

infected with mature parasites (Mature - ) and cells containing fully oxygenated 

haemoglobin (Oxy - ) and methaemoglobin (Met - ). The horizontal line indicates the 

volumetric susceptibility of water (-0.72 × 10-6). The volumetric susceptibilities of the 

cells have been evaluated using a model adapted from model developed by Spees and co-

workers together with the molar magnetic susceptibilities of cellular iron measured in this 

study. 

 

In SI units, the maximum applied magnetic field, H, between the poles of the MACS 

magnet was 5.6 ± 0.2 × 105 A.m-1, combined with the induced volumetric magnetisation 

M in the MACS spheres of 1.3 ± 0.1 × 106 A.m-1 to produce a magnetic flux density B at 

the pole of the sphere of 1.8 ± 0.2 T. The applied magnetic field was spatially 

homogeneous relative to the high-gradient magnetic field of the MACS spheres, therefore 
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the magnitude of the flux density gradient, ∇B, can be calculated using a model 

uniformly magnetised sphere discussed in Chapter 3.2.3. The mean MACS sphere radius 

was measured as 0.16 ± 0.01 mm and so the total flux density gradient was 

approximately 2.0 ± 0.2 × 104 T.m-1. The magnitude of the Maxwell stress gradient Sm 

was 2.9 ± 0.6 × 1010 T.A.m-2 (i.e. 2.9 ± 0.6 × 1010 kg.m-2.s-2). The magnetophoretic 

mobility m of a cell was calculated using Equation 3.15, where VRBC = 88.4 µm3 is the 

erythrocyte volume, η = 0.96 × 10-3 kg.m-1.s-1 is the viscosity of the suspension fluid at 

room temperature and RRBC = 3.85 µm is the erythrocyte hydrodynamic radius 

(Zborowski et al. 2003). Using the relative magnetic susceptibility of 0.15 ± 0.03 × 10-6 

evaluated from experimental results (equivalent to 1.9 ± 0.4 × 10-6 in SI units), the 

magnetophoretic mobility of mature parasitised cells was 2.2 ± 0.7 × 10-15 m3.s.kg-1, 

producing a magnetic drift velocity of 70 ± 35 µm.s-1. The average fluid velocity through 

the column was maintained between 305 and 340 µm.s-1 and so the drift velocity of 

mature parasitised cells is an order of magnitude slower than fluid velocity. However, the 

fluid velocity in the corners of the matrix is likely to be much lower than the average 

velocity of fluid through the column, and in these areas the magnetic attraction between 

the cells and the matrix may be sufficient to overcome the fluid motion.  

 

The sedimentation velocity of the erythrocytes was estimated as 4.35 × 10-6 m.s-1, 

approximately a thousand times slower than fluid velocity, and thus will have a negligible 

effect on the magnetic interactions between the cells and the column matrix. It should be 

noted that the magnetic drift velocity of 70 ± 35 µm.s-1 is only attained when cells are at 
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the magnetic poles at the surface of the MACS spheres, elsewhere on the sphere surface 

and at regions in between spheres the drift velocity will be lower.  

 

6.4 Discussion 
 

The enrichment of mature stage parasites by magnetic separation implies that, during the 

parasite development process, the magnetic properties of the cellular iron are altered and 

the magnetic susceptibility of the iron increases. The correlation between the net 

magnetic susceptibility of the cellular iron and the mature parasite density confirms that 

the ten-fold increase of the magnetic susceptibility of cellular iron is the primary reason 

for the magnetic enrichment of mature parasites. The magnetometry measurements of 

methaemoglobin and β-haematin confirm that both substances contain high-spin ferric 

iron, and therefore the conversion of diamagnetic oxyhaemoglobin to either paramagnetic 

form would increase the net magnetic susceptibility of the cellular iron. It is likely that 

multiple chemical species of iron coexist within the food vacuole of the parasite. The 

process of transforming globin-bound haem to haemozoin has intermediate steps and the 

presence of paramagnetic haemozoin precursors may explain why the value of the 

magnetic susceptibility of the haemozoin iron extrapolated from Equation 6.3 was lower 

than the value measured for synthetic β-haematin iron.  

