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Abstract 

Traditional magnetic data storage devices are reaching the limits of their capabilities, 

and new technologies must be sought if the remarkable pace of improvement in performance 

and storage capacity seen over the last 60 years is to continue. Bit-patterned media (BPM) has 

the potential to continue this development and significantly increase the storage densities of 

magnetic hard disks, but developing a cost-effective route to manufacture this technology has 

so far remained elusive. This work takes inspiration from nature, to develop a bioinspired and 

green approach to forming magnetic nanoparticles (MNPs) on surfaces, as a novel approach 

to BPM. 

Magnetotactic bacteria (MTB) form highly uniform MNPs of the magnetic material of 

magnetite inside specialised lipid organelles called magnetosomes, under mild aqueous 

conditions. Control over the magnetite crystal formed is exerted through the use of 

biomineralisation proteins. One of these proteins from the MTB Magnetospirillum 

magneticum AMB-1, termed Mms6, has been shown to control the formation of magnetite 

nanoparticles in vitro. In this work, a modified version of the Mms6 protein, engineered to 

contain an N-terminal cysteine, is patterned and immobilised onto gold surfaces to 

biotemplate the growth of MNP arrays of magnetite. 

Furthermore, different patterning methods are explored to control the location of 

Mms6, with the aim of producing MNP arrays that are suitable for BPM. Magnetite is a 

magnetically soft material that is unlikely to ever be used for data storage, but Mms6 has 

been shown to biotemplate the magnetically harder material of cobalt-doped magnetite and 

this is also explored as an alternative. This approach is also highly adaptable, and could be 

used for the production of a wide range of different nanomaterials on surfaces through the 

use of alternative biomolecules. The patterning approaches developed in this work are also 

used to pattern artificial biomolecules to biotemplate materials that are more technologically 

relevant and not found in nature, such as L10 phase CoPt, as a route to developing an 

environmentally friendly, scalable and bioinspired approach to the challenge of BPM.  
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Abbreviations and Definitions 

µCP  micro-contact printing  

AFM  atomic force microscopy 

AMB-1 Magnetospirillum magneticum strain AMB-1, a magnetotactic 

bacterium 

bcc  body centered cubic 

BPM  bit-patterned media 

BSA  bovine serum albumin 

CD  compact disc 

cgs  centimeter gram seconds, system of units 

DNA  deoxyribonucleic acid 

DPN  dip-pen nanolithography  

DRAM  dynamic random access memory  

DTM  discrete track media 

EBL  electron beam lithography  

EDC  ethyl(dimethylaminopropyl) carbodiimide 

EDXA  energy dispersive X-ray analysis 

fcc  face centered cubic 

fct  face-centered tetragonal 

Ga  gigaannum (1 billion years ago) 

GB  gigabyte 

G-L  glycine-leucine  

HAMR  heat-assisted magnetic recording 

HDD  hard disk drive 

IC  integrated circuit  

ICP-ES  inductively coupled plasma emission spectroscopy  

IL  interferometric lithography  

IMAC  immobilised metal affinity chromatography 

LMR  longitudinal magnetic recording  

Ma  megaannum (1 million years ago) 

MAI  magnetosome island  

Mam  magnetosome associated    



XXV 
 

MAMR  microwave-assisted magnetic recording 

MBP  maltose-binding protein 

MFM  magnetic force microscopy  

MIA-1  magnetite interacting Adhiron 1 

Mms  magnetosome membrane specific 

Mms6 ≈6kDa biomineralisation protein (magnetosome membrane specific 6) 

Mms6Peptide
 peptide based on the C-terminal region of Mms6      

MNP  magnetic nanoparticle 

MSR-1 Magnetospirillum gryphiswaldense strain MSR-1, a magnetotactic 

bacterium 

MTB  magnetotactic bacteria 

NAND  a logic gate in digital electronics (negative-AND)  

NHS  N-hydroxysuccinimide 

NOR  a logic gate in digital electronics 

OATZ  oxic-anoxic transition zone 

PC  personal computer 

PCR  polymerase chain reaction 

PDMS  polydimethylsiloxane  

PEG-F  1H, 1H, 2H, 2H-perflorodecanethiol  

pI isoelectric point (pH at which a particular molecule carries no net 

electrical charge) 

PMR  perpendicular magnetic recording 

POFHK  partial oxidation of ferrous hydroxide with potassium  

PPL  polymer pen lithography  

QCM-D  quartz crystal microbalance with dissipation 

RAMAC random access method of accounting and control 

RIE  reactive ion etch  

rpm  revolutions per minute 

RTCP  room temperature co-precipitation 

SAM  self-assembled monolayer 

SEM  scanning electron microscopy  

SI   système international d'unités (international system of units) 
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SIMS  secondary ion mass spectrometry   

SRAM  static random access memory  

TB  blocking temperature 

Tc  Curie temperature 

TEM  transmission electron microscopy  

TN  Nèel temperature  

TV  Verwey transition temperature 

UHV  ultra-high vacuum  

UV  ultra-violet 

VSM  vibrating sample magnetrometry  

XRD  X-ray diffraction  

 

Table I - Conversion from magnetic units in cgs to SI 

  cgs Conversion to SI 

F force between poles 1 dyne (dyn) 10−5 newton (N) 

H magnetising field 1 oersted (Oe) 79.58 ampere per meter (A m-1) 

B magnetic induction 1 gauss (G) 10−4 tesla (T) 

E energy 1 erg 10−7 joule (J) 

Φ magnetic flux 1 maxwell (Mx) 10−8 weber (Wb) 

M magnetisation 1 emu cm-3 12.57 × 10−4 Wb m-2 

µ magnetic permeability 1 G Oe-1 1.257 × 10−6 henry per meter (H m-1) 

 

Table II - Conversion of the SI units in Table I into their fundamental constituents; ampere (A), meter 
(m), kilogram (kg) and second (s). 

newton (N) kg m s-2 

tesla (T) kg s-2 A-1 

joule (J) kg m2 s-2 

weber (Wb) kg m2 s-2 A-1 

henry (H) kg m2 s-2 A-2 

 

 

 

 



 

 

 

 

1. Introduction 

 

 

“After growing wildly for years, the field of computing appears to be reaching its infancy.” 

John R. Pierce 
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1.1 Overview 

We now live in a technological world, driven by our ever expanding knowledge of the 

world we live in. Technology has also demanded miniaturisation, and the billions of transistors 

that are packed onto todays computer chips would have been unimaginable a few decades 

ago. Miniaturisation has also brought nanotechnology, a relatively new discipline, to the 

forefront of science. It is often stated that the field of nanotechnology began in 1959 with 

Richard Feynman’s now infamous lecture entitled; “There's Plenty of Room at the Bottom”, 

who discussed manipulating matter on the atomic scale [1]. However, at the time the talk 

remained rather unnoticed, and Feynman’s role in fuelling the development of 

nanotechnology is now debated [2]. 

Nanotechnology really gathered momentum in the 1980’s when tools such as the 

scanning probe and the electron microscope were invented, providing the tools for matter to 

be observed on the nanoscale [2]. Traditionally, materials have always been manipulated 

using top-down methods, modification by the removal of material. However, nanotechnology 

opens up the ability to manipulate matter on the atomic scale, to grow a material from the 

bottom-up. This bottom-up approach is what is used by nature, and as a result biology often 

looked to for inspiration within nanotechnology.  

In this study inspiration is taken from nature, to develop a bioinspired approach to 

forming arrays of magnetic nanoparticles (MNPs) on surfaces. Magnetic materials have had a 

variety of uses throughout history and remain important to many of our modern technologies, 

so in Section 1.2 the theory of magnetism and nanomagnetism is introduced. MNP arrays 

form one approach to the challenging of forming bit-patterned media (BPM), potentially the 

next generation of ultra-high-density magnetic data storage devices. Therefore, in Section 1.3 

the need and the challenge of BPM is outlined. Magnetotactic bacteria (MTB) are remarkable 

organisms that control the formation of MNPs of magnetite with the use of biomineralisation 

proteins inside specialised lipid organelles called magnetosomes, and are the inspiration 

behind this work. In Section 1.4 MTB, biomineralisation and how this can used or adapted for 

use in vitro to biotemplate the formation of MNPs is discussed. In this work biomolecules are 

combined with surface patterning, so Section 1.5 presents the techniques that are available 

and those that are used in this study. Finally, in Section 1.6 the previous work that this thesis 

is built upon is outlined, and the remainder of the thesis is introduced. 
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1.2 Magnetism 

1.2.1 History of Magnetic Materials 

The story of magnetism begins with the discovery of a mineral that is also the 

inspiration for this project. Legend has it that around 4000 years ago a Cretan shepherd called 

Magnes was herding sheep in Magnesia, an area of what is now modern day Turkey [3]. When 

standing on a large black rock he found the nails of his shoes and the metal tip of his staff 

suddenly became stuck. He is said to have dug up this rock to uncover lodestones* of the 

naturally occurring magnetic mineral magnetite, the same material that forms so precisely 

inside the magnetosomes of magnetotactic bacteria (MTB). This may just be a legend, but it is 

certainly true that there are a large number of magnetite deposits in the Magnesia region [4]. 

As far back as 2500 years ago, the Ancient Greeks knew that any piece of iron would become 

magnetic if rubbed with magnetite, and at some later date it was also discovered that a 

floating piece of magnetite would always align itself to point roughly north and south [4]. This 

formed the basis of the compass, which is believed to have been discovered independently in 

both the Ancient Chinese and Greek civilisations [4]. 

As recently as the 18th Century the only way a magnet could be made was by rubbing 

iron or steel with a lodestone, and further applications were only opened up with a deeper 

understanding of the origins and principles of magnetism. In 1820, the Danish scientist Hans 

Christian Oersted demonstrated that an electric current produces a magnetic field, leading to 

the development of the electromagnet [5]. 40 years later, the Scottish mathematician and 

physicist James Clerk Maxwell established the theory of electromagnetism in a series of 

beautifully simple equations [6]. Further discoveries such as that of the electron by the English 

Physicist J. J. Thomson at the end of the 19th century [7], the development of quantum 

mechanics at the beginning of the 20th century, and continued developments into the 21st 

century have expanded our knowledge of electromagnetism. It has become a major driving 

force in our technological age and is fundamental to many of our modern technologies [3]. 

 

1.2.2 Fundamental Principles of Magnetism 

The theory of magnetism can be viewed in one of two ways, in terms of interactions 

between magnetic poles or in terms of circulating currents. This leads to two different sets of 

                                                           
 

*
 In Middle English this meant 'course stone' or 'leading stone' (deriving from the now obsolete 

definition of lode, which meant ‘journey’ or ‘way’).    
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units; centimetre-gram-second (csg) units for describing interactions between magnetic poles, 

and Système International d’Unités (SI) units when magnetism is viewed in terms of 

circulating currents [8]. Although on the face of it this seems like it confuses the issue, each 

viewpoint can be more useful in certain situations. In this work the cgs system of units are 

used, but these can be converted to SI units with the use of Table I (page XXI).  

Most of us are familiar with a simple bar magnet (Figure 1.2.1). Forces emanate from 

poles at the ends of a bar magnet, and every magnet contains a north or north-seeking pole 

and a south or south-seeking pole. The north-seeking pole of a pivoted bar magnet will always 

point towards the magnetic north pole of the Earth, a direction close to the geographic north 

pole, and subsequently the south-seeking pole will point roughly in the direction of the 

geographic south pole. Like poles of a magnet always repel, whereas opposite poles attract, 

and magnetic poles always come in pairs. Cutting a bar magnet in half produces two smaller 

magnets, each of which still has a north and a south pole. Although the existence of magnetic 

monopoles is not forbidden by any known laws of nature [3], so far experimental evidence for 

their existence remains inconclusive [3]. 

 

Figure 1.2.1 – Field lines around a bar magnet, flowing from the north to the south pole. 

In 1750 the English scientist John Michell, and independently in France in 1785 

Charles-Augustin de Coulomb, found that the strength of the force between two magnetic 

poles is proportional to the strength of these poles, and inversely proportional to the square 

of the distance between them* [9]. This provided a way of defining the strength of a magnetic 

pole, which in cgs units this force is measured in dynes (dyn), and hence a unit pole exerts a 

force of 1 dyn on another pole 1 cm away. A magnetic pole can be thought to form a 

magnetising field (H). A magnetic material can also become magnetised when in this field, so 

H is also known as the magnetising force. It was Michael Faraday who, in one of his many 

                                                           
 

*
 The inverse square law of magnetism, a law which is analogous to Coulombs law governing electric 

charges. 
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contributions to the field of electromagnetism, first suggested that this magnetising force 

could be represented by lines of force [10]. This can be envisaged, as shown in Figure 1.2.1, as 

the path taken by a magnetic force to flow from a north to a south pole. Therefore the force 

(F) between two interacting magnetic poles can be defined in terms of the two pole strengths 

(p1, and p2) and the distance between them (d), or in terms of a magnetising force (H) 

generated by a magnetic pole (p1) that is exerted on a second pole (p2) [11]. 

 𝐹 = 𝑘
𝑝1𝑝2

𝑑2
= 𝑝2𝐻 (1.2.1) 

In cgs units the proportionality constant (k) is equal to 1. As a result, the magnetising force can 

be defined by the strength of the pole from which it emanates, over the square of the 

distance from the pole [11].  

 𝐻 =  
𝑝1

𝑑2
 (1.2.2) 

In the cgs system of units the magnetising force is measured in oersteds (Oe), with 1 

Oe equivalent to a field exerting a force of 1 dyn on a unit pole [11]. However, it can be easier 

to visualise the strength of the magnetising force in terms of the field lines first proposed by 

Faraday (Figure 1.2.1), with the field strength being equal to the number of field lines passing 

through a unit area perpendicular to the field. This concept is known as magnetic flux (Φ). In 

cgs units, magnetic flux is measured in maxwells (Mx), with 1 Oe cm2 being equivalent to 1 Mx 

[11]. 

The discovery by Hans Christian Oersted in 1820 that electric currents generate 

magnetic fields led to the development of electromagnetism, unifying electricity and 

magnetism [5]. A straight current carrying wire forms a magnetising field circular around its 

axis, and the winding of a current carrying wire into a helical coil to form a solenoid produces 

a uniform field similar to that of a bar magnet (Figure 1.2.2) [3]. If the wire is curved into a 

complete loop then the field is produced along the centre of the axis. This magnetic field 

becomes closer and closer to that of a magnetic dipole, as the diameter of the current loop 

becomes smaller and smaller [3]. Based on this fact, the French physicist and mathematician 

André-Marie Ampère suggested the magnetism of a material can be viewed as a collection of 

circulating currents, now known as Amperian currents [12]. 
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Figure 1.2.2 – Field lines around a current carrying solenoid (crosses represent the current traveling 
into the page, while the dots represent the current coming out of the page), flowing from the north to 
the south pole. 

When a magnet or a current loop is placed into a magnetising field it will experience a 

torque [11]. For example, a pivoted bar magnet will turn to align itself parallel to an applied 

magnetising field. In cgs units the work done in turning a pivoted bar magnet through an angle 

is measured in ergs. As a result, the unit of the magnetic moment is erg Oe-1, but it is 

convention for this unit to be defined as an electromagnetic unit (emu) [11]. A magnetic 

material will become magnetised when placed into a magnetising field, and the level of 

magnetisation is defined by the quantity M (occasionally written as I or J), which is known as 

the intensity of magnetisation or simply magnetisation [11]. If two identical bar magnets are 

placed side by side, then the magnetisation from the poles is summed and the magnetic 

moment is doubled. Although the magnetic moment has doubled so has the volume, hence 

the magnetic moment per volume has remained constant. As a result, magnetisation (M) can 

be defined as the magnetic moment (m) per unit volume (v), with a unit of emu cm-3 in the cgs 

system [11].  