 

Haemoglobin is oxidised to methaemoglobin immediately following ingestion into the 

food vacuole, converting the iron from the ferrous to the ferric form. Therefore, the 

magnetic susceptibility of each haem iron most likely increases as soon as the bond 

between the iron and the globin is denatured, rather than when the haem molecule is 
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incorporated into haemozoin. Thus, the magnetic susceptibility of mature cells increases 

because of digestion of haemoglobin rather than the detoxification of haem per se. The 

spectroscopy measurements indicated that haemozoin was the predominant form of iron 

in the mature parasites studied here, accounting for 63 ± 2% of cellular iron, and so 

haemozoin formation was the primary means of haem detoxification in the 3D7 parasite 

strain. If, as it has been hypothesised, alternative means of haem detoxification (Atamna 

and Ginsburg 1995) also exist, the net magnetic susceptibility of mature parasites will 

depend on the relative fractions of the final products of the detoxification pathways.  

 

The spectroscopy and magnetometry results indicate the presence of non-haemozoin 

paramagnetic iron, and the spectroscopy measurements of the non-magnetic fractions 

show approximately 34% of cellular iron was oxidised to methaemoglobin. Haemoglobin 

is oxidised during normal cell aging in vitro and so significant levels of methaemoglobin 

are expected in malaria cultures. However, this value is inconsistent with the 

magnetometry data, which indicate that less than 10% of cellular iron in uninfected cells 

or cells containing immature parasites is in the ferric state. Even relatively low 

concentrations of haemozoin and / or haemozoin precursors may interfere with the 

absorption spectra of haemoglobin, causing an overestimation of the methaemoglobin 

concentration via spectroscopy.  

 

The magnetometry results also show no correlation between the net magnetic 

susceptibility of non-haemozoin iron and mature parasite density, suggesting that levels 

of non-haemozoin ferric iron are carefully controlled by the parasite. The intracellular 
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concentrations of chemical species of paramagnetic iron are continuously altered during 

parasite invasion and development. The parasites may preferentially ingest 

methaemoglobin, as it has been hypothesised that the net positive charge of the methaem 

complex may aid uptake into the food vacuole (Akompong et al. 2000). There is also 

likely a relatively small, transitory pool of non-haemozoin oxidised haem within the food 

vacuole as haem release in the food vacuole is carefully regulated to maintain 

supersaturated levels of haem (Bray et al. 1998).  

 

The findings of this study indicate that caution should be exercised when interpreting 

magnetic susceptibility measurements performed on malarial-infected cells as significant 

levels of non-haemozoin high-spin iron(III), arising through natural cell aging or parasite 

metabolic activity, increase the mean magnetic susceptibility of cellular iron. Ursos and 

Roepe (2002) discuss haem chemistry and emphasise the implications of non-haemozoin 

haem molecules within the food vacuole. Haem may exist, in unknown concentrations, as 

free haem or in dimeric forms. However, as both Egan and co-workers (2002) and Moore 

and co-workers (2006) point out, the fraction of non-haemozoin iron in the food-vacuole 

accounts for less than 5% of cellular iron, consistent with the results of this study 

showing no correlation of the non-haemozoin high spin iron(III) concentration with 

mature parasite density.   

 

Oxidation of haem iron is associated with haemoglobin digestion and therefore with 

parasite growth, so as the parasite matures the volumetric magnetic susceptibility of the 

infected erythrocyte increases. Cells containing mature parasites are paramagnetic 
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relative to the suspension buffer used in separations, whereas the magnetic susceptibility 

of unparasitised cells is indistinguishable from the buffer. The magnetic separation 

procedure used in the present experiment was sufficiently sensitive to discriminate 

between cells with a volumetric susceptibility difference of 0.15 ± 0.03 × 10-6. For a 

given set of separation conditions, i.e. flow rate, applied magnetic field environment and 

suspension buffer, the volumetric susceptibility strongly influences whether a cell will be 

retained in the ‘magnetic fraction’ of a separation. Owing to the large number of binding 

sites within the column, there is effectively a critical volumetric susceptibility that 

determines cell retention. Adjusting the flow rate or changing the volumetric 

susceptibility of the suspension medium will change the critical volumetric susceptibility 

of erythrocytes, so that magnetic separation of cultures could be targeted to extract only 

parasites at specific stages of development. Alternatively, separation of erythrocytes 

under specific conditions could provide a surrogate measure of the magnetic 

susceptibility, and potentially the ferric iron content, of the cells. 

 

Magnetic separation has been shown to yield mature parasite densities of up to 98% 

(Trang et al. 2004), comparable to other methods such as Percoll density gradient 

centrifugation (Tosta et al. 1980; Kramer et al. 1982). Separation can also be a means of 

synchronising cultures as extracted parasites can be reintroduced into culture. However, 

the potential to target very specific stages of development through ‘fine-tuning’ of the 

separation conditions may allow for a greater degree of synchrony than can be achieved 

with conventional methods such as sorbitol lysis (Aley et al. 1986). Interestingly, mature 

parasites were detected in all non-magnetic fractions. Repeated separation of non-
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magnetic fractions did not change the enrichment of mature parasites, indicating that the 

magnetic susceptibility of mature parasites retained in the column is not necessarily 

greater than the magnetic susceptibility of the mature parasites that pass through into the 

non-magnetic fraction. The separation process is highly specific but only moderately 

sensitive and so repeating magnetic separations on cultures will increase the mature 

parasite yield. 
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CHAPTER 7  
 

Magnetic Fractionation of Malaria-Infected 
Erythrocytes; Variation of Enrichment between Strains 
 
 

7.1 Introduction 
 

Genetic and phenotypic differences between chloroquine sensitive (CQS) and 

chloroquine resistant (CQR) strains of parasite have been identified. Mutations on a 

segment of chromosome seven are associated with CQR (Wellems et al. 1990; Wellems 

et al. 1991). The pfcrt gene encodes a transmembrane protein, PfCRT, located on the 

membrane of the digestive vacuole (Fidock et al. 2000; Cooper et al. 2002; Wootton et al. 

2002). Molecular studies suggest multiple CQR founding mutations (Wootton et al. 

2002), giving rise to different amino acid haplotypes (CVIET, CVMNT, CVMET or 

SVMNT residues 72 to 76), but all alleles associated with CQR bear threonine rather than 

lysine at the amino acid 76 locus (Fidock et al. 2000). The CVIET haplotype distributed 

throughout South East Asia and Africa, and the SVMNT haplotype predominant in South 

America and Papua New Guinea both confer CQR (Cortese et al. 2002; Warhurst 2003; 

Vieira et al. 2004) but, intriguingly, there appear to be phenotypic differences between 

the two haplotypes. Resistance in isolates bearing the CVIET haplotype can be partially 

or completely reversed with chemosensitising agents such as verapamil (Fitch 1970; 

Martin et al. 1987; Bitonti et al. 1988; Peters et al. 1989; Kyle et al. 1990) but parasites 

with the SVMNT haplotype are significantly less responsive (Mehlotra et al. 2001). The 
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underlying mechanism contributing to CQR is not equivocally determined although 

activity of both the drug and the PfCRT protein have been localised to the digestive 

vacuole. Resistant parasites accumulate less of the drug (Wellems 1992; Warhurst 2001; 

Wellems and Plowe 2001) and have a slightly lower digestive vacuolar pH (Dzekunov et 

al. 2000) than sensitive parasites. Further, CQR parasites convert only half of ingested 

haemoglobin to haemozoin (Orjih and Fitch 1993), despite all strains of P. falciparum 

appearing to ingest between 60 to 80% of host cell haemoglobin during the 48-hour life 

cycle (Francis et al. 1997). A similar phenomenon also observed in P. berghei, as 

described qualitatively by Peters and co-workers (1965) and quantitatively by Wood and 

Eaton (1993). Conversely, the activity of glutathione, a tripeptide implicated in 

detoxification of haematin, as well as the enzyme catalysing conjugation of GSH to 

haematin, are twice as high in CQR Plasmodium strains compared with sensitive strains 

(Dubois et al. 1995; Srivastava et al. 1999; Meierjohann et al. 2002). A correlation 

between glutathione activity and resistance to chloroquine has also been identified in P. 

berghei (Dubois et al. 1995; Srivastava et al. 1999). 