 𝑀 =  
𝑚

𝑣
 (1.2.3) 

If a material is placed in a magnetising field, its magnetic response is measured in 

terms of magnetic induction (B). This is an archaic term derived from a time when magnetic 

poles were said to be induced in a piece of iron when it was rubbed with a lodestone to form 

a magnet [3]. The relationship between the magnetising field and magnetic induction is linear 

in free space (and in some materials), but for most materials this not the case. In cgs units this 

relationship is defined as [11]:  

 𝐵 = 𝐻 + 4𝜋𝑀 (1.2.4) 
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Although magnetic induction and the magnetising field have the same units, it is convention 

to measure magnetic induction in gauss (G) and the magnetising field in oersteds (Oe) [11]. As 

shown previously, magnetisation is measured in terms of emu cm-3, but 4πM is usually 

expressed in terms of gauss [11]. Furthermore, the magnetic properties of a material cannot 

only be defined by equation 1.2.4, but also by how magnetisation and magnetic induction vary 

when a material is placed into a magnetising field. Two other useful terms are known as 

magnetic susceptibility (χ) and magnetic permeability (µ). Magnetic susceptibility defines how 

responsive a material is to an applied field [11]. 

 𝜒 =  
𝑀

𝐻
 (1.2.5) 

Whereas magnetic permeability defines how permeable a material is to a magnetic field [11].  

 𝜇 =  
𝐵

𝐻
 (1.2.6) 

 

1.2.3 Properties of Magnetic Materials 

Ampère’s postulation that the magnetism of a material can be viewed as a collection 

of circulating currents turned out to be far more insightful than anyone realised at the time, 

suggesting the existence of an “electrodynamic molecule” [12]. We now know this to be the 

electron, but remarkably Ampère made this claim prior to the discovery of the electron. 

Electrons have two kinds of motion, orbital and spin. Each of these has an associated 

magnetic moment, and as such the magnetic moment of an electron can be calculated [11]. 

The natural unit for expressing the magnetic moment of an electron is known as the Bohr 

magneton (µB) named after Niels Bohr, one of the key scientists in the quantum revolution of 

at the beginning of the 21st century [13]. Bohr’s atomic model allowed this value to be 

calculated for the first time, and in the cgs system of units the Bohr magneton is defined by 

[11]: 

 
𝜇𝐵 =

𝑒ħ

2𝑚𝑒
 

(1.2.7) 

Where e is the charge of an electron, me is the mass of an electron and ħ is the reduced Plank 

constant. 

Upon the application of a magnetic field all atoms experience diamagnetism, where 

the motions of orbiting electrons are altered to produce a magnetic moment opposing the 
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applied field. Purely diamagnetic materials have no net magnetic moment as a result of all of 

its constituent electron spins being paired [3]. Examples include; the noble gases (He, Ne, Ar, 

etc.) that have full electron shells, many diatomic gases (e.g. H2, N2) whose electrons pair up in 

molecular orbitals, and some ionic solids such as NaCl. Diamagnetism is a weak phenomenon 

that is overshadowed by other magnetic interactions if they take place within a material. 

Paramagnetic materials contain atoms or molecules that possess permanent magnetic dipoles 

as a result of the spin of unpaired electrons [3]. The application of a magnetic field causes 

these dipoles to align with the applied field direction. In purely paramagnetic materials, these 

dipoles are only weakly coupled, and as a result thermal energy causes these moments to 

randomly align in the absence of an applied field [3]. Examples of purely paramagnetic 

materials include many transition and rare-earth metal salts. These materials have a net 

magnetic moment due to incomplete electron shells, but the anion-cation spacing means that 

interactions between these magnetic moments are weak.  

However, this is not always the case (Figure 1.2.3) and some materials are able to 

maintain their alignment when no field is applied. In the absence of an applied field, if all the 

magnetic dipoles in a material remain in parallel alignment then the material is classified as 

ferromagnetic. Ferromagnetic materials include Fe, Co, Ni and some rare-earth elements [3]. 

Some materials consist of atoms that have opposing magnetic moments, and usually these 

materials are made up of different materials or ions arranged into regular patterns on 

different sublattices [3]. If these differing moments are equal in magnitude, then after the 

removal of a  magnetic field the moments present in the material will align so that exactly half 

are parallel and the other half are antiparallel. This results in the net magnetic moment 

remaining zero and the material is classified as antiferromagnetic. Examples of 

antiferromagnets include numerous transition metal compounds such as hematite (Fe2O3) and 

iron manganese (FeMn) [3]. On the other hand, if the opposing moments are unequal the 

dipoles will still align in an antiparallel fashion after an applied magnetic field is removed from 

the material, but the material will have a net magnetic moment [3]. These materials are 

termed ferrimagnetic, with examples including garnets such as YIG (Y3Fe2(FeO4)3) and ferrites 

such as the oldest known magnetic material magnetite (Fe3O4). Increasing temperature 

disrupts the magnetic ordering of ferromagnetic, ferrimagnetic and antiferromagnetic 

materials. Above a material specific blocking temperature (TB)* the thermal energy becomes 

                                                           
 

*
 Also referred to as the Curie temperature (Tc) for ferromagnetic and ferrimagnetic materials, or Néel 

temperature (TN) in the case of antiferromagnetic materials.   
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large enough to destroy the ordering of the magnetic moments, and all these materials 

become paramagnetic [3].  

 

 

Figure 1.2.3 – Magnetic dipole ordering within different types of magnetic material. 

 

1.2.4 Magnetic Domains 

To explain why magnetic materials can exist in a demagnetised state, in 1907 the 

French physicist Pierre-Ernest Weiss was the first to formally introduce domain theory [14]. 

This theory suggests that bulk magnetic structures form small regions of uniform 

magnetisation known as magnetic domains. This allows a magnetic material with a domain 

structure to have no net magnetisation. Less than 30 years later the American physicist 

Francis Bitter observed these domains in a crystal of nickel [15]. Bitter covered his nickel 

sample with an aqueous solution of small magnetite particles, and in his microscope observed 

these particles collecting along the boundaries between domains.  
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Magnetic materials form magnetic domains to minimise the internal energy of the 

structure (Figure 1.2.4). The domains will form in such a way so that magnetic poles are not 

formed at the material surface, minimising the magnetostatic energy required for the material 

to generate a magnetic field [3]. Energy is also required to maintain the walls between 

domains, so domains form with a width that reduces the energy balance between 

magnetocrystalline energy and exchange energy [3]. As a result, magnetic domains will form 

in a way so that all these competing energy contributions will be minimised [3].  

 

 

Figure 1.2.4 – Magnetisation (M) of a magnetic material. a) A magnetic material separated into 
magnetic domains (boundaries indicated with a dotted line) so that it has no net magnetisation. b) 
When a magnetising field (H) is applied, the domain aligned closest with the direction of the applied 
field grows via domain wall motion, and the material has a net magnetisation that is no longer non-
zero. c) Through the application of a larger magnetising field the material becomes uniformly 
magnetised, and the magnetisation is saturated (Ms).  

The application of a magnetising field to a demagnetised magnetic material causes the 

domains most closely aligned with the direction of the applied field to grow via domain wall 

motion [3]. Initially, this process is reversible and the material will return to its demagnetised 

state after the field is removed. Eventually domain growth will encounter imperfections such 

as dislocations and vacancies in the material that possess magnetostatic energy [3]. This 

energy can be eliminated with an intersection, but these defects fix the domain walls at these 

imperfections even after the external field is removed [3]. As a result the material retains its 

magnetisation after the field is removed, requiring the application of further energy to allow 

the domain to retreat back. In the case of large magnetising fields this process will continue 

until the whole material is saturated, and the material is uniformly magnetised in the 

direction of the applied field [3]. 
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1.2.5 Magnetisation Curves and Magnetic Hysteresis  

The ease in which different ferro- and ferrimagnetic materials can be demagnetised 

can vary with the material. As discussed in the previous section, the application of a 

magnetising field causes a magnetic material to become magnetised, with the application of a 

sufficiently large field resulting in saturation (as all the magnetic domains are aligned in the 

direction of the applied field). Magnetic materials are classified as either hard or soft, 

depending on the strength of the magnetising field that has to be applied before the magnetic 

domains can be reordered. Magnetically hard materials require the application of large 

magnetising fields, whereas in the opposite case magnetically soft materials require the 

application of much smaller fields. As a result magnetically hard materials are used when a 

material is required to have stable magnetic properties, such as the permanent magnets used 

in electric motors and generators. On the other hand magnetically soft materials are deployed 

when a change in magnetisation is beneficial or needs to be altered, such as in magnetic 

sensors or magnetic recording.  

Ferro- and ferrimagnetic materials that do not return to a demagnetised state after an 

applied magnetic field is removed in fact display an interesting behaviour that can be 

modelled in a hysteresis loop (Figure 1.2.5) [3]. Increasing the strength of a magnetising field 

(H) that is applied to a demagnetised magnetic material increases the magnetisation of the 

material (red curve Figure 1.2.5). A magnetic induction (B) is also generated in the material, 

which also increases in a curve from the demagnetised state until saturation (dashed blue 

curve Figure 1.2.5). This is known as the normal induction curve. The slope of this curve is 

termed relative permeability (µ), and is a measure of how easy the material is to magnetise. 

The application of magnetising fields beyond the value required to reach saturation no longer 

increases the magnetisation of the material, and the magnetisation curve remains constant. 

On the other hand, magnetic induction continues to increase as the magnetising field forms 

part of magnetic induction (equation 1.2.4).  
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Figure 1.2.5 – Hysteresis (blue) and magnetisation (inset, red) curves of a ferro- or ferrimagnetic 
material. Symbols are as follows: H – applied magnetisation field, B – magnetic induction, M – 
magnetisation, Bs – magnetic induction saturation, Ms – magnetisation saturation, Br – residual 
magnetic induction, Mr – residual magnetisation, Hc – coercivity.  

When the applied field is removed, the material’s magnetic induction decreases to a 

non-zero value known as the residual magnetic induction (Br). The material also possesses 

residual magnetisation (Mr), shown in the red curve of Figure 1.2.5. The application of a 

reverse magnetic field reduces the value of the magnetic induction back to zero, the value of 

which is called the coercivity (Hc) (as the reverse field “coerces” the field back to zero 

induction) [3]. Magnetically hard materials have a large coercivity, whereas magnetically soft 

materials have a low coercivity. If the applied field is reversed further, saturation will be 

reached in the opposite direction. Reducing this field back to zero and applying it in the 

original direction results in the induction following the symmetrical hysteresis loop shown in 

Figure 1.2.5. Once magnetised, a ferro- or ferrimagnet will always have a non-zero value of 

magnetic induction and magnetisation once the magnetising field is reduced to zero. 

Demagnetisation can be achieved through the application of a series of alternating 

magnetising fields with decreasing amplitudes, or by heating the material above its Curie 

temperature [3].  
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1.2.6 Magnetic Anisotropy  

Put simply, magnetic anisotropy is the directional dependence of the magnetic 

properties of a material. There are many kinds of anisotropy; magnetocrystalline, shape, 

stress, exchange, and those induced by processes such as annealing, irradiation, deformation, 

and so on [3]. In fact only magnetocrystalline anisotropy is a property of the material, all the 

other forms are induced [3]. The magnetisation of a magnetic crystal tends to align along 

specific crystal planes, called the easy axis. For example body centred cubic (bcc) iron has an 

easy axis in the <100> direction* along the edges of the cube (Figure 1.2.6) [3]. Also displayed 

in Figure 1.2.6 is the hard axis of bcc iron, which runs along the body diagonal <111>, and one 

of the intermediate axis running along the face diagonal <110> [3]. Magnetic materials such as 

bcc iron will reach the same saturation magnetisation with the application of a magnetising 

field when it is applied in any direction. However, it is easier to magnetise a material when the 

field is applied along the easy axis, as much smaller magnetising fields are required to achieve 

saturation magnetisation than when the field is applied along the hard axis.  

 
Figure 1.2.6 – The direction of the easy, medium and hard axis in the unit cell of bcc iron. 

Different materials have an easy axis of magnetisation in different directions. For 

example, face centred cubic (fcc) nickel has an easy axis in the <111> direction [3]. This is a 

                                                           
 

*
 Miller indices are a useful notation system used in crystallography. There are in fact six cube edges 

directions ([100], [010], [001], [1̅00], [01̅0], [001̅]), and it is convention to write these in square 
brackets. The notation written in chevron brackets (<100>) denotes this equivalent set of directions.  
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direct result of magnetocrystalline anisotropy, as a magnetic material exists in a higher energy 

state when magnetised along a hard axis as opposed to the easy axis [3]. As a result, magnetic 

domains form in materials so that their magnetisation points along an easy axis. Therefore, a 

demagnetised magnetic material will contain many domains, with their magnetisation 

orientated along an easy axis. Application of a magnetising field along an easy axis allows the 

domain aligned in that direction to grow via domain wall motion until all the other domains 

are eliminated and the material reaches saturation magnetisation (Figure 1.2.7a). On the 

other hand, when the magnetising field is applied in an alternate direction two domains will 

grow via domain wall motion so that the sum of their magnetisation points in the direction of 

the field (Figure 1.2.7b) [3]. The magnetisation of the material can only increase further by 

rotating the net magnetic moment of each atom in the domain, in a process known as domain 

rotation [3]. This only takes place with the application of large fields, hence it is much harder 

to magnetise a magnetic material in directions other than that of the easy axis.  

 

Figure 1.2.7 – Magnetisation (M) of a magnetic material as a magnetising field (H) is applied. a) 
Applying a magnetising field in an easy direction results in the domain aligned in this direction growing 
via domain wall motion until all the other domains are eliminated. b) Applying a magnetising field in a 
direction other than an easy axis results in domains growing via domain wall motion so that the net 
sum of the magnetisation points in the direction of the applied field. Magnetisation is only increased 
further via domain rotation, through the application of large fields. 

 

1.2.7 Magnetic Materials 

1.2.7.1 Magnetite 

Magnetite (Fe3O4) is the most magnetic naturally occurring mineral on Earth, and is 

the mineral in which humanity first discovered the phenomenon of magnetism. In fact, 

magnetite has the highest saturation magnetisation of all the magnetic iron oxides, but is a 

soft magnetic material with a low coercivity [16]. It forms an inverse spinel structure (Figure 



15 
 

1.2.8), with ferrous (Fe2+) and ferric (Fe3+) ions arranged randomly at the octahedral sites, and 

ferrous iron at all the tetrahedral sites [16]. It is this [Fe3+]A[Fe2+, Fe3+]BO4 structure that 

generates the magnetic moment in magnetite, with electrons hopping between the ferrous 

and ferric sites at the octahedral sites as shown in equation 1.1.13 [16]. 

 𝐹𝑒2+ ⇌  𝐹𝑒3+ + 𝑒− (1.1.13) 

 

 

Figure 1.2.8
*
 – A diagram of the inverse spinel structure of magnetite. The oxygen atoms are shown in 

blue, octahedral sites in yellow and the tetrahedral sites in orange.  

Cooling magnetite below 120 K results in a phase transition, known as the Verwey 

transition (Tv) after the man who first discovered it [17]. Below 120 K there is a drop in the 

saturation magnetisation and the conductivity, along with an increase in resistivity and an 

elongation along certain crystallographic axes [18]. This is thought to be a result of magnetite 

restructuring from an inverse spinel structure to a monoclinic structure, creating order at the 

B sites [18]. 

 

                                                           
 

*
 Produced by Jennifer Bain in CrystalMaker Software.  
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1.2.7.2 Cobalt Ferrite  

Cobalt ferrite (CoFe2O4) can be formed by replacing the ferrous iron at the tetrahedral 

sites of magnetite with Co2+. Cobalt ferrite has a low saturation magnetisation, but a high 

coercivity due to a preferred magnetic orientation being introduced. Magnetite has three easy 

axis of magnetisation, due to its isotropic crystal structure, resulting in its soft magnetic 

properties [16]. However, the introduction of Co2+ at the octahedral sites creates a preferred 

direction of magnetisation due to the inherent anisotropy of Co2+. This reduces the saturation 

magnetisation and increases the coercivity as cobalt doping levels increase to form a harder 

magnetic material [16]. Additionally, the magnetic properties of cobalt-doped magnetite can 

be fine-tuned. As the level of Co2+ added into magnetite can be controlled between that of 

pure magnetite (Fe3O4, 0% Co, high magnetic saturation and low coercivity) and pure cobalt 

ferrite (CoFe2O4, 33% Co, low magnetic saturation and high coercivity) [19]. 