 

Magnetic measurements provide a means of elucidating the amount of the different 

chemical forms of iron in the cells. A chronology of the magnetic state of the haem iron 

following ingestion would most likely show an increase from the diamagnetic state found 

in oxyhaemoglobin to a magnetic moment of 5.9 µB upon conversion to methaemoglobin 

(Pauling and Coryell 1936). Cleavage of the protein will have little effect on the magnetic 

moment, nor will crystallisation processes such as haem dimerisation and haemozoin 

formation, as the iron exists in the high spin iron(III) state in free haem, the haemozoin 
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dimers and the proposed π-π dimers.  However, subsequent reduction of the iron to the 

ferrous state would reduce the magnetic moment, either to the 4.5 – 4.9 µB range typical 

of high-spin iron(II) compounds or to the diamagnetic low-spin iron(II) state. Magnetic 

fractionation discriminates between cells on a basis of cellular magnetic susceptibility, 

which is determined primarily by the amounts of the different chemical forms of iron. 

The magnetic susceptibility of iron increases linearly with the square of the atomic 

magnetic moment. Thus magnetic fractionation can be used as a tool for investigating the 

relative amounts of ferric and ferrous iron in red cells. 

 

7.2 Methods and Materials 
 

7.2.1 Parasite strains 

D10 was derived from FCQ-27, a chloroquine sensitive strain isolated from Papua New 

Guinea, and bears the CVMNK haplotype. E8B was derived from ITG2-F6, a 

chloroquine resistant strain isolated from Brazil, and bears the SVMNT haplotype. 3D7 

was derived from NF54, a chloroquine sensitive strain isolated from the Netherlands, and 

bears the CVMNK haplotype. K1, a chloroquine resistant strain isolated from Thailand, 

bears the CVIET haplotype. The IC50s (concentration of chloroquine required to inhibit 

parasite growth by 50%) of D10, E8B, 3D7 and K1 were 12 nmol.L-1 (Foote et al. 1990), 

160 nmol.L-1 (Foley et al. 1994; Raynes et al. 1995), 22 nmol.L-1 (Davis et al. 2006) and 

240 nmol.L-1 (Davis et al. 2006) respectively.  
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Parasites were cultured according to the method of Trager and Jensen (1976). Thirteen 

samples from each of the 3D7 and K1 cultures and ten samples from each of the E8B and 

D10 cultures were used. It should be noted that experiments with the 3D7 and K1 strains 

were performed four months prior to experiments with the E8B and D10 strains and the 

donor of uninfected O+ erythrocytes differed between experiments, hence it is more 

appropriate to consider the strains as pairs than collectively. Cultures were diluted with 

uninfected erythrocytes so that cells parasitised with trophozoites and schizonts 

collectively accounted for 1% of the cells. The samples were selected so that there was no 

significant difference in either the absolute parasitaemia, or the density of trophozoites or 

schizonts between the E8B and D10 samples, and between the 3D7 and K1 samples. In 

samples of each of the cultures, 100 µL of packed cells from each sample was suspended 

in 1 ml PBS supplemented with Bovine serum albumin and EDTA. Samples were passed 

through commercially available midiMACS columns and the flow rate through the 

columns was maintained at approximately 1500 µm.s-1 (equivalent to 1 mL.min-1).  

 

Each magnetic separation yielded a ‘magnetic’ and ‘non-magnetic fraction’. Thin films of 

each fraction were prepared and examined under a microscope, and the numbers of ring, 

trophozoite and schizont forms and uninfected erythrocytes counted. Enrichment of 

parasite stages was defined as the percentage of cells in the ‘magnetic’ fraction 

containing a given parasite stage normalised by the percentage of cells in the sample prior 

to fractionation containing that particular parasite stage. 
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7.3 Results 
 

Schizont stage parasites were significantly enriched in all magnetic fractions, where a 

significant enrichment was defined as greater than two standard errors larger than the 

baseline concentration in the culture prior to fractionation, as determined from cell 

counting. In all samples the representation of ring stages was not significantly increased 

in the magnetic fractions. Trophozoites were enriched in the magnetic fractions of most, 

but not all, of the samples.  

 

An initial analysis of the enrichments of the ring, trophozoite and schizont stage 

densities, using the Shapiro-Wilks statistics test, showed non-normal distributions. 

Logarithms of the enrichments were calculated and Shapiro-Wilks test showed the log-

enrichments were normally distributed for the three stage densities in all samples (all W 

values greater than 0.85, all p-values greater than 0.06). The logarithmic distributions of 

enrichments of 3D7 and K1 samples are shown in Figure 7.1, and the logarithmic 

distributions of enrichments of D10 and E8B samples are shown in Figure 7.2.  
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Figure 7.1: Logarithms of enrichments of (a) ring, (b) trophozoite and (c) schizont stage 

parasites of the CQS 3D7 () and CQR K1 () parasite strains. 
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Figure 7.2: Logarithms of enrichments of (a) ring, (b) trophozoite and (c) schizont stage 

parasites of CQS D10 () and CQR E8B () parasite strains. 

 
Student t-tests on the log-enrichments showed a significantly greater enrichment of 

schizonts in each of the CQS strains when compared with the corresponding CQR strains. 

No significant difference was observed of the enrichments of the trophozoite stage 

parasites between the 3D7 and K1 samples or between the D10 and the E8B samples. 

Although there was no significant enrichment of ring stages in the D10 and E8B samples, 

a small but statistically significant difference in the enrichment of ring stages between the 
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two strains was observed. No significant difference was observed in the enrichment of 

ring stage parasites between the 3D7 and K1 samples. 

 

The geometric means and standard deviations of the enrichments of 3D7 and K1 parasite 

stages are given in Table 7.1, and the geometric means and standard deviations of the 

enrichments of of D10 and E8B parasite stages are given in Table 7.2. Note that these 

values are the antilogarithms of the means and standard deviations derived from the 

logarithmic distributions. The results of the Student t-tests are also shown. 

 

 3D7 K1 p-value 

Rings 0.7 ± 0.3 0.9 ± 0.2 0.19 

Trophozoites 3.4 ± 2.1 1.7 ± 2.8 0.06 

Schizonts 13.8 ± 2.7 5.2 ± 1.9 0.008* 

 

 

Table 7.1 and Table 7.2: Geometric means ± geometric standard deviations of enrichment 

of parasite densities, and p-value calculated from Student t-test comparing the logarithms 

of enrichment of 3D7 and K1 samples and comparing the logarithms of enrichment of 

D10 and E8B samples. * indicates statistical significance. 

 D10 E8B p-value 

Rings 1.2 ± 1.6 0.8 ± 1.6 0.04* 

Trophozoites 3.7 ± 1.5 2.6 ± 1.8 0.15 

Schizonts 61 ± 18 15 ± 2 <0.001* 
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7.4 Discussion 
 

 
The relevant parameter determining retention of a cell in the magnetic separation column 

is the magnetophoretic mobility of the cell. This parameter is directly proportional to χ, 

the cell magnetic susceptibility, which is determined by the mean magnetic spin state of 

the cellular iron. The probability, p, of retention is also inversely proportional to the fluid 

velocity v. Expressed mathematically, 

! 

p"
#

v
. Thus, the inter- and intra- sample 

variations of cell magnetic susceptibility combine multiplicatively rather than additively 

with fluctuations in fluid velocity, to create a skewed, non-normal distribution of 

enrichment values. By taking the logarithm of these values, the variations of χ and v 

become additive, explaining the normality of the logarithmic distribution. Another factor 

affecting the probability of retention is the cell hydrodynamic radius, usually 

approximated as the cell radius. Optical microscopic examination suggests little 

difference of mean cell radius between the CQR and CQS infected cells. 

 

The significant enrichment of the schizont stages reflects the increased fraction of high-

spin iron(III) produced through liberation of haem from the haemoglobin complex. Our 

results suggest that a smaller fraction of cellular iron exists in the paramagnetic ferric 

state in the schizonts of the CQR than the CQS strains, consistent with reports of lower 

haemozoin levels in CQR than CQS strains (Orjih and Fitch 1993). The lower 

magnetophoretic mobility of the E8B and the K1 isolates relative to their CQS 

counterparts, suggesting that reduced haemozoin synthesis may exist in both CQR 

haplotypes. However, to reduce the iron-specific magnetic susceptibility of ingested 
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haem, haem iron must be converted to a less magnetic form or else iron must be excreted 

from both the parasite and the erythrocyte. Such an excretion mechanism has not been 

detected in P. falciparum.  