 

1.2.7.3 Cobalt Platinum (CoPt) 

Binary and tertiary alloys of Fe, Co and Ni are ferromagnetic, but ferromagnetic alloys 

can also be generated when these elements are alloyed with materials that are not 

ferromagnetic [3]. Ferromagnetic cobalt-platinum (CoPt) alloys can be formed from a solid 

solution, usually with a disordered fcc structure, which is also known as the A1 phase [20]. For 

many years it has been known that the CoPt alloys in the 50:50 atomic range have distinct 

ferromagnetic properties with a high magnetocrystalline anisotropy energy after prolonged 

annealing at high temperatures (600-700˚C) [20, 21]. After this annealing, the fcc structure 

transforms into an ordered fct structure also known as the L10 phase, and the A1 and L10 

phases of CoPt are displayed in Figure 1.2.9 [22]. In the case of the A1 phase (Figure 1.2.9a) 

the probability that each site is occupied by either a Co or Pt atom is the same, whereas the 

L10 phase (Figure 1.2.9b) is a derivative of the fcc structure with two faces occupied by one 

type of atom and the other face occupied with the other type of atom [22]. 
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Figure 1.2.9 – The disordered A1 phase (a) and the ordered L10 phase (b) of CoPt. 

The chemically ordered L10 phase of CoPt has a multilayer structure, consisting of 

alternating planes of pure Co and pure Pt. Spin-orbit coupling on the platinum and strong 

hybridization between the 5d electron sites of Pt and the 3d electron sites of Co result in the 

strong magnetic anisotropy and high coercivity of L10 CoPt [22]. The magnetic properties of 

L10 phase CoPt vary with the composition of Co to Pt, as well as the time and temperature of 

the heating and cooling processes that take place during annealing [21]. The high temperature 

annealing processes currently used are not only financially and environmentally expensive, 

but can lead to problems such as lattice deformation and particle agglomeration [23]. 

Increasingly technology demands miniaturisation, and the high magnetocrystalline anisotropy 

energy of alloys such as CoPt in the L10 phase mean that the magnetic properties remain 

stable at dimensions of a few nanometres (something that is discussed in more detail in the 

following Chapter 1.2.8 and Chapter 1.3) [24]. However, when small grains or nanoparticles of 

CoPt are used high temperature annealing can lead to grain growth, agglomeration and 

sintering [23]. 

 

1.2.8 Magnetism on the Nanoscale 

A nanomaterial is often defined as a material with one or more dimensions in a size 

region between 1-100 nm. As the size of a material is reduced to this scale it often exhibits 

unique, or in some cases enhanced, properties that are different to those in the bulk state. 

The small size of nanoparticles results in a large surface area to volume ratio, meaning that 

unlike in the bulk, material properties are dominated by surface atom contributions [25]. The 

increase in surface area and surface free energy of a nanoparticle can have an effect on the 

structural properties of the material when compared to bulk materials, along with potential 

changes in other properties such as; thermal, chemical, mechanical, optical and magnetic 

properties [25]. 
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Figure 1.2.10 (adapted from Figure 1.6 in ref. [26]) – The dependence of anisotropy energy on the 
direction of magnetisation of a MNP with a uniaxial anisotropy. 

As discussed previously, bulk magnetic structures form uniform domains of 

magnetisation separated by domain walls, forming a balance between magnetostatic energy 

and the energy required to form domain walls. As the size of a material is reduced, a critical 

volume is reached, where it costs more energy to create a domain wall than the total 

magnetostatic energy of the material. In this case, a uniformly magnetised single domain 

magnetic particle is formed. This can be seen if a particle with a uniaxial anisotropy is 

considered (Figure 1.2.10), whose anisotropy energy (E) is given by: 

 𝐸 = 𝐾𝑉 sin2 𝜃 (1.2.8) 

Where K is the anisotropy energy density, V is the particle volume and θ is the angle between 

the magnetisation vector and the easy axis. In the example shown in Figure 1.2.10 there are 

two minimum energy states separated by an energy barrier of KV. Therefore, the critical 

diameter (dc) for the formation of a single domain particle (which is spherical and non-

interacting) can be derived and is given approximately by [26]:  

 𝑑𝑐 ≈ 18
√𝐴𝐾

𝜇0𝑀𝑆
2 (1.2.9) 

Where A is the exchange constant, K is the anisotropy constant, µ0 is the vacuum 

permeability, and Ms is the saturation magnetisation. Below dc the MNP switches from 

approximately zero to approximately the full saturated value. Due to the fact that there are 

no domain walls to move, the magnetisation of a single domain particle is changed purely by 

domain rotation resulting in the high coercivities of small MNPs. 

As shown in Figure 1.2.10, an energy barrier KV separates two easy directions of 

magnetisation. However, as the volume of a MNP is reduced, this energy approaches that of 
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the thermal energy kBT (where kB is the Boltzmann constant and T is the temperature). When 

in the case of [26]:  

 𝐾𝑉 <  𝑘𝐵𝑇 (1.2.10) 

The magnetization of the MNP is easily reversed. In this case, the particle can be viewed as 

having a large or ‘super’ moment, and behaves like a paramagnet. As a result this system is 

termed superparamagnetic and has no hysteresis. Therefore, for a MNP of a given size there is 

a temperature that marks a transition from a MNP with a permanent static magnetic moment, 

to a MNP with a continually fluctuating magnetic moment. The relaxation time of the moment 

of a particle (τ) is given by the Néel-Brown expression [26]: 

 𝜏 = 𝜏0𝑒𝑥𝑝 (
𝐾𝑉

𝑘𝐵𝑇
) (1.2.11) 

Where τ0 is the relaxation time at the high temperature limit. If the magnetic moment of the 

particle reverses at times shorter than the experimental time scales, the system is in a 

superparamagnetic state, if not it is in a state which is known as the blocked state. The 

blocking temperature (TB) is the temperature which separates these two regimes, and TB can 

be calculated by considering the time window of any measurement performed. For example, 

if an experimental measuring time is arbitrarily chosen to be 100 seconds and τ0 ≈ 10-9 

seconds, TB is [27]:  

 𝑇𝐵 =  
𝐾𝑉

30𝑘𝐵
 (1.2.12) 

 

1.2.9 Magnetic Nanoparticles (MNPs) 

1.2.9.1 Synthesis of MNPs  

A great body of research now exists into the synthesis of MNPs, and many different 

routes to forming monodisperse and stable MNPs with tuneable sizes have been published 

[27, 28]. A wide range of different magnetic materials have been synthesised including; metals 

such as Fe and Co, iron oxides, spinel-type ferromagnets and useful magnetic alloys such as 

CoPt and FePt [27]. It is impossible to review all of these published methods, even for journal 

articles that are dedicated to this purpose [27]. However, whatever process is used has to be 

chosen with the application in mind. For example, if the MNPs are to be used for magnetic 

data storage it is paramount that they are of a uniform size, shape and crystallinity to ensure a 

reliable and predictable magnetic response, as well as offering long term stability [29]. 



20 
 

Co-precipitation is a simple synthesis route for magnetic oxides (Fe3O4 or γ-Fe2O3) 

under mild aqueous reaction conditions, through the addition of a base to a mixed ferrous 

and ferric salt (Fe2+ and Fe3+) solution [27, 28]. During this type of reaction the size, shape, and 

type of the iron oxide or iron oxyhydroxide that is formed is dependent on variables such as; 

the type and activity of the salts used (e.g. chlorides, sulphates, nitrates), the Fe2+ to Fe3+ ratio, 

the pH of the solution, the temperature of the reaction, the time taken and the level of 

oxygen [28]. For example, the synthesis of magnetite requires the reaction to be performed in 

a pH range of 8-10, with high ratio of Fe2+ to Fe3+ and in a low oxygen environment [28]. If 

these conditions are not met, other iron mineral phases are more likely to be produced. 

However, once suitable reaction conditions are established, co-precipitation forms a simple, 

cheap and environmentally friendly route for the formation of MNPs [27]. 

Thermal decomposition of organometallic compounds in organic solvents containing 

stabilising surfactants has been used to form consistent and monodisperse MNPs with narrow 

size distributions [27]. The size, shape and crystallinity of the final MNPs formed are all 

dependent on the experimental parameters such as; the reaction temperature, reaction time, 

maturation period, ratio of reactants, solvent used, and so on [27]. So, by adjusting these 

variables, the properties of the MNPs can be tuned. Although this approach produces 

extremely uniform MNPs, it is not the greenest approach, as it requires use of high 

temperatures (100-320˚C) and harsh organic solvents. 

MNPs have also been formed with the use of microemulsions, with this approach 

offering relatively good control over the shape and the size distribution of the particles 

formed [27]. A microemulsion is a stable dispersion of two liquids that cannot form a 

homogenous mixture, with one or both liquid stabilised by a surfactant [30]. For example, in a 

water-oil microemulsion microdroplets of water are stabilised by a monolayer of surfactant 

molecules. These microdroplets can form nanoreactors for the formation of MNPs if two 

microemulsions containing any reactants of choice are mixed [27]. The microdroplets 

continually collide, combine and mix their contents, leading to the formation of the MNPs 

inside the microdroplet [27]. 

Monodisperse MNPs with very narrow size distributions have also been synthesised 

under hydrothermal conditions in a liquid–solid–solution reaction [27]. This is a result of 

phase transfer and separation occurring at the interfaces between these different phases. For 

example Deng et al. [31] formed highly uniform MNPs of ferrite from a mixture of FeCl3, 

ethylene glycol, sodium acetate, and polyethylene glycol. The mixture was stirred, sealed in an 
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autoclave and heated to 200˚C for 8-72 hours. However, although this approach produces 

excellent results, it does require the use of high temperatures and pressures [27].  

Table 2.2.1 (information for table taken from ref.[27]) – Overview of the key properties of some of the 
different routes that are available for the synthesis of MNPs.  

Method Reaction 

Conditions 

Solvent Temperature 

(˚C) 

Time Size 

Distribution 

Morphology 

Co-

Precipitation 

Ambient 

 

Water 20–90 Minutes-

Hours 

Fairly 

Narrow 

Broad 

Thermal 

Decomposition 

Complicated Organic 100–320 Hours-

Days 

Narrow Good 

Control 

Microemulsion Complicated Organic 20–50 Hours Fairly 

Narrow 

Some 

Control 

Hydrothermal 

Synthesis 

High Pressure Water-

ethanol 

220 Hours-

Days 

Narrow Good 

Control 

 

1.2.9.2 Applications of MNPs 

Due to the enhanced or unique properties that can be displayed by a nanomaterial, 

materials with one or more dimension in the nanoscale can now be found in an ever 

increasing number of applications. MNPs are no exception, and have been the subject of 

extensive research in a wide range of different fields. For many years colloidal liquids of MNPs 

suspended in a carrier fluid, termed a ferrofluid, have been used within technologies. 

Ferrofluids were first introduced by Steve Papell in the 1960’s, who at the time was working 

for NASA during the space race, to form the basis of a rocket fuel that could be used in zero 

gravity [32]. Since then ferrofluids been have been used in many different technologies, such 

as magnetic seals, dampers and within loudspeakers [33]. 

It has also been proposed that due to their high surface to volume ratio, MNPs could 

form more efficient catalysts [34]. However, when used industrially nanoparticles cannot be 

separated by traditional means, leading to problems such as aggregation and the blocking of 

equipment [34]. One solution to this problem could be provided through the use of magnetic 

nanocatalysts, and the simple application of a magnetic field [34]. A great deal of research has 

also focussed on the use of MNPs for biomedical applications, especially for use as contrast 

agents in MRI, and as radical new cancer treatments such as mediators for targeting cancer 

cells with magnetic hyperthermia [35]. It has even been suggested that MNPs could be used 

for environmental contamination removal. For example, it has been proposed that carbon 

coated iron nanoparticles could be used to remove the contaminant hexavalent chromium 
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from waste water streams via carbon shell physical adsorption [36]. Furthermore, MNPs could 

also be used to form the basis of bit-patterned media, potentially the next generation of ultra-

high density magnetic data storage devices, and this is something that will discussed in more 

detail in Chapter 1.3 [29].  
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1.3 Magnetic Data Storage 

1.3.1 History and Basic Principles of Magnetic Data Storage 

It is often overlooked, but the human brain can be viewed as a natural data storage 

device. Although our brain is perfectly designed for many tasks, it requires a great deal of 

effort to commit vast amounts of data to memory. The human memory is also prone to error, 

and ultimately after death, individual memories cannot be transferred from one person to 

another. Consequently, throughout history humans have used many different methods for 

storing and communicating information. Stone Age man may have decorated his cave for this 

reason, and writing, which throughout history has evolved in some form in every major 

civilisation on Earth, has certainly been used for this purpose. As we advance further into the 

information age, much of the world’s information is now stored electronically, within the 

memories of computers. 

Hard disk drives (HDDs), found within most personal computers (PCs), have come a 

long way since IBM introduced the 305 RAMAC (random access method of accounting and 

control) in 1956, the first magnetic hard disk [37]. These revolutionary HDDs were introduced 

more than 50 years after Valdemar Poulsen developed the first magnetic data storage device, 

which later became commercially available in the form of magnetic tape recorders [38, 39]. A 

magnetic tape recorder writes an electrical signal into a ferromagnetic tape with an 

electromagnetic head. The stored information can then be read at a later date by passing the 

tape over the electromagnetic head to produce the original electric signal. Once written, 

magnetic tapes can store data without the need for the input of energy, and data can be 

overwritten or replaced simply by the application of a different magnetic field pattern. 

Although magnetic tapes are well suited to applications such as sound recording, they do have 

one major drawback in the fact that they do not possess random access capability. Data can 

only be written or read serially, which can be explained with the analogy of a textbook such as 

an encyclopaedia. If you require information from an encyclopaedia you can read until you 

find the information you need in a serial process, but you also have the option to consult the 

index and simply turn to the page you require. You do not have to read the whole book to 

access the piece of information you require. The 305 RAMAC was the first magnetic storage 

device to combine the advantages of magnetic data recording with random access capability. 

Two read-write heads under servo control could be moved anywhere on the recording disk, 

making the RAMAC a landmark in the development of computers. 
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The magnetic HDDs available today contain many of the components that were a 

feature of the 305 RAMAC (Figure 1.3.1). Information is written by one or more flying read-

write heads onto rotating magnetic disks, on which the information is stored. The recording 

medium is usually a thin granular layer of magnetic material, typically a Co-based alloy, 

sputter coated onto a supporting layer of glass or coated aluminium [40]. Data is stored 

digitally in binary code as a string of 1 and 0’s, and can be encoded onto several disks stacked 

within the hard disk or even on both sides of the disks. The binary code is written onto circular 

tracks on the recording disks by a write head, which orientates the magnetic polarity of the 

magnetic grains on the disk. 

Each of the grains on the magnetic disk can be considered an individual magnet, 

therefore orienting the magnetic polarity of a grain in a certain direction forms a bit of 

information. However, this is a more simplistic view than what occurs in reality. Although the 

polycrystalline magnetic materials that are sputter coated onto modern recording disks 

contain grains with diameters that are smaller than 10 nm, the smallest read-write heads are 

much larger with diameters in the range of 80 nm [41]. As well as this, the grains which make 

up the magnetic recording medium are not uniform, but instead form in a range of sizes and 

are randomly distributed. Therefore, it is necessary to couple the orientation of many grains 

to encode one bit of information, so that the data can be read with a significantly high signal 

to noise ratio and minimise errors [41]. As a result, each bit of information is written into 

several hundred grains on the magnetic hard disk.  