 

Reducing the iron to a ferrous para- or diamagnetic state, or incorporating iron into an 

antiferromagnetic compound, would decrease the magnetic susceptibility of haem iron. In 

CQR strains, elevated glutathione activity may increase the fraction of iron liberated from 

haem. Glutathione metabolism reduces iron to the ferrous state but the final products of 

the reaction between glutathione and haem have not been identified. However, the 

magnitude of the reduction of the cellular magnetic susceptibility must be considered. 

Converting half the ingested haem to a high spin ferrous state and synthesising the 

remaining haem into haemozoin would only achieve a 20% reduction of the cell 

volumetric susceptibility, which may not be sufficient to account for the significant 

difference of enrichments between the CQR and the CQS parasites observed. The results 

suggest that the CQR parasites convert a significant amount of haem iron to either low-

spin iron(II) or an antiferromagnetic form, or excrete haem iron from the erythrocyte. 

 

These results demonstrate the feasibility of using magnetic fractionation columns in 

identifying CQR strains of P. falciparum, potentially in a diagnostic or research setting. 

Chloroquine remains one of the best-tolerated and most affordable antimalarials, so if 

resistance to chloroquine could be identified before patient treatment this would enable 

more effective treatment. The low cost of instrumentation and the relatively short time to 

perform the fractionation process make magnetic separation columns an attractive option 
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for malaria research. Our study also underlines the need to identify and quantify the 

forms of iron in CQR and CQS parasite strains as the fate of haem iron will have great 

implications in understanding the mechanisms of chloroquine resistance. 
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CHAPTER 8  

Conclusions and Future Work 
 
 
 
 
The data presented in this thesis demonstrate the viability of using magnetic 

methodologies to investigate the chemical forms of iron in tissue. The results provide 

valuable insight into the pathological conditions of iron deposition, as well as information 

necessary for applications that exploit the magnetic properties of the iron deposits for 

diagnostic and / or quantification purposes. This chapter discusses implications of the 

results and possible avenues for further investigation. 

 

8.1 Thalassaemia 
 

8.1.1 Concluding Remarks about Iron Deposits in Spleen and Liver Tissue 

Our studies have clearly demonstrated that the chemical speciation of tissue iron deposits 

influences the iron-specific magnetic susceptibility of spleen tissue and crude 

haemosiderin samples. Measurements performed on liver tissue and crude haemosiderin 

samples also showed a significant variation of iron-specific magnetic susceptibility and 

suggested that the relationship of decreasing iron-specific magnetic susceptibility with 

increasing crystallinity of the iron deposits observed for spleen tissue also exists for liver 

iron stores, as described qualitatively by a model of unpaired magnetic moments. 

Previous studies (Dickson et al. 1988c; Mann et al. 1988b; St. Pierre et al. 1998b) 

identified significant variability of the forms of iron in iron-loaded liver tissue. Hence, it 



 160 

is reasonable to expect that the variation of iron-specific magnetic susceptibility 

measured for spleen tissue would also be identified in a larger study of liver tissue 

samples.  

 

The biological variability of iron-specific magnetic susceptibility contributes a significant 

uncertainty to magnetic susceptibility based measurements of tissue iron concentration, 

potentially biasing the measurements such that the concentration of well-ordered 

crystalline iron particles will be underestimated. However, the degree of crystallinity of 

the particles may also influence the toxic threat posed to the tissue. The complexed iron 

in the particles does not participate in redox cycling per se, instead it is the small 

quantities of iron that dissolve out of the crystalline deposits to form highly toxic pools of 

labile iron. Hence, the well-ordered crystalline particles may release iron far more slowly 

than the amorphous or poorly crystalline iron particles, thus causing less tissue damage. 

Bias of magnetic susceptibility based measurements may in fact reflect the potential 

toxicity of the iron, which is perhaps the more relevant parameter for design of clinical 

treatment regimes. 

 

8.1.2 Future Studies of Cardiac Iron 

Whilst iron is predominantly stored in the liver, there is currently great interest in 

measuring cardiac iron concentration. Heart failure arising from myocardial iron loading 

is the most common complication in thalassaemia, accounting for over 70% of premature 

deaths (Zurlo et al. 1989; Borgna-Pignatti et al. 1998). Reversal of iron-induced 

cardiomyopathy is possible but a successful outcome is more likely if myocardial iron 
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loading is detected early (Anderson et al. 2001). Myocardial iron concentration may be 

measured via endocardial biopsy, but owing to the associated risks, the procedure is 

rarely performed. There is also a high sampling error (Buja and Roberts 1971; Olson et 

al. 1987). Hence, non-invasive methods measurements of cardiac iron concentration are 

highly appealing, and recent MRI studies of animal models identified correlations 

between cardiac iron concentration and measurements of T2 and T2* (Liu et al. 1996; 

Wood et al. 2005b). An understanding of the chemical speciation and magnetic 

susceptibility of the iron in cardiac tissue are thus of great importance to the clinical 

management of thalassaemia. A study is currently underway at Royal Brompton Hospital, 

London, comparing in-and ex-vivo T2* measurements of cardiac iron with elemental 

analysis of tissues obtained post-mortem. An investigation of the chemical species and 

iron-specific magnetic susceptibility of the iron deposits in these tissues is being 

conducted at the School of Physics of the University of Western Australia, using some of 

the methodologies developed in this thesis. The study will also help to elucidate the 

relationship between the chemical speciation of iron particles and the MRI parameters, 

providing a unique opportunity to validate predictions made by theoretical models such 

as those developed by Jensen and Chandra (2000; 2002). 

 

8.2 Malaria 
 

8.2.1 Concluding Remarks and a Proposed Model of Chloroquine Resistance 

Our studies provide further evidence that the iron in haemozoin, β-haematin and 

methaemoglobin is in the high-spin iron(III) state. Oxidation of the iron occurs when the 
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haemoglobin molecules are ingested by the parasite, converting the majority of iron from 

low-spin iron(II) to high-spin iron(III). The chloroquine sensitive strain 3D7 sequesters 

approximately 60% of erythrocyte iron into haemozoin, the predominant form of high-

spin iron(III) in mature parasites. Hence cells containing mature parasites are 

paramagnetic relative to the suspension medium and can be extracted using magnetic 

separation columns. 

 

The enrichment of the two CQS strains was approximately fourfold greater than 

enrichment of two chloroquine resistant (CQR) strains, indicating that the magnetic 

susceptibility of CQS-infected cells is greater than that of CQR-infected cells. As the 

ingested iron changes spin state once it enters the food vacuole, differences of cell 

magnetic susceptibility imply that the products of haem metabolism differ between CQR 

and CQS strains. If such differences are intrinsically linked with the development of 

CQR, they provide insight to the molecular basis of CQR. 

 

Although CQR parasites accumulate less of the drug than sensitive strains (Wellems 

1992; Warhurst 2001; Wellems and Plowe 2001), it is not simply reduced drug uptake 

that is the basis of CQR. The model presented by Bray and co-workers (1998) shows that 

access to haem determines the resistance of the parasite strain to chloroquine, indicating 

that the molecular mechanism conferring CQR involves altering the interaction between 

the drug and the target, i.e. haem. The process of haemozoin formation is extremely 

sensitive to changes of pH (Ursos and Roepe 2002). Development of CQR is associated 

with a slight decrease of the pH of the parasite food vacuole from 5.5 to 5.2 (Dzekunov et 
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al. 2000; Ursos et al. 2001). Recent studies of the behaviour of haem in solution show 

that, under such conditions, the dimerisation constant of haem decreases with pH (de 

Villiers et al. 2007), thus increasing the fraction of haem that can diffuse through the food 

vacuole membrane and into the parasite cytosol where it can then be detoxified by 

glutathione (GSH). The efflux of haem will also serve to reduce the number of potential 

binding sites for chloroquine in the food vacuole, hence reducing uptake of the drug.  