In longitudinal magnetic recording (LMR, figure 1.3.1) the polarities of the magnetic 

grains lie along the circular tracks, parallel to the surface. For example, a 1 can be encoded by 

aligning like poles. This results in a large magnetic field emanating from the surface, and 

produces a large voltage when a read head is passed over this area. Alternatively, a zero can 

be encoded when opposite poles are next to each other, so that a voltage is not induced in 

the read head when it passes over this area. Recently LMR has been superseded by 

perpendicular magnetic recording (PMR, see figure 1.3.1). The basic principle is the same, 

except in the case of PMR the polarities of the magnetic domains lie perpendicular to the 

circular recording track (up and down in the z plane, as opposed to left and right in the x and y 

plane). The main driving factor behind this shift is that it has allowed for higher storage 

densities to be achieved, as the magnetic grains in PMR take up less space than in LMR [42]. 



25 
 

 

Figure 1.3.1 – A picture of a modern magnetic HDD (the read-write located on the recording disk is 
circled), and a simple illustration of the basic recording principle for longitudinal magnetic recording 
(LMR, left) and perpendicular magnetic recording (PMR, right). 

Despite these issues the increase in the storage capacities and densities since IBM 

introduced the first commercial magnetic HDD has been remarkable, with today’s devices 

having over 200 million times the storage capacity of the 305 RAMAC [29]. The number of bits 
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that can be stored on a magnetic recording disk (areal density) is usually measured in bits per 

square inch (b in-2), and is determined by the number of tracks that can be packed onto the 

disk and the number of bits which can be written into a track. The 305 RAMAC boasted a total 

capacity of 5 MB, achieved with fifty 24 inch disks that each had an areal density of 2 kb in-2 

[37]. Although this was revolutionary in 1956 it does not compare to modern standards, 

especially since the disk storage unit of the 305 RAMAC was approximately 1.5 m2, weighed 

over a ton and cost US$ 3200 per month (equivalent to approximately US$ 160 000 today) to 

lease [43]. At the time it was unimaginable that the general public would have access to 

computers, even more so that people would be able to purchase their own. This is something 

that is reflected in the now infamous quote attributed to Thomas J. Watson (former chairman 

and CEO of IBM 1914-1956); "I think there is a world market for maybe five computers" [43].*  

 

Figure 1.3.2 – In 1956 the 305 RAMAC (left) offered 5 MB of storage, would fill a room and cost you 
$3200 per month to lease. Today modern HDDs (right) fit in the palm of your hand, with storage 
capacities in excess of 1 TB for less than $50.  

Yet in 2011 magnetic HDDs had capacities in excess of 1000 GB, with the use of only 

two 3.5 inch disks (or both sides of the same disk) with areal densities in the region of 

500 Gb in-2 [29]. What is even more remarkable is these devices can now be purchased for less 

than US$ 50. The great advances made in increasing storage capacities and densities have in 

the most part been achieved by continually scaling the components of magnetic HDDs to ever 

smaller dimensions. The grain size, track widths and read-write head sizes have been reduced, 

and the magnetic anisotropy of the recording medium and head fields have increased. 

However, this trend cannot continue indefinitely, due to enhanced thermal effects 

and the onset of superparamagnetism as size reduces [29, 44]. The magnetic energy per grain 

KV, must remain larger than thermal energy kBT (equation 1.2.10). If the volume V of the 

                                                           
 

*
 This quote is attributed to Thomas J. Watson, but there is no evidence he ever spoke these exact 

words. However, when the 305 RAMAC was released he did describe it as; “the greatest product day in 
the history of IBM”. 
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grains in the magnetic recording medium becomes too small and equation 1.2.10 is not 

satisfied, then direction of magnetisation written by the write head into the grains on the 

recording medium will be thermally reoriented. Ultimately this results in the stored 

information being lost. V can be reduced as long as the magnetic anisotropy K of the recording 

medium is increased to satisfy equation 1.2.10. However, increasing K results in a larger field 

needing to be applied to orient the magnetisation of the grain, and is limited by the saturation 

magnetisation of the write head material. Current designs are approaching the limits imposed 

by equation 1.2.10, yet it is expected that the demand for data storage is unlikely to cease. If 

magnetic HDDs are to remain cutting edge, new technologies and materials must be sought to 

maintain the extraordinary progress made in increasing the performance, storage densities 

and capacities over the last 60 years. 

 

1.3.2 Data Storage Technologies 

As technology continues to become more of an important feature in our daily lives, 

data storage devices are not just found within PCs. Increasingly consumer products are 

becoming more user-friendly and intelligent or ‘smart’, and require the ability to access and 

store information. Although common in computer systems, magnetic HDDs are not the only 

technologies available, with optical and solid-state semiconductor drives now found in many 

products. Each of these memory technologies has its own unique set of advantages and 

disadvantages, and in the most part this results in each technology having its own place in the 

market [45]. 

Semiconductor memories are electronic data storage devices constructed on 

integrated circuit (IC) boards. Due to the lack of moving parts, these memories are extremely 

compact, and operate at very high speeds. As such these devices have become the primary 

internal memories within computers, with other classes of memory forming secondary 

memories. Semiconductor memories can be loosely organised into two classes; volatile 

devices which lose stored information without a power source, and non-volatile devices which 

will not lose stored information if power is lost. The two most common semiconductor 

memories, which fall into the volatile class, are dynamic random access memory (DRAM) and 

static random access memory (SRAM) [45]. DRAM stores bits of information inside capacitors, 

with each capacitor encoding a bit of information. A 1 or 0 can be formed by the capacitor 

being either charged or discharged, but these capacitors will discharge if the charge is not 

continually refreshed. Hence information stored on these devices will be lost if power is lost 

also. SRAM is similar in principle to DRAM, but in this case a bit of information is encoded into 
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four transistors. These transistors have two stable states that can encode a 1 or a 0, so like 

DRAM the stored data will be lost with the loss of power. However, the stored information 

does not need to be periodically refreshed, making SRAM faster and less power consuming 

than DRAM. Yet SRAM is much more complex, has lower optimum storage capacities, and is 

more expensive to produce [45]. As such, DRAM has become the dominant technology for 

internal computer memories, with SRAM reserved for niche applications where speed is most 

desired. 

The recent trend towards portable computers, smartphones, as well as portable 

electronics, has fuelled the development of fast and compact non-volatile semiconductor data 

storage. One of the most successful technologies in this category is flash memory, which can 

store data for approximately ten years without power [45]. Flash stores data in arrays of 

floating gate transistors, which make up a memory cell. The most common types are named 

after NAND (negative-AND) or NOR (not-OR) logic gates, dependent on which gate the 

memory cells most closely resemble. As with magnetic data storage, flash memory has seen 

massive improvements in storage densities and capacities, by scaling the size of the floating 

gate transistors to smaller dimensions. Again this process cannot continue indefinitely, and it 

is believed that future improvements will be very challenging [45]. As a result many different 

technologies are currently being explored as alternatives to flash technology [45]. 

Despite the advances made with semiconductor data storage, magnetic HDDs can still 

be found within most modern PCs. They remain the most commercially viable choice for high 

volume data storage, something that may become more important if the current shift towards 

cloud computing continues. In the most part, this is due to the fact that magnetic HDDs use a 

continuous featureless recording medium. This requires far fewer processing steps to 

manufacture, having a dramatic effect on the price. Despite the more complicated mechanical 

structure and the complex processing required to manufacture read/write heads, in terms of 

cost per GB magnetic storage is significantly cheaper. In 2011 a magnetic HDD cost 

somewhere in the region of US$ 0.2 per GB, with flash drives costing approximately 20 times 

more around US$ 4 per GB [29]. To maintain this advantage it is vital that the storage 

capacities continue to increase without price being affected, or magnetic data storage 

technology will be replaced by alternatives such as semiconductor devices. 
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1.3.3 The Future of Magnetic Data Storage 

Several new approaches to magnetic data storage are currently in development, with 

the aim of continuing the trend of increasing storage densities and capacities. These new 

approaches can be placed into one of two classes; energy assisted recording and 

lithographically patterned media [29]. Energy assisted recording applies some form of energy 

to the granular recording media, allowing the write head to orient the magnetic polarity of a 

higher anisotropy magnetic recording medium. This allows for smaller grain volumes to be 

used (see equation 1.2.10), and as a result higher areal densities can be achieved. The 

technology that has received the most attention in this class is heat-assisted magnetic 

recording (HAMR) [46], but there are alternatives such as microwave-assisted magnetic 

recording (MAMR) [47]. Although energy assisted recording promises to vastly improve the 

areal densities of magnetic hard disks, the development of this technology has been 

challenging and to date it is not commercially available [29]. 

Lithographically patterned media replaces the featureless granular recoding medium 

used in current magnetic hard disks with a magnetic medium that has been patterned by 

lithography (Figure 1.3.3). Two different classes of lithographically patterned media are 

currently under development, discrete track media (DTM) and bit-patterned media (BPM). 

DTM has the tracks into which information is written on the granular magnetic recording 

medium defined by lithography, either by filling the gaps between the tracks with a non-

magnetic material or raising the tracks [29]. In conventional magnetic hard disks, which have a 

featureless granular recording medium, the write head defines the bit size. However, write 

errors occur as the head does not perfectly follow the track, resulting in a large amount of 

noise at the edges of the tracks [29]. To compensate for this the read head is often smaller 

than the write head, but defining the tracks on the recording medium means that this is no 

longer a problem [29]. This allows smaller read/write heads to be used, and track densities to 

be increased. 
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Figure 1.3.3 – A simple schematic of bits written into a traditional granular recording medium, and the 
proposed lithographically patterned mediums; discrete track media (DTM) and bit-patterned media 
(BPM).   

Storage densities could be further improved with the use of BPM, where each bit of 

information is stored on an individual magnetic island as opposed to multiple grains on a 

granular recording medium. In this case the bit size is not defined by the write head, but is 

instead defined by the size of the magnetic island. It is likely that conventional granular 

recording media will soon reach storage capacities of approximately 1 Tbit in-2, with bit sizes 

of approximately 625 nm2 formed by aligning the polarities of multiple grains. With the use of 

current head materials, thermally stable magnetic islands suitable for BPM could be as small 

as 8 nm (for an island with equal diameter and thickness), and with the addition of spaces 

between the islands bit sizes could be as small as 12 nm2 [29]. As a result it has been predicted 

that storage densities could be pushed beyond 50 Tbit in-2 [29]. Yet the development of a cost 

effective and industrially scalable manufacturing technique for BPM, as well as additional 
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challenges such as head design, mean that currently this technology is still very much in the 

development stage [29]. 

 

1.3.4 Fabrication of Bit-Patterned Media (BPM) 

The development of a process capable of producing BPM is not only challenging, but 

for magnetic recording to remain commercially viable it must also be cost effective. It is not 

possible to adapt traditional lithographic methods, where a pattern is defined in a resist layer 

that is subsequently used to define a pattern on the magnetic recording medium, for the mass 

production of a recording medium suitable for BPM. Photolithography, which is widely used in 

the IC industry, forms a pattern in a light-sensitive resist material by exposure to light through 

a photomask, and could only achieve patterning resolutions suitable for the fabrication of bit-

patterned media with the use of specialised resolution enhancement techniques [48]. 

Nanoscale patterns can be written into an electron-sensitive resist layer by a beam of 

electrons in electron-beam lithography (EBL). Although EBL is widely used for the production 

of sub-100 nm patterns, it is a high-cost and slow serial writing process that is unlikely to ever 

be scaled up for mass production [49]. Therefore, it is likely that new manufacturing methods 

must be sort before BPM becomes commercially viable. 

One approach may be to replace the resist layers used in conventional lithography 

with a naturally occurring self-assembling structure. Hexagonally close packed anodised 

alumina has been used as a template for fabricating tall wires, through filling the pores via 

processes such as electrodeposition [50]. Although pore sizes can form in a size range suitable 

for BPM, templating low aspect ratio magnetic islands is challenging with this approach. 

Similarly, self-assembled layers of block co-polymers have been used to template the 

formation of magnetic structures [51]. These polymer chains comprising of two distinct 

monomers can form with periodicities in the range of 10-200 nm, yet achieving consistent 

ordering over the large areas required for BPM remains difficult. Similarly, inorganic particles 

may form close packed arrays on certain surfaces, which again can be used as a template. 

Layers of CoPt have been patterned in this way, but yet again maintaining long range ordering 

remains an issue [23]. 

Expensive and slow lithographic methods, such as EBL, may be impractical for the 

production of each individual magnetic disk, but could be used to fabricate an expensive 

master. This could then be used to manufacture many cheap replicas, in a similar way to 

which compact discs (CDs) are currently manufactured. Expensive moulds are fabricated by 
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direct laser writing, and the CDs themselves are manufactured cheaply through injection 

moulding. Likewise, it has been proposed that a similar technique could be used to 

manufacture magnetic hard disks. This could be done using nanoimprinting, which was 

pioneered by Chou et al. [52], and has received a great deal of interest [40]. In this approach a 

mould, produced by an expensive lithographic technique such as EBL, is used to emboss either 

a thermosetting or a photocuring resist layer. It has been suggested that this approach could 

form the next generation of lithography in the semiconductor industry, and has seen a lot of 

commercial interest [40]. 

 

Figure 1.3.4 – A schematic of the traditional lithographic approaches available to form bit-pattered 
media. A resist layer can be patterned and used as a mask for depositing a magnetic material (a), or to 
protect a magnetic layer during an etch process (b).  

Forming a pattern in a resist layer would only form the first step towards the 

production of BPM. This pattern must then be transferred onto a magnetic layer, which would 

form the recording medium of a HDD. The patterned resist could be used as a mask as a 

magnetic layer is deposited, sputter coated or electroplated [53]. This would leave behind the 

desired pattern after the resist is removed during a lift off process, usually by the resist being 

dissolved in a specific solvent (Figure 1.3.4 a). Alternatively, a resist can be deposited and 

patterned over a complete magnetic layer, and act as an etch mask [53]. This would allow a 

magnetic layer to be selectively removed in locales dictated by the overlying mask pattern by 

processes such as; chemical etching, by reactive ion etching (RIE) with the use of a chemically 

reactive plasma generated in an electromagnetic field under vacuum or by bombarding the 

surface with ions to sputter material away in a process known as ion milling (Figure 1.3.4 b) 

[53]. 
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Yet producing magnetic features at the length scales required for BPM remains 

challenging. Although capable of generating high aspect ratio features in organic compounds, 

inorganic materials are degraded much less efficiently in a RIE etching process [53]. Therefore, 

RIE is not well suited for etching magnetic materials. Alternative etching techniques such as 

ion milling that sputter material away from the surface by bombarding it with high energy ions 

is not very selective [53]. In this case the whole surface is degraded at the same rate, making it 

difficult to form the nanoscale features required for BPM as the etch rate of the protective 

resist layers is similar to that of the magnetic layer [40]. This problem can be alleviated with 

the use of a focused ion beam (FIB), but like EBL this process is a slow serial writing process 

that is unlikely to ever be scaled up for mass production [53]. Depositing material to form 

nanoscale and low aspect ratio magnetic islands with nanoscale precision also remains 

challenging [40]. Many resists do not remain stable during the deposition process used and 

the uniformity of the deposited layer at the length scales required for BPM does not remain 

consistent [53]. This can lead to the formation of voids and of magnetic islands that are not 

uniform, leading to a magnetic response that would not be reliable and consistent over the 

whole surface if used as the recording media within a HDD. Additionally, any process used 

must produce an extremely smooth, clean and resist free surface without damaging the 

magnetic layer to avoid disastrous head crashes in a working magnetic HDD [40]. As a result of 

these problems, a process that is capable of producing a surface of magnetic islands with the 

uniformity and resolution required for BPM that can be scaled up for the mass production of 

HDDs cost-effectively has yet to be reported [40, 41]. 

An alternative approach could be to pattern MNPs by immobilising them onto 

surfaces. So far, L10 phase FePt, FePd and CoPt MNPs have received a lot of interest [29, 40]. 