 

Such an interpretation changes the focus of altered drug-target interaction such that efflux 

of haem from the food vacuole is not a secondary effect of the change of food vacuole 

conditions but actually confers resistance to chloroquine. The vital consequence of the 

lower pH is that approximately half of the ingested haem escapes crystallisation into 

haemozoin and can diffuse out of the food vacuole. The proportion of the forms of haem 

in solution will also be affected by the change in pH, no doubt altering interaction 

fraction of haem molecules available in an appropriate form to bind to chloroquine. 

 

Our results also hold implications for the final products of haem detoxification outside 

the food vacuole. The difference of cellular magnetic susceptibility between CQR and 

CQS strains indicates that the CQR parasites must convert a significant fraction of the 

ingested haem to a form that is less magnetic than haemozoin. Possible final products are 

either high or low spin iron(II) or antiferromagnetic compounds, and therefore do not 

include haematin or haem monomers. A schematic of our proposed models of haem 

metabolism in CQR and CQS parasites is shown in Figure 8.1. 
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Figure 8.1: Schematic of haem metabolism in (left) CQS and (right) CQR strains of P. 

falciparum. The haem detoxification processes targeted by chloroquine (CQ) are 

indicated.  

 
The reappearance of CQS strains in areas where CQ treatment has been reduced or 

discontinued altogether implies that the alternative CQR metabolic processes are 

disadvantageous to the parasite once the selection pressure of CQ has been removed. This 

suggests that the metabolism of haem in CQR strains may be more energetically 

demanding, or may subject the parasite to increased oxidative stress. The iron released 

from haem through glutathione activity may engage in redox cycling, producing free 

radicals, unless it is converted to an inert form. The increased translocation of haem 

across the food vacuole membrane also risks exposing the parasite to increased 

membrane degradation (Fitch et al. 1982). 
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8.2.2 Future Work 

To investigate this model of chloroquine resistance, several questions must be addressed; 

• Does the iron concentration in the cytosol increase with both CQR and with CQ 

concentration in the food vacuole? 

While it has been demonstrated that haem can diffuse across the food vacuole membrane 

into the cytosol (Ginsburg and Demel 1983; Cannon et al. 1984; Ginsburg and Demel 

1984; Rose et al. 1985), it is necessary to establish that haem does diffuse from the food 

vacuole to the parasite cytosol. The relative iron concentrations of the food vacuole and 

cytosol should be measured in CQR and CQS strains. Parasite cultures should be 

synchronised and the parasitised erythrocytes enriched. Trophozoite-stage parasites 

would be suitable for this experiment as haemozoin synthesis will have begun but the 

complications of cell fragility associated with schizont-stage parasites will be avoided. 

The trophozoites should be isolated by saponin lysis and inspected to confirm trophozoite 

integrity. The food vacuoles and cytosol can then be isolated from each other according 

to the method of Saliba and co-workers (1998). The components should be centrifuged 

and any membranes removed. Iron concentrations can then be measured with either a 

colourimetric assay using ferrozine or via elemental analysis. If diffusion out of the food 

vacuole does occur, small quantities of iron are likely to accumulate in the food vacuole 

membrane, but testing this hypothesis may require large volumes of membranes. 

 

• What are the magnetic properties of the products of the haem-glutathione reaction? 

A variety of methods, including magnetometry, Mössbauer spectroscopy and Electron 

Spin Resonance would be appropriate for studying any iron-containing substances. 
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Isolates of parasite cytosol can be examined via these methodologies and it is unlikely 

that any other paramagnetic elements would be present in the cytosol in significant 

enough quantities to interfere with signals from iron-containing compounds.  

 

• Are schizonts of all CQS strains more magnetic than the schizonts of all CQR 

strains? 

Perhaps the ideal way to address this question is to select a ‘standard’ strain and evaluate 

magnetic enrichment of other strains relative to the standard. An ideal strain would be 

3D7, D10 or HB3 as quantification of haemozoin and / or magnetophoretic mobility of 

schizonts have already been evaluated for these strains (Egan et al. 2002; Moore et al. 

2006).  

 

An investigation of the appropriate flow rate through the column would also be useful, as 

a more carefully selected and precisely controlled flow rate would increase the ability to 

distinguish between cellular magnetic susceptibilities. These experiments would serve to 

determine the potential use of magnetic separation to detect CQR parasite strains, as well 

as providing insight into the nature of both CQ action and drug resistance. 
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