Not only do they possess magnetic properties that are suitable for use in PMR magnetic data 

storage, but they are one of the few materials with high enough magnetocrystalline 

anisotropy to remain magnetically stable at MNP volumes of a few nanometres [24]. 

However, if MNPs are to be used for bit-patterned media, many challenges need to be 

overcome [40]. Not only is a patterning technique that will produce regular and uniform 

patterns required, but all the particles are required to be in the L10 phase and aligned with a 

common out-of-plane easy axis. To date a technique which overcomes all of these problems 

has yet to be developed [29, 40]. High-temperature annealing (> 600˚C) can be used to create 

the L10 phase, but this leads to agglomeration and sintering [29, 40]. Attempts have also been 

made to control the magnetic orientation of the MNPs through annealing in magnetic fields, 

but so far these remain unsuccessful [29, 40]. 
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In summary, many challenges are still to be overcome if bit-patterned media is ever 

going to become a viable form of ultra-high density data storage. With the main obstacle 

remaining the development of a reliable, scalable and cost effective method to precisely and 

uniformly pattern billions of highly uniform magnetic islands with nanoscale precision over 

disks with diameters of a few inches. Yet if we look to nature, biology could offer an attractive 

and green approach for controlling the manufacture of materials with the nanoscale precision 

required. It is this bioinspired approach to the challenge that forms the basis of this thesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



35 
 

1.4 Biomineralisation Proteins 

1.4.1 Biomineralisation  

Biomineralisation is a phenomenon that is ubiquitous in nature, and can be defined in 

its most simple terms as the process used by living organisms to form minerals [54]. In some 

cases only limited control is exerted over the mineral that is formed, and the process is used 

to compartmentalise or store useful, rare or toxic minerals. Probably the most well-known 

example of this type of biomineralisation is the storage of essential iron in the form of 

ferrihydrate (5Fe2O3·9H2O). Ferrihydrate is formed by the accumulation of iron in the centre of 

cage-like proteins called ferritins [54]. In other cases of biomineral formation, the mineral 

structures formed have remarkable properties that can be superior to artificially synthesised 

minerals, but unlike most synthetic minerals, are normally produced under mild aqueous 

reaction conditions [55]. This type of biomineralisation is defined as the selective extraction of 

inorganic compounds from the local environment, and their deliberate incorporation into 

solid mineral structures under strict biological control [54]. As a result there has been a 

significant amount of research over many years with the aim of understanding and 

reproducing the mechanisms involved in biomineralisation for the development of advanced 

materials [56]. 

The evolution of biomineralisation has had far reaching consequences, not just for the 

development of life on earth, but also on the environment (an interesting topic which is 

unfortunately beyond the scope of that which can be discussed here) [54]. One of the 

remarkable benefits is that it has greatly aided our study of life, as unlike other biological 

transformations, hard biomaterials (such as bones and shells) leave a lasting impression in the 

fossil record. Although prokaryotic life on earth is thought to have appeared 3.5 billion years 

ago, evidence from the fossil record suggests that the major animal phyla only began 

biomineralising hard structures during the early Cambrian (about 525 Ma during the Cambrian 

explosion) [55]. It has been suggested that, coupled with a changing climate, the evolution of 

biomineralised teeth in predators led to an evolutionary arms race and an explosion in the 

development of protective hard tissues [55]. 

Today there exists a wide range of biominerals (over 60) used by organisms for 

functions beyond just protection and strength, such as motion, buoyancy, sensing and storage 

[54]. Probably the most well-known examples are calcium-based biominerals, which are 

deposited as calcium carbonate (in most cases calcite or aragonite) to form shells, or as 

hydroxyapatite (a calcium phosphate compound) and carbonated apatite to form bones and 
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teeth. Another common biomineral used mainly for structural purposes are amorphous 

silicates. Silica is able to not only provide support to the organism, but is also thought to have 

light guiding properties, which can be used for sensing and photosynthesis in organisms such 

as diatom frustules and sponges [57]. 

Bioinorganic iron oxides are another class of biomineral found in a wide range of 

organisms and used for a variety of functions, including the formation of teeth and for 

magnetic sensing [54]. Iron oxide has also been found to be mineralised extracellularly by a 

number of bacteria, such as Geobacter metallireducens [58]. These bacteria initiate the 

formation of magnetite particles through redox processes on the cell surface, in a process 

referred to as biologically induced mineralisation [59]. The biomineralisation of iron oxide 

intracellularly by prokaryotes is limited to a few remarkable magnetotactic bacteria (MTB), 

which form magnetite (or in some cases greigite) in specialised lipid vesicles called 

magnetosomes (Figure 1.4.1) [60]. Although biomineralisation is found throughout nature, 

MTB are the simplest organisms capable of this process [60]. In fact, MTB are believed to be 

the most ancient organisms capable of this process. There is evidence for the production of 

biomineralised magnetosomes from approximately 700 Ma, but could have developed even 

earlier around 2.0 Ga [55], which predates the Cambrian explosion (≈525 Ma) of 

biomineralised shells and teeth. 

 

Figure 1.4.1
*
 – TEM image of the MTB Magnetospirillum gryphiswaldense MSR-1 (scale bar 0.5µm). 

Magnetosomes containing magnetite crystals (dark cubes) are clearly visible inside the bacterium, as is 
the flagella at the right end of the bacterium. 

                                                           
 

*
 I would like to thank Sarah Staniland for providing this image. 
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1.4.2 Discovery of Magnetotactic Bacteria (MTB) 

Salvatore Bellini, a medical doctor working at the University of Pavia in Italy, observed 

the unusual behaviour of bacteria in freshwater samples collected nearby (see recently 

translated references from 1963 [61, 62]). During microscopy studies, he noticed that a group 

of bacteria always accumulated at the edge of a water droplet, which corresponded to the 

magnetic north pole. Following a series of experiments observing the behaviour of the 

bacteria under the influence of various fields, he noted that the bacteria were 

magnetosensitive. However, these findings were never widely published. It was not until 

1975, when Richard Blakemore published his findings after independently rediscovering MTB 

that these bacteria were first introduced to the scientific community at large [63, 64]. 

During his microscopy studies Blakemore observed a group of fast swimming bacteria 

in sediments collected near Woods Hole in Massachusetts. These bacteria were found not to 

be influenced by external stimuli such as light, but instead were always observed to swim in 

the same direction. However, Blakemore found that placing a magnet nearby altered the 

direction the bacteria swam. An explanation of this behaviour was provided when Blakemore 

showed that these ‘magnetotactic bacteria’ contained chains of iron crystals (shown in Figure 

1.4.1), which would allow the bacteria to align with magnetic fields. 

 

1.4.3 Magnetotaxis  

Early research into MTB found that they responded to magnetic fields through the use 

of iron oxide magnetite or iron sulphide greigite nanoparticles contained within lipid vesicles 

termed magnetosomes [65]. Depending on the bacterial species, these magnetosomes vary in 

shape and size and are often arranged into one or more chains. However, what links all MTB 

discovered to date is that all they are all gram-negative, have the ability to sense and align 

with magnetic fields and are highly motile by means of long rotating filaments called flagella 

[60]. 

Most MTB are microaerophiles and are found in aquatic environments, where oxygen 

and other redox compounds are horizontally stratified. In these environments MTB are found 

in or close to an oxic anoxic transition zone (OATZ), formed due to the opposing gradients of 

sulphide from sediments and oxygen from the surface (as shown in Figure 1.4.2) [60]. Early 

research found that MTB existing in the northern hemisphere would predominantly swim 

northward, with the reverse case being found for MTB from the southern hemisphere [66]. 

This observation provided the basis of magnetotaxis, the first proposed theory that attempted 
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to explain the evolutionary advantage of magnetosomes. Other than at locations close to the 

equator, the Earth’s magnetic field lines cut through the horizontally stratified environments 

(as shown in Figure 1.4.2), so MTB could follow these field lines as a guide to the OATZ [60]. 

 

Figure 1.4.2 – Schematic of magnetotaxis (adapted from fig. 2 in ref. [60]). In many aquatic 
environments, an oxygen poor oxic anoxic transition zone (OATZ) is formed due to the opposing redox 
gradients of oxygen from the air-water surface and sulphides from the sediment floor. At locations 
distant to the equator, the Earth’s magnetic field lines (orange lines) cut through this horizontally 
stratified environment. During magnetotaxis, MTB (green) align and swim along the Earth’s magnetic 
field lines as a guide to the OATZ, whereas other organisms (red) must rely on other, potentially less 
efficient, methods for finding this zone. 

Although MTB do display magnetotaxis and this could make the search for the OATZ 

more efficient (as shown in Figure 1.4.2), in reality this is probably an oversimplified view. 

MTB are likely to be able to respond to more than just magnetic fields, and numerous genetic 

studies have revealed that MTB have some of the highest numbers of signalling genes among 

all bacteria [67]. It is now more widely accepted that magneto-aerotaxis is a more accurate 

description of the mechanism used by MTB to locate the OATZ, as they are likely to also use 

aerotactic signalling to detect gradients in oxygen levels [66]. 

Although magneto-aerotaxis paints a simple picture for describing the evolutionary 

advantage of magnetosomes, many discoveries have cast doubt on this theory. These include; 

MTB found near the equator where the Earth’s magnetic field lines run horizontally instead of 

vertically through the stratified environment shown in Figure 1.4.2, that MTB invest a lot of 

energy in creating more magnetosomes than necessary if their only purpose is to align with 

the Earth’s magnetic field, and the fact that most MTB are only able to produce 
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magnetosomes when in their ideal OATZ environment and not outside of this environment 

when they would need them most [60]. Consequently, a number of alternative theories to 

explain the evolutionary advantage of magnetosomes have been suggested, and this remains 

a hot topic of debate. 

One such theory proposes that magnetosomes act as an iron storage or detoxification 

mechanism [68], however several studies have since produced evidence that call this into 

question. For example, it has been found that MTB can live in low iron conditions, and the 

deletion of the ability to make magnetosomes in MTB living in high iron environments has also 

been found to have little effect [67]. Although currently not supported by any significant 

experimental data, another interesting theory is the ‘magnetosome battery’ hypothesis [69, 

70]. This theory suggests that MTB can generate energy when redox changes trigger the 

reversible oxidation of magnetite contained within magnetosomes to maghemite, and would 

explain why MTB produce large numbers of magnetosomes. Finally, it is also possible that 

magnetosomes offer no significant evolutionary advantage, or may just be a relic from the 

past when they did provide some benefit [60]. In this case, as long as there is no selective 

pressure for MTB to lose their magnetosomes they will remain a part of the organism [60]. 

 

1.4.4 Phylogeny of MTB 

Although the evolutionary advantage of magnetosomes remains unclear, all MTB 

discovered to date display magnetotaxis and are able to align with magnetic fields [60]. Since 

their discovery, many different MTB have been isolated from across the phylogenetic tree, 

and have been found to show a large diversity with respect to morphology (Figure 1.4.3) for 

example; cocci (round), sprilla (helical), bacillus (rod-shaped), vibrio (curved-rod) and 

multicellular bacteria [56]. Most MTB are found to biomineralise magnetite (although in some 

cases greigite) and although the size, shape and crystallinity of magnetosomes vary between 

different species, each strain usually produces magnetosomes with a well-defined 

morphology and size distribution (as shown in Figure 1.4.3). 

MTB are known for being notoriously fastidious, and this has hampered studies that 

aimed to unravel the mechanisms behind the formation of magnetosomes. Only a few species 

have been successfully cultured, all of which belong to the phylum proteobacteria [71]. The 

first isolated and cultured MTB Magnetospirillum magnetotacticum MS-1 (originally known as 

Aquaspirillum magnetotacticum MS-1) certainly followed this trend, and was hard to cultivate 

and grow [60]. Most work since has focussed on two other species of MTB that are now 
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considered model organisms; Magnetospirillum gryphiswaldense MSR-1 (MSR-1) [72] and 

Magnetospirillum magneticum AMB-1 (AMB-1) [73]. 

 

Figure 1.4.3 – TEM images of magnetosomes with different morphologies (published with permission 
from Figure 3.2 in ref. [74]). Magnetosomes containing; cubo-octahedral magnetite from M. 
gryphiswaldense MSR-1 (a), bullet shaped magnetite (b), saw-tooth shaped magnetite (c), elongated 
magnetite from M. coccus MC-1 (d), cubo-octahedral magnetite from M. Magnetotacticum MS-1 (e), 
elongated magnetite from M. vibros MV-1 (f), irregular bullet-shaped magnetite from D. Magneticus 
RS-1, irregular bullet-shaped particles from an uncharacterised greigite producing bacterium (h). Also 
shown is the whole cell of M. Magnetotacticum MS-1 (i). Scale bars; 100nm (a-h) and 500nm (i). 

 

1.4.5 Magnetosome Formation 

The fact that each species of MTB produce highly uniform MNPs within their 

magnetosomes suggests that these bacteria have strong genetic control over this process, 

exerted through the use of proteins. Two main approaches have been used (often in parallel) 

to study magnetosome formation; proteomic studies analysing the proteins associated with 

magnetosomes, and genetic studies. The separation of magnetosomes from a cell extract can 

be achieved fairly easily with the use of a magnet. Gorby et al. [75] made use of this and 
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pioneered proteomic studies of MTB, discovering a distinct set of proteins associated with 

purified magnetosomes. Other magnetosome-associated proteins were then discovered in 

later work, before Grünberg et al. [76, 77] published a comprehensive account of all the 

proteins associated with the magnetosome of MSR-1, showing that the majority of 

magnetosome-associated proteins were encoded in a few gene clusters. Later work by Richter 

et al. [78] comparing the genomic sequences of four species of MTB identified four conserved 

genomic regions encoding magnetosome-associated proteins, known as the mamAB, 

mamGFDC, mms6 and mamXY gene clusters. 

These studies have shown that most Mam (magnetosome associated) and Mms 

(magnetosome membrane specific) proteins are encoded within a genomic island, now 

commonly known as the magnetosome island (MAI). The MAI forms over 2% of the genetic 

material of AMB-1, is approximately 98kb in length and encodes over 100 proteins [79]. The 

MAI of MSR-1 is thought to be even larger, and comparisons between the two model species 

AMB-1 and MSR-1 have revealed their MAI share many characteristics [80]. Half the genes of 

the AMB-1 MAI have a homolog in MSR-1. However, it is unclear whether those genes that are 

not conserved play a role in determining factors that vary between species or are just ‘junk’ 

DNA [60]. It does however appear that the MAI is essential for magnetosome formation. 

Transposon mutagenesis is a process that allows genes to be transferred to the chromosome 

of an organism, disrupting the function of that gene and forming a mutant. Transposon 

insertions into the mamAB and the other gene clusters have been shown to have a serious 

effect on the formation of magnetosomes, and in some cases the loss of them entirely [81]. 

Recently, Kolinko et al. [82] confirmed the importance of the MAI for the synthesis of 

magnetosomes within bacteria. Expression of genes from the MIA of the magnetotactic 

bacterium Magnetospirillum gryphiswaldense in Rhodospirillum rubrum, a bacterial species 

not capable of producing magnetosomes in nature, conferred the genetic information 

necessary to enable these organisms to produce magnetosomes. 

Studies performed so far have begun to reveal the mechanisms behind magnetosome 

formation in MTB. It appears that the first step (stage 1 Figure 1.4.4) is the biogenesis of the 

magnetosome membrane, probably from the invagination of the cell cytoplasmic membrane 

through the action of proteins such as MamY [83] and Mms16 [84]. Within most MTB, 

magnetosomes are ordered into chains, as a method of structuring the magnetosomes for 

efficient magnetotaxis. It is believed this is achieved through binding to the actin-like protein 

MamK, through activation by MamJ that anchors the magnetosome to the MamK filament 

[85]. Following this step, MamA and MamE are vitally important not just for mediating 
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interactions between the magnetosome and the cell, but also in recruiting and localising other 

magnetosome-associated proteins.  

 

Figure 1.4.4 - A simplified schematic that highlights some of the key elements in the proposed method 
for magnetosome formation (adapted from Figure 3.3 in ref. [74]). Stage 1 involves the formation of a 
magnetosome membrane, probably from the inner cell membrane under the action of proteins such as 
MamY. This vesicle is then bound to the filamentous protein MamK via the protein MamJ. Stage 2 
involves the transport of iron into the magnetosome through the use of iron transport proteins. In 
stage 3 iron is nucleated and crystal growth is controlled by proteins such as Mms6.  

Before biomineralisation can take place, iron needs to be transported into the 

magnetosomes (stage 2 Figure 1.4.4). It appears that MagA, as well as other proteins such as 

MamB, M, N and O, may be important for this process, and for other factors such as initiating 

biomineralisation and controlling the chemical environment. It is clear that the mineralisation 

of magnetite within magnetosomes is not as simple as the accumulation of iron, and the 

chemical environment of the magnetosome needs to be controlled to lead to the formation of 

magnetite (or in some cases gregite). However, the exact mechanism for forming magnetite 

inside magnetosomes remains unknown [74]. Only a small number of experiments have ever 

been performed with the aim of unravelling this mystery, with results suggesting that the 

initial stages of biomineralisation take place outside of the magnetosome [74]. It is believed 

that iron, stored as ferrihydrate within a Ferritin-like protein, is co-precipitated with soluble 

ferrous iron to form magnetite crystallites, before being transported into the magnetosome 

through invaginations and matured into a magnetite crystal within the magnetosome. [74].  

During biomineralisation, MTB produce nanoparticles of a highly consistent size, 

shape and crystallinity, and biomineralisation proteins are used to achieve this (stage 3 Figure 

1.4.4). Arakaki et al. [86] identified four proteins; Mms5, 6, 7 and 13 (number based on the 

approximate molecular weight of the proteins in kDa) tightly bound to the magnetite crystals 

of AMB-1 after the magnetosome membrane was removed. Respectively, these proteins are 
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homologous to MamG, Mms6, MamD and MamC in MSR-1, and are found encoded in the 

mamCD and mms6 gene clusters of the MAI of both MSR-1 and AMB-1 [87]. A set of proteins 

such as MamE, P and T also appear to be important in promoting the development of 

biomineralised crystals to their final size [88]. Recent genetic studies have also discovered a 

new protein, MmsF, described as the master regulator for magnetite biomineralisation in vivo 

[89]. It is likely that this suite of Mms proteins play a crucial role in controlling the 

development of magnetite crystal growth, resulting in the high level of control MTB can exert 

over the size, shape and crystallinity of the MNPs formed. 

 

1.4.6 The Biomineralisation Protein Mms6 

Mms6 is one of many magnetosome associated proteins thought to control the 

formation of magnetite within the magnetosomes of MTB, which has also been used to 

control the formation of magnetite in vitro. The Mms6 protein itself is a small (≈6.4 kDa) 

protein, first found tightly bound to magnetite crystals from the magnetosomes of AMB-1 by 

Arakaki et al. [86]. Importantly it was also shown in the same work that when recombinant 

Mms6 was placed into a reaction designed to mineralise magnetite it not only bound iron, but 

also controlled the morphology and size of the crystals formed. Two identical iron oxide 

mineralisation reactions were performed, one with recombinant Mms6 added and one 

without. When the particles formed were compared, the biotemplating properties of 

recombinant Mms6 were revealed. The reaction completed without Mms6 produced particles 

with a range of different sizes, shapes and crystallinities. However, when the reaction was 

performed in the presence of Mms6, in most cases cubo-octahedral magnetite particles were 

formed with a much smaller size distribution. Subsequent studies where magnetite was 

formed via a partial oxidation reaction with the addition of Mms6 produced crystals with a 

uniform size, with a narrow size distribution and a mean size of ≈21 nm [90]. This suggests 

that Mms6 not only binds iron, but also templates the formation of cubo-octahedral 

magnetite particles outside of its usual setting within the magnetosomes of MTB. 
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Figure 1.4.5 – Cartoon representation of Mms6 based on the amino sequence generated using Quark 
[91], and rendered using PyMOL [92]. β-sheet regions (represented by arrows) are located mainly at the 
N-terminal region, and helical regions (represented by coils) are found at the C-terminal region.

*
  

The N-terminal region of Mms6 is hydrophobic, and it is believed that this allows for 

its integration into the lipid membrane of a magnetosome. This would then orientate the 

protein so that its C-terminus points into the interior of the magnetosome. The C-terminal 

region contains a large number of carboxyl and hydroxyl groups, which are capable of binding 

iron ions and could interact with the surface of magnetite [83, 86]. Although the precise role 

of Mms6 is still not fully known, it is thought to initiate the growth of magnetite crystals, and 

bind to specific crystal planes during this growth [83, 93]. The importance of Mms6 in 

controlling the morphology of biomineralised magnetite was highlighted further in a study by 

Tanaka et al. [94]. The deletion of the mms6 gene in AMB-1 resulted in a Δmms6 mutant that 

formed magnetite crystals half the size of those formed in the wild type. TEM analysis also 

showed distinct variations in the crystal structure formed, and the particles were no longer 

cubo-octahedral in shape. 

Mms6 has been show to form cubo-octahedral magnetite nanoparticles in vitro [86, 

94, 95], and short peptide sequences based on the C-terminal region of Mms6 have also been 

shown to have a similar function [96]. Mms6 has also been used to successfully biomineralise 

highly uniform MNPs of magnetite when immobilised onto patterned surfaces by Galloway et 

al. [97, 98], and in a further study also template the formation of the magnetically harder 

material cobalt-doped magnetite [99] (discussed in more detail in Chapter 5). The patterning 

of Mms6 onto surfaces presents a novel and green approach to aid the biomineralisation of 

MNP arrays of magnetite and cobalt-doped magnetite. This approach is also highly adaptable, 

and could form a new bioinspired approach for the formation of a wide range of different 

                                                           
 

*
 Model structure of Mms6 discussed in more detail in Section 3.2 of ref. [153].  

N-terminus 

C-terminus 
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technologically relevant nanomaterials through the use of alternative biomineralising 

biomolecules. 

 

1.4.7 Recombinant Protein Synthesis 

Recombinant protein synthesis is a process that allows for the production of proteins 

through recombinant DNA techniques, and is the technique which is used to produce Mms6 

for use in this work. Organisms polymerise amino acids into proteins by following information 

encoded in sections of DNA called genes. Most bacteria have a DNA chromosome that contain 

the information it needs to function and survive in the form of a closed loop, but many also 

contain DNA plasmids that encode other information. These plasmids can be passed between 

bacterial strains via transformation, transduction or conjugation, and recombinant protein 

synthesis (Figure 1.4.6) makes use of this ability to produce proteins. 

 

Figure 1.4.6 - A simplified overview of recombinant protein synthesis to produce Mms6. The gene 
encoding for Mms6 is inserted into a vector plasmid from E.coli to form recombinant DNA. Instructions 
for antibiotic resistance, affinity tag production and expression promoters can also be inserted into the 
recombinant DNA. The recombinant DNA is then transformed into culture strains of bacteria, which are 
then cultured to produce Mms6. 

In recombinant protein synthesis, the gene encoding the genetic information of the 

protein of interest (for example Mms6 from the MTB AMB-1) is located or synthetically 

manufactured, and the process of polymerase chain reaction (PCR) is used to amplify it. These 

sections of DNA encoding for Mms6 can then be inserted into a plasmid cut open with 

restriction endonuclease, which are then inserted into a culture strain of bacteria. The 

plasmids are also designed to contain other instructions (e.g. that encode for antibiotic-

resistance, for the production of an affinity tag at the N-terminus, enzymatic cleavage sites 

and expression promoters). The culture strain of bacteria will, due to the expression 
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promoters, over-express Mms6 when triggered by a specific chemical stimulus. The 

production can also be aided by culturing the bacteria in an antibiotic solution so that only the 

bacteria containing plasmids with the antibiotic resistance, and therefore also encoding the 

Mms6 gene, will survive. 

The inclusion of an affinity tag allows the desired protein to be isolated from the rest 

of proteins and any other material in the bacterial culture [100]. Many different affinity tags 

have been developed and used successfully for protein purification, some commonly used 

examples include polyhistidine-tags [101], small ubiquitin-like modifier (SUMO) [102], strep II 

and the maltose binding protein (MBP) [103]. The tag used can also modify the properties of 

an overexpressed protein, for example MBP and SUMO can improve its solubility and as a 

result the final yield [102]. 

As an example, in this study Mms6 was purified with the use of an N-terminal 

polyhistidine-tag, which allows it to be extracted from the other proteins produced by the 

culture bacteria by immobilised metal-ion affinity chromatography (IMAC). IMAC involves 

filtering of the cell material through a column containing nickel or cobalt [101]. Any untagged 

material (i.e. that is of no interest) will flow through the column, but histidine tagged proteins 

will bind to the nickel or cobalt. The immobilized protein can then be extracted by an 

imidazole rinse that will outcompete the histidine binding, displacing the tagged protein from 

column [81]. Often affinity tags are no longer required after purification steps and they can be 

separated from a protein chain if enzymatic cleavage sites are included, as some enzymes 

such as thrombin will only cleave a specific sequence of residues [104]. 

 

1.4.8 Designing New Biomolecules for Biomineralisation  

Although many naturally occurring biomineralisation proteins and peptides, such as 

Mms6, have been used to control the formation of a wide range of different biominerals in 

vitro, the materials which they can target are not exhaustive. Many materials that would be 

well suited to forming bit-patterned media, such as CoPt and FePt, are not found within 

nature. However, a process known as biopanning has uncovered many new peptides and 

proteins, with the ability to interact with a material of choice [105, 106]. 

Biopanning (Figure 1.4.7) makes use of large peptide or protein libraries, containing a 

wide range of random sequences. In traditional biopanning, gene sequences were inserted 

into bacterial cells or a bacteriophage virus so that peptide sequences were expressed on the 

surface of the bacterial cells (cell display) or the bacteriophage (phage display) [107]. This 
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peptide library can then be screened against a substrate material and amplified, mimicking 

natural selection in a laboratory environment. After the peptide library is exposed to a 

substrate, the sequences that do not bind can be washed away. On the other hand the 

sequences that do bind can then be amplified, and re-exposed to the substrate. This process 

can be repeated many times, resulting in the peptide sequences which show the greatest 

affinity to the substrate being enriched. This approach has been used successfully to identify 

novel peptide sequences with an affinity for materials that even nature does not make use of 

including; gold [108, 109], titanium oxide [110], platinum [111] and platinum alloys [112, 113]. 

 

Figure 1.4.7 - An overview of the biopanning process (adapted from Figure 1 in ref. [114]). A large 
library of different peptide sequences is exposed to a substrate material of choice, and those which do 
not interact strongly with the substrate can then be washed away. The peptide sequences that are 
found to interact with the substrate can then be amplified and re-exposed to the substrate. The 
enrichment of sequences that show the greatest affinity to the substrate can be obtained through 
continued washing, amplifying and re-exposure. This allows peptide sequences with a large affinity for 
a substrate material to be identified.  

Recently Rawlings et al. [114] took the biopanning process one step further, by 

displaying peptide sequences on a protein scaffold known as an Adhiron (commercially known 

as an Affimer) [115]. The Adhiron forms a robust scaffold that displays two nine amino acid 

loop regions on its surface, and can be produced easily in large quantities by bacterial 
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expression. This protein was then put through a biopanning process to identify the peptide 

loops that had the strongest affinity for the [100] face of magnetite. The artificial protein that 

was engineered is termed ‘Magnetite Interacting Adhiron 1’ (MIA-1, Figure 1.4.8), and was 

found to control the formation of magnetite nanoparticles during a room temperature 

precipitation to produce magnetite nanoparticles with a cubic morphology. This highlights 

how we are no longer reliant on using naturally occurring proteins to control 

biomineralisation. Instead we are beginning to be able to develop the capability to move 

beyond what nature can provide to design our own biomolecules, with properties that are 

more suitable for our needs.  

 

 

 

 

 

 

 

 

 

Figure 1.4.8
*
 - Cartoon representation of the magnetite interacting Adhiron 1 (MIA-1) based on the 

amino sequence generated using Quark [91], and rendered using PyMOL [92]. The Adhiron scaffold is 
shown in blue, and the magnetite binding peptide regions in red (β-sheet regions are represented by 
arrows and helical regions are represented by coils). 

 

1.4.9 Immobilising Proteins on Surfaces  

Proteins can be immobilised through hydrophobic interactions with residues such as 

leucine, isoleucine and alanine, with a hydrophobic surface, such as that formed by the self-

assembly of –CH3 terminated molecules onto a surface. Although this type of physisorpsion 

can inactivate proteins, Mms6 has been shown to have some degree of magnetite templating 

ability when immobilised in this way [93]. However, this method is not ideal. Attaching Mms6 

by the N-terminus to expose the active biotemplating C-terminal region during MNP 

mineralisation is the preferred approach, as this should result in better functionality and 

increased mineralisation control.  

                                                           
 

*
 Thank you to Andrea Rawlings for kindly providing this image.  
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Proteins can be bound to species via their N-terminus through covalent binding. 

Ethyl(dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS), form an 

activated ester on a carboxylic acid surface. This will preferentially bind to the N-terminal 

amine of a protein, when the protein is buffered to ≈1 pH point below its isoelectric point (pI) 

[116]. This approach was used successfully by Galloway et al. [97, 98], who showed that 

Mms6 immobilised in this way could be used to biotemplate consistent MNPs of magnetite. 

However, achieving consistency in the patterning and orientation of proteins such as Mms6 

can be challenging with this approach. The EDC/NHS attachment is not specific for the N-

terminal amine group, and could also bind to other accessible lysine residues, resulting in 

protein that is not oriented correctly that could impair functionality.  

The affinity tags used in the purification of proteins can be also be used to attach 

them to surfaces. For example, polyhistidine tagged proteins have been shown to bind to gold 

and other metals, but only a weak bond is formed [101]. Therefore, it is unlikely that this 

process would be suitable for biomineralisation proteins, which need to remain stable during 

a mineralisation reaction. Alternatively, other tags can be introduced to the N-terminus. The 

introduction of a sulphur containing cysteine at the N-terminus allows the protein to bind 

directly to gold surfaces via a thiol-gold bond, whilst in the case of Mms6 also correctly 

orientating the protein so that the active C-terminal region is available for biomineralisation. 

In the case of forming biotemplated arrays of MNPs on surfaces, immobilising the 

biomineralisation protein is only part of the story. Areas need to also be patterned to resist 

protein attachment. Bovine serum albumin (BSA) sticky proteins can be used, but these have 

been shown to also mineralise particles themselves, and as a result are unsuitable for use in 

this work [117]. However, it should be noted that BSA proteins cannot be used for efficient 

biomineralisation. In the case of magnetite formation they have not been reported to exert 

any control over particle formation, but instead only have iron binding properties. As a result, 

a surface pattered with BSA proteins could not be used to form highly organised surfaces of 

MNPs for applications such as data storage, but instead are likely to produce surfaces 

containing many different iron oxide particles, with a wide range of sizes, crystallinities and 

magnetic properties. Poly-ethylene glycol (PEG) terminated thiol molecules form a self-

assembled monolayer (SAM) on gold surfaces, and have been shown to resist protein binding 

[118]. Again this approach was used successfully by Galloway et al. [97, 98] as a means to 

pattern areas that would resist the attachment of Mms6, and a significantly smaller amount of 

magnetite MNPs were found to mineralise in these areas when compared to the protein 

attachment sites. 
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1.5 Self-Assembled Monolayers (SAMs) 

1.5.1 Overview  

Self-assembly is commonly defined as the spontaneous self-organisation, or self-

association of molecular subunits to form more complex secondary structures with functional 

properties that are not found within individual molecules. Nature can be considered to have 

developed highly sophisticated versions of this process to form structures such as 

membranes, viruses and even cells [119], however the simplest example of a self-assembly 

process has been termed a self-assembled monolayer (SAM) [120]. This class of organic thin 

film can be described in simple terms as ordered molecular assemblies spontaneously formed 

when a surfactant is absorbed onto a solid substrate from a liquid or gas phase [121]. 

Organic thin films are not a new area of scientific study. Franklin documented the 

calming influence of oil on water over 200 years ago [122]. Later work by Langmuir [123] who 

studied monolayers of amphiphilic molecules on water and Blodgett [124] who deposited 

carboxylic acid chains onto solid substrates laid the foundations of surface chemistry, 

clarifying the existence of monolayers. The notion of a SAM is often credited to Zisman [125], 

but it was not until the work of Nuzzo and Allara [126] and Moaz and Sagiv [127] in the 1980’s 

who introduced the two most popular SAMs (thiols on gold and trichlorosilanes on silicon 

oxide respectfully) that SAMs became widely studied. This work coincided with the 

development of surface-sensitive instruments within nanotechnology, such as scanning probe, 

diffraction and spectroscopy techniques, which allowed for the study of SAMs on the 

molecular scale [128]. Without these tools, most of the early work on thin films and SAMs was 

focussed on the macroscopic properties of the systems. However, since the 1980’s the 

interest in SAMs has continued to grow, with the continued development of nanotechnology 

and the tools it provides. 

 

1.5.2 Basics of SAM Formation 

In general the molecules involved in the formation of a SAM have three key 

components (Figure 1.5.1). A head-group with a specific affinity to a substrate drives the 

process, and is chemisorbed or interacts strongly [129]. The backbones of the SAM molecules 

can stabilise the system and ensure efficient packing, or can deliberately promote disorder 

through interactions including Van der Waals and hydrophobic forces [129]. Finally the end-

group (active-group) allows for the design and formation of specific or desired properties in 

the SAM. For example, in alkanethiol-based SAMs a -CH3 or -CF3 end-group results in a 
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hydrophobic SAM surface, and polar -OH, -NH2 or -COOH end-groups result in hydrophilic SAM 

surfaces [120]. 

 

Figure 1.5.1 - Simplified diagram of a SAM (adapted from [129]). A head-group (blue circle) is 
chemisorbed onto a substrate and connected via a molecular backbone to an end-group (red circle). 

SAM formation is enthalpically driven by the formation of a strong head group-

substrate bond, and can be created simply both from a solution or a gas [129]. They have 

become one of the most important strategies in bottom-up fabrication within 

nanotechnology, with the ability to bind to surfaces of all orientations and possessing the 

scope for modifying the surface characteristics. By using SAMs one can form a building block 

for more complicated structures by being able to link materials of significantly different 

chemical properties, thus leading to great interest within a wide range of current and 

potential applications [120]. The most popular and well-studied SAMs are thiols, dithiols and 

other sulphur head-group molecules on metal surfaces (Au, Ag, Fe, Mg, etc.) and some 

semiconductors (Ga/As, etc.) [119]. However, SAMs have also been constructed from other 

material systems including; silanes such as octade-cyltrichlorosilane on hydroxylated surfaces 

(SiO2/Si, mica, glass, etc.), fatty acids on metal oxides and hydrocarbons on silicon [130].  

 

1.5.3 Alkanethiol SAMs  

Alkanethiols on Au (111) have been by far the most studied SAM system. The 

inertness of Au and the accessibility of evaporated Au films (with the Au (111) surface being 

the lowest energy surface and preferred in growth of thin films by evaporation) may explain 

why this system has been so popular [130]. n-alkanethiols, where n represents the number of 

carbons in the hydrocarbon chain (a 10-alkanethiol is shown in Figure 1.5.2) are relatively 

simple molecules with all the features necessary to form a SAM [130]. Hence alkanethiols are 

considered the simplest SAM system, and as a result are the most studied and well 

understood. The formation of an alkanethiol SAM on Au (111) is still a complex process with 

End Group 

Molecular 
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Head Group 
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many competing interactions and degrees of freedom, leading to different growth phases on 

multiple time scales. This can be further complicated with the addition of different end-group 

molecules.  

 

Figure 1.5.2 – Structure of 10-alkanethiol. 

SAMs of n-alkanethiols on Au (111) are usually grown from a liquid solution by 

immersing the Au substrate in hexane or ethanol solutions, with thiol concentrations in the 

region of milli to micromolar [119]. It was expected that the coverage of chemisorbed 

alkanethiols onto Au would follow a simple Langmuir uptake curve, which is proportional to 

the number of available sites. However, studies continuously found multiple time scales that 

suggest a more complicated growth process, with a first absorption step of 80-90% coverage 

within minutes followed by a period of much slower growth [131, 132]. An initial lying-down 

phase has been observed in a number of scanning tunnelling microscopy (STM) and atomic 

force microscopy (AFM) studies, followed by a final standing-up phase [133]. This lying-down 

phase was defined as physisorption, with a different time constant to the standing-up phase 

known as chemisorption [133]. 

The physisorption and chemisorption processes can be modelled simply as equations 

1.5.1 and 1.5.2 respectively [120]. 

 CH3(CH2)nSH + Au → [CH3(CH2)nSH]physAu (1.5.1) 

   

 [CH3(CH2)nSH]physAu → CH3(CH2)nS-Au + ½H2 (1.5.2) 

The molecular energies involved in the formation of an alkanethiol-Au SAM via chemisorption 

(equation 1.5.2) are the cleavage of the S-H bond (87 kcal mol-1), the formation of the S-Au 

bond (40 kcal mol-1) and the removal of hydrogen to H2 (104 kcal mol-1) [130]. For a SAM 

system to form it must result in a reduction in free energy (ΔG). From the energies involved, 

the chemisorption reaction is exothermic and fits these criteria, with a ΔG value of 

approximately -5 kcal mol-1 [130]. This is related to entropy ΔS via equation 1.5.3.  

 ΔG = ΔH –TΔS (1.5.3) 
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The enthalpy (H) of the chemisorption process has been measured to be 28 kcal mol-1 [134], 

and results in a large and negative ΔS value. Thus providing an explanation as to why the 

chemisorbed alkanethiols are driven to form a highly ordered SAM system on Au. 

 

1.5.4 Patterning SAMs 

There are currently a wide range of techniques available for pattering SAMs [119]. It is 

impossible to review all of these techniques in this chapter (for more examples see reference 

[119]). Therefore, some of the more commonly used approaches are discussed here, along 

with those which were used in this work.  

 

1.5.4.1 Photolithography or Particle Beam Lithography  

Photolithography, which is common within the IC industry, can also be used to form 

patterns in SAMs (Figure 1.5.3). A SAM can be photo-oxidised by exposure to ultra-violet (UV) 

light, and removed simply by rinsing with a solvent [135]. The minimum resolution that can be 

achieved is determined by the optics of the system, and the wavelength of the light used. For 

example, UV light from a mercury arc lamp focussed through a projection microscope and a 

pattern definition mask can form features with sizes approaching ≈0.3 µm [135]. However, 

this approach requires expensive equipment and cleanroom facilities, and there are cheaper 

and more accessible approaches to forming patterns of SAM with feature sizes that are 

achievable with photolithography. 

 

Figure 1.5.3 – An overview of SAM patterning by exposure to UV light. A complete alkanethiol SAM 
layer (red balls and sticks) formed on a gold surface is exposed to UV light through a photomask. Areas 
of the SAM surface that are not covered by the mask are photo-oxidised, and can be removed by 
washing with a solvent to form a pattern. 
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A low energy (10-100 eV) beam of electrons can have a number of effects on a SAM 

(e-beam lithography). In the case of an alkanethiol SAM on gold certain bonds can be broken 

(e.g. C-S, C-H), bonds can be formed (e.g. C=C), the SAM molecules can be cross-linked, or it 

can even lead to disordering of the monolayer [136]. Although through these modifications 

SAM features of <10 nm have been formed with this approach, it does require the use of 

expensive equipment in an ultra-high vacuum environment [136]. Additionally, this is a slow 

serial process that is not well suited to forming patterns over wide areas. Also, alkanethiol 

SAMs can also be damaged by ion beams of rare gases (≈8-20 eV) [137]. This approach has 

also been shown to achieve patterns with feature sizes comparable to what can be achieved 

with e-beam, but suffers from the same drawbacks. 

 

1.5.4.2 Micro-contact Printing (μCP) 

Micro-contact printing (μCP) is a simple and cost effective approach to produce 

reliable microscale patterns of SAMs [138]. Flexible elastomer stamps can be repeatability 

formed from a stamp master, which can be manufactured by optical or electron beam 

lithography. For example, stamps inked with a alkanethiol SAM solution (Figure 1.5.4) will 

then transfer onto a gold surface when placed in conformal contact with a clean gold surface 

[138]. This approach can be used to pattern SAMs over wide areas, without the use of 

expensive equipment or a clean room environment (the production of the stamp master is the 

only part of the process that requires the use of a clean room, and once made can be used 

repeatedly). However, the stamp has to be laid onto the surface by hand, and this can lead to 

problems in achieving patterning consistency. 

 

Figure 1.5.4 – An overview of μCP. A flexible polymer stamp is inked with an alkanethiol solution (red). 
This stamp is placed in conformal contact with a gold surface, allowing an ordered SAM to form at the 
places where the stamp meets the surface. 
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μCP has in the most part been developed with the use of poly(dimethylsiloxane) 

(PDMS) polymer stamps in the low elastic modulus form of Sylgard 184 PDMS. This soft-PDMS 

(or s-PDMS), allows patterns with feature sizes >500 nm to be routinely produced [139]. The 

high compressibility of Sylgard 184 PDMS leads to stamps made from this material with 

nanoscale features collapsing during preparation or patterning [139]. To extend the resolution 

of μCP, alternative siloxane polymers based on vinyl and hydrosilane end-linked polymers 

(hard-PDMS or h-PDMS) have been used to form stamps [138]. Stamps that contain a thin 

layer of h-PDMS, supported by a thicker layer of another material such as s-PDMS or glass 

have been used successfully to achieve patterns with features <100 nm [138]. 

 

1.5.4.3 Patterning with a Scanning Probe 

Since its first introduction by Piner et al. [140] in 1999, dip-pen nanolithography (DPN) 

has become a versatile technique for the fabrication of nanostructures on surfaces (Figure 

1.5.5). It has the been shown to routinely pattern alkanethiols onto gold surfaces with 

nanoscale resolution and even has the capability to pattern multiple chemical species with 

separation distances less than 100 nm [141]. 

 

Figure 1.5.5 – An overview of DPN. An AFM tip delivers alkanethiol molecules to a gold surface via 
capillary action, writing an ordered SAM onto the surface. 

DPN is a scanning probe patterning technique, analogous to quill and ink writing. An 

atomic force microscope (AFM) tip is coated with a molecular species of interest, and is used 

to directly write these molecules onto the surface (Figure 1.5.5). AFM is a technique that has 

become common for characterising surfaces with nanoscale precision, (see Chapter 2.5.6) 
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[142]. The surface of a sample can be imaged during AFM by scanning an atomically sharp tip 

attached to the free end of a cantilever over the surface, or scanning the surface under the 

tip. Van der Waals forces act on the tip when it is between 10-100 Å from the surface, and 

repulsive electrostatic forces when the tip is <2 Å from the surface causing the cantilever to 

deflect [142]. The location of the tip on the surface can be maintained and controlled through 

measurements of the cantilevers position, usually achieved with a laser beam that is reflected 

off the back of the cantilever and detected with a position-sensitive photodetector [142]. 

During DPN, a water meniscus forms between the AFM tip and the surface, leading to 

the capillary transport of the ink molecules from the tip to the surface [141]. The size of the 

meniscus can be adjusted with careful control of the humidity, which determines the rate of 

molecular transport and the patterning resolution that is achieved [141]. DPN is not a parallel 

lithographic method like μCP that can pattern large surface areas making it costly and time 

consuming, but it offers the capability to extend the resolution that is achievable with μCP. 

Multiple tip arrays can also be used to improve the speed of patterning [143].  

Alternatively SAMs have been patterned by physically removing the molecules with an 

AFM probe [144]. In this case a complete SAM is formed on a surface, and regions are 

selectively removed by the tip to form a pattern. This approach, which has been termed 

nanoshaving, works in the opposite way to DPN, and has been used to form patterns with 

features <100 nm by literally shaving SAM molecules off the surface. However, like DPN it is 

also a costly and slow serial patterning technique.  

 

1.5.4.4 Polymer-Pen Lithography (PPL) 

Recently polymer-pen lithography (PPL) has been developed, building on the 

patterning techniques of μCP and DPN (occasionally referred to as controlled μCP) [145]. PPL 

controls an elastomer stamp, which like μCP is formed from a silicon master, with the use of a 

piezoelectric system (Figure 1.5.6) [145]. Certain materials generate an electric charge when 

under an applied mechanical stress, or conversely the generation of a mechanical strain when 

under an applied electric field [142]. These changes are reversible, so through careful control 

of the applied electric field the position of the stamp in a PPL system can be precisely 

adjusted. The stamp usually contains an array of pyramids, which is inked with a molecule of 

interest, and brought into contact with a surface [145]. Through careful control of the pen-

surface contact area through the use of the piezoelectrics, this system can be used to pattern 

surfaces with micro (up to 10 μm) or nanoscale (<100 nm) features [146]. Although more 
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complex than μCP, PPL is classified as being a parallel patterning technique that is able to 

pattern wide areas unlike the serial technique of DPN.  

 

Figure 1.5.6 – An overview of PPL. Similar in principle to µCP, but in this case the stamp is controlled 
with a piezoelectric system (represented by the orange cylinder), and not placed on the gold surface by 
hand. 

 

1.5.4.5 Interferometric Lithography (IL) 

SAMs can be modified and patterned by exposure to UV light. Alkylthiolate SAMs are 

photo-oxidised on exposure to light with a wavelength of 244 nm, converting the strongly 

bound alkylthiolate to a weakly bound alkylsulfonate that may be displaced by a contrasting 

adsorbate in a simple solution-phase exchange process [147-149]. Patterns can be formed 

over wide areas through the use of a benchtop laser in a Lloyd’s mirror arrangement, a 

process that is known as interferometric lithography (IL), in which two coherent beams of light 

are caused to interfere to create an interferogram (with sinusoidal cross-section and a period 

of λ/2nsinƟ) over the sample surface (Figure 1.5.7) [150, 151]. Such approaches have been 

used to pattern SAMs [152, 153]. In regions of the monolayer exposed to a maximum in the 

interferogram, the adsorbates are photo-oxidised, while in regions exposed to minima, the 

extent of oxidation is minimal. This approach has enabled dimensions as small as 30 nm to be 

achieved under ambient conditions, and over wide areas (cm2 and above) [152, 153]. Multiple 

exposures at different angles can also be used to form patterns beyond just lines, but the 

types of pattern that can be formed is limited to one consistent array [152, 153].  
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Figure 1.5.7 – An overview of IL. a) Laser light is directed at a SAM surface in a Lloyd’s mirror 
configuration. b) A diffraction pattern of light and dark fringes is formed over the SAM surface. c) The 
SAM regions exposed to the bright fringes degrade more quickly; hence a pattern can be formed.  

Table 1.5.1 – An overview of some of the techniques available for patterning SAMs onto surfaces. 

Technique Resolution Advantages Disadvantages 

Photolithography ≈0.3 µm Established, pattern 

wide areas, fast.  

Expensive, clean room 

facilities required.  

Particle beam 

 

<10 nm Nanoscale resolution, 

reliable.  

Slow serial process, 

expensive equipment, 

UHV. 

µCP s-PDMS: 

>500 nm 

h-PDMS: 

<100 nm 

Cheap, quick, can 

pattern wide areas.   

Reproducibility and 

consistency issues.    

Scanning Probe <10 nm Nanoscale resolution, 

reliable.  

Slow serial process. 

PPL <100 nm Precise µCP, can pattern 

wide areas.   

Specialist equipment 

required.  

IL <50 nm Relatively fast, can 

pattern wide areas.  

Specialist equipment, 

limited patterns available.   
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1.6 Project Outline 

1.6.1 Biomineralised MNP Arrays 

Science is a progression, and this project is no exception.* This study builds directly on 

the work done by Johanna Galloway, whose results are published in numerous journal articles 

[97-99] and the complete body of work in a thesis [154], with the aim of developing a new 

bioinspired approach for the formation of nanomaterials on surfaces for technologies such as 

BPM. Much of the groundwork had already been completed, and as a result did not need to 

be repeated here. Therefore, the reader is directed to the relevant reference wherever 

necessary. 

 

Figure 1.6.1
†
 – Overview of the process used to form MNP arrays of magnetite. a) µCP is used to 

pattern a gold surface with a protein resistant PEG SAM (green). b) The remaining clean gold space is 
then backfilled with a PEG SAM containing carboxylic acid residues (purple). c) Mms6 (orange cylinders) 
binds to these residues via its N-terminal amine when activated by EDC/NHS. d) MNPs of magnetite 
(black cubes) form on the protein patterned areas when the surface is immersed into a mineralisation 
reaction. e) SEM image of a mineralised surface (scale bar 20 µm). 

The main focus of the previous work was to develop a route to biomineralising MNPs 

on surfaces. This was successfully achieved through the combination of surface patterning and 

the biomineralisation protein Mms6 (Figure 1.6.1). A new, green, integrated and adaptive 

approach for forming microscale patterns of magnetite MNP arrays was developed 

(summarised in [97, 98]). The soft-lithographic approach of μCP was used to pattern a protein 

resistant PEG SAM onto a gold surface, before the remaining space was backfilled with a SAM 

containing carboxylic acid residues. These residues bound to the N-terminal amine of Mms6, 

when activated by EDC/NHS, forming a method that would not only pattern Mms6 on the 

microscale, but also correctly orientate it for efficient biomineralisation. These patterned 

surfaces were then immersed into a mineralisation reaction, allowing the immobilised Mms6 

to template the formation of MNPs with a consistent cubic morphology under mild aqueous 

                                                           
 

*
 In 1676 Sir Isaac Newton famously wrote “If I have seen further it is by standing on the sholders of 

Giants” in a letter to Robert Hooke, a metaphor for the progression of science that is still relevant today 
(ironically this quote is not an original and is first attributed to Bernard of Chartres, a twelfth-century 
French Neo-Platonist philosopher, scholar and administrator). 
†
 Adapted from Figure 1 in ref. [94].  
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reaction conditions. The Mms6 protein itself is dual purpose; not only controlling the 

morphology of the magnetite particles, but also tethering them to the gold surface.  

However, this approach is not without its drawbacks, and the microscale patterns are 

as long way from being a surface that would be suitable for BPM. Although leading to the 

formation of MNPs of magnetite onto the immobilised Mms6 protein, achieving consistency in 

the patterning and orientation of Mms6 could be challenging as the EDC/NHS attachment is 

not specific for the N-terminal amine group. Other accessible lysine residues can also be 

targeted, resulting in the protein not being orientated correctly for biomineralisation. Coupled 

with this, magnetite is a magnetically soft material, which would not be well suited for data 

storage, and the microscale patterns need to be significantly reduced into the nanoscale 

before this approach becomes technologically relevant. This project aimed to address these 

and further issues, and an outline of the work is summarised below. 

 

1.6.2 Summary of Chapters  

In the subsequent chapters the theory and ideas introduced in this chapter are built 

upon, with the aim of developing a bioinspired approach to data storage. Firstly, in the 

following chapter the methods used throughout this study are outlined. Chapter 3 builds on 

the previous work done with Mms6, to understand and optimise the synthesis of 

biotemplated microscale MNP arrays of magnetite on gold surfaces. Chapter 4 then looks at 

the use of a number of different patterning techniques that are capable of patterning Mms6 

with nanoscale precision, something which is required for the data storage technology of 

BPM. Following this MNP arrays formed with the artificial magnetite binding protein MIA-1 

are analysed in Chapter 5, before the strategies developed in this thesis are employed in 

Chapter 6 to biotemplate arrays of MNPs of cobalt-doped magnetite and cobalt platinum that 

are more suitable for use in technologies such as magnetic data storage. Finally, conclusions 

are drawn and potential routes to developing an industrially viable route to forming a truly 

bioinspired magnetic hard disk are outlined. 

 



 

 

  

 

2. Methods 
 

 

 

"’Data! Data! Data!’ he cried impatiently. ‘I can't make bricks without clay.’" 

Sherlock Holmes - The Adventure of the Abbey Grange 
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2.1 Biomolecules for Biomineralisation   

Four different biomolecules were explored in this thesis for biotemplating the 

formation of MNP arrays. These were either synthesised within the Staniland Group or 

purchased. The biomolecules are introduced below, and the key properties are summarised in 

Table 2.1.1. 

 

2.1.1 Cysteine-Tagged Mms6 

As discussed in Section 1.4.6 Mms6 was first identified by Arakaki et al. [86] from the 

magnetosomes of the MTB AMB-1, and in the same study recombinant Mms6 was shown to 

control the size and shape of magnetite MNPs during a magnetite mineralisation reaction. 

Mms6 has since been shown to biotemplate the formation of consistent MNP arrays of 

magnetite when immobilised by its N-terminus to a SAM containing carboxylic acid moieties, 

after activation via EDC and NHS [97, 98, 154]. Here, Mms6 was engineered to contain an N-

terminal cysteine, allowing it to be ordered directly onto a gold surface without the need for 

an attachment SAM.  

 

2.1.2 Peptide Based on the C-terminal Region of Mms6 (Mms6Peptide) 

Short peptide sequences based on the biotemplating C-terminal region of Mms6 have 

been shown to exert some control over forming MNPs of magnetite [96]. A synthetic peptide 

is cheaper and easier to produce than the full Mms6 protein, so in this thesis is explored as an 

alternative. The peptide sequence was designed to include an N-terminal cysteine and a 

glycine linker, which should allow the peptide to order onto gold surfaces whilst spacing it for 

efficient biomineralisation.  

 

2.1.3 Magnetite Interacting Adhiron 1 (MIA-1) 

Biopanning has identified many novel peptide sequences capable of interacting with 

materials, including those not found in nature [105, 106]. Recently, Rawlings et al. [114] built 

on this approach, by displaying two peptide loops on a robust protein scaffold termed an 

Adhiron [115]. The protein was then put through a biopanning process to identify the peptide 

loop sequences with the strongest affinity for the [100] face of magnetite. The protein was 

also engineered to contain a C-terminal cysteine, which should allow it to assemble directly 

onto a gold surface. Therefore, in this thesis the magnetite interacting Adhiron 1 (MIA-1) 
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protein that was developed is explored as an alternative to the naturally occurring Mms6 

protein.  

 

2.1.4 CoPt Binding Peptide 

A peptide sequence, identified through biopanning, has been shown previously to be 

able to template the formation of CoPt [155] when immobilised onto a patterned surface 

[156]. Here, the peptide was designed to contain an N-terminal cysteine and a flexible glycine 

linker. These features should allow the peptide to self-assemble onto gold surfaces without 

affecting its biotemplating capability. 

Table 2.1.1 – Key properties of the biomolecules used in this thesis. 

Mms6 Amino acid sequence: MGSHHHHHHHHGSTENLYFQGCPRMGGTIWTGKG 
LGLGLGLGLGAWGPIILGVVGAGAVYAYMKSRDIESAQSDEEVELRDALA 

C : Cysteine 
H : Histidine purification tag 
N : Tobacco etch virus (TEV) cleavage site 
G : Wild type Mms6 

Number of amino acids: 87  

Molecular weight: 8.92 kDa  pI: 6.2 

Synthesis: Produced in the Staniland Group by Andrea Rawlings 

Reference: [157]  

Mms6Peptide  Amino Acid Sequence: CGGSKSRDIESAQSDEEVELRDAL 

C : Cysteine 
G: Flexible glycine linker  
D : Biotemplating region based on the C-terminal region of Mms6   

Number of amino acids: 24 

Molecular weight: 2.6 kDa pI: 4.2 

Synthesis: Purchased from GenScript (USA) 

Magnetite 
Interacting 
Adhiron 1 

(MIA-1) 

Amino Acid Sequence:  MKKIWLALAGLVLAFSASASAATGVRAVPGNENSL 
EIEELARFAVDEHNKKENALLEFVRVVKAKEQQKFVPKSTNTMYYLTLEAKDG
GKKKLYEAKVWVKPKKSKIELKNFKELQEFKPVGDAAAASAWSHPQFEKC 

C : Cysteine 
H : Strep II purification tag 
K : Magnetite binding loop regions 

Number of amino acids: 138 

Molecular weight: 15.43 kDa pI: 9.6 

Synthesis: Produced in the Staniland Group by Andrea Rawlings 

Reference: Adhiron scaffold protein [115], MIA-1 [114] 
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CoPt Binding 
Peptide 

Amino acid sequence: CGSGKTHEIHSPLLHK 

C : Cysteine 
G: Flexible glycine linker 
H : CoPt binding region   

Number of amino acids: 16 

Molecular weight: 1.74 kDa pI: 8.2 

Synthesis: Sequence designed by Johanna Galloway and purchased 
from GenScript (USA) 

Reference: Sequence based on a biopanned peptide sequence shown 
previously to template the formation of CoPt [155] 

 

2.2 Patterning Biomolecules on Gold Surfaces 

2.2.1 Overview of Patterning Biomolecules on Gold Surfaces 

Polyethylene glycol (PEG) SAMs have been shown to form an antibiofouling surface 

[118], and have been used in previous work to resist the attachment of Mms6 so that it can be 

patterned with microscale precision to form a biomineralising surface [97, 98, 154]. Therefore, 

in this study various techniques were used to pattern a PEG alkanethiol (11-mercaptoundecyl 

tetra(ethylene glycol), HS(CH2)11(OCH2CH2)4OH) (Sigma-Aldrich), the structure of which is 

shown in Figure 2.2.1. This formed protein resistant areas on gold surfaces. Conversely, this 

left areas of clean gold available so that another desired biomolecule could be attached, 

forming a route that would allow biomolecules to be patterned onto gold surfaces. 

 

Figure 2.2.1 – Structure of the PEG molecule used to form the protein resistant SAMs in this work. 

In some cases, the patterning technique could not be used to pattern the PEG SAM, 

but instead was used to pattern the biomolecule directly onto the surface. In this case, the 

surface was then backfilled with PEG alkanethiol after the biomolecule was patterned onto 

the surface.  

 

2.2.2 Preparation of Gold Surfaces 

Gold surfaces with a thickness of ≈50-200 nm were formed on clean glass microscope 

slides. The glass slides were sonicated in 1% Decon 90 and then Milli-Q water for 10 minutes 

each, before being dried in a nitrogen stream. The slides were then sonicated in isopropanol 

for a further 10 minutes, before being dried again with nitrogen. Following this, the slides 
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were immersed in a piranha solution (H2SO4 70%: H2O2 30% v/v) before thorough rinsing in 

Milli-Q water and drying with nitrogen. The clean slides were then mounted inside an Edwards 

Auto 360 thermal evaporator. The chamber was sealed and pumped to <2x10-6 mbar, before 

≈5 nm of chromium was evaporated onto the glass at 0.1 nm s-1 to form an adhesion layer. 

Gold was then evaporated under the same conditions until the desired film thickness (50-

200 nm) was reached, and the slides were removed and stored until required. 

Prior to use, the gold coated glass slides were sectioned with a diamond tipped scribe, 

and broken into ≈1 cm2 substrates. The gold substrates were then subjected to further 

cleaning before SAMs were formed. The gold surfaces were rinsed in Milli-Q water to remove 

any debris or dust that collected on the surfaces during the scribing process, before being 

dried in nitrogen and immersed into a piranha solution (H2SO4 70%: H2O2 30% v/v) for 2 

minutes. The substrates were then thoroughly rinsed in Milli-Q water once more, and were 

once again dried with nitrogen. The gold substrates were then given one final rinse in ethanol 

and drying with nitrogen, before protein resistant SAMs were formed. 

 

2.2.3 Microcontact Printing (µCP) of Microscale Patterns 

2.2.3.1 Microscale Stamp Master Manufacture 

Microscale stamp masters with feature sizes >1 μm were formed by the UV-

photolithography of the epoxy type negative tone photoresist SU-8 2002 (Microchem. Corp 

and Chestech) in a class 100 cleanroom (the process is outlined in Figure 2.2.2). Silicon was cut 

into ≈1 cm2 substrates with a diamond tip scribe and cleaned with 5 minute sonications in 

acetone, Milli-Q water, isopropanol and again in Milli-Q water. The substrates were then dried 

in nitrogen and dehydrated on a hot plate at 150⁰C for 2 minutes, before being piranha 

etched (H2SO4 70% : H2O2 30% v/v) for 5 minutes, with a final rinse in Milli-Q water and drying 

in nitrogen. SU-8 2002 was then applied to the clean silicon substrates so as to completely 

cover the surface, before being spun at 2000 rpm for 100 seconds and soft baked at 95⁰C for 2 

minutes to form an average resist thickness of 1.6 μm [158]. The edge bead was removed,* as 

these raised edges of resist that form on the wafers after spin coating were found to lead to 

the centre of the substrate not contacting the mask during the next exposure step. This could 

                                                           
 

*
 I am indebted to Li Chen at the University of Leeds who first suggested removing the edge bead, and 

for his help in designing this protocol. 
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lead to diffraction of the light used to expose the resist between the substrate and the mask, 

blurring the final patterns that were formed. 

 

Figure 2.2.2 - Schematic of the photolithography process used to form microscale stamp masters for 
μCP. 1) SU-8 2002 is spin coated onto clean silicon substrates and soft baked at 95⁰C for 2 minutes. 2) 
The edge bead is removed. 3) The SU8 resist is exposed to soft UV light at 365 μm in contact with a 
pattern definition mask in a mask aligner, and post baked at 95⁰C for 2 minutes. 4) The resist is 
developed in an EC11 solution, before an isopropanol rinse, being dried in nitrogen and hard baked at 
150⁰C for 10 minutes to form microscale patterns on the silicon surface. 

SU-8 was patterned by exposure to soft UV light (365 nm) in contact mode through a 

pattern definition mask using a Karl Suss MJB-3 UV mask aligner. The lamp power of the mask 

aligner was measured before exposure and the exposure time was adjusted so an optimal 

dose of 21 mJ cm-2 was applied to the ≈1.6 μm thick SU-8. The mask was aligned with the 

substrates using an optical microscope, and after exposure the cross-linking was completed 

with a post bake at 95⁰C for 2 minutes. The substrates were then cooled to room 

temperature, developed in an EC11 solution for 1 minute, rinsed in isopropanol to halt the 

development process, dried in nitrogen and underwent a final hard bake at 150⁰C for 10 

minutes. 

 

2.2.3.2 Silanisation 

All of the stamp masters were silanised immediately after being manufactured, and 

before being used to produce elastomer stamps for μCP. The silicon masters were rinsed in 

isopropanol and dried in nitrogen, before being loaded into the top of an evaporation column. 

A 1H, 1H, 2H, 2H-Perfluorodecyldimethylchlorosilane (CF3(CF2)7(CH)2Si(CH3)2Cl) solution (Alfa 

Aesar) was added to the base of the column, which was then purged with nitrogen and sealed. 

The silane solution was then heated to 150°C for one hour, after which the column was 

allowed to cool to room temperature. The evaporated silane solution condensed onto the 

stamp masters forming a hydrophobic SAM that helps prevent the elastomer sticking to the 

mould when forming stamps for μCP. 
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2.2.3.4 Micro-Contact Printing (µCP) with soft-PDMS (s-PDMS) Stamps 

Polydimethylsiloxane (PDMS) stamps were formed through the curing of Sylgard 184 

Silicone Elastomer and Silicone Elastomer Curing Agent (Dow Corning) over silicon masters to 

form flexible polymer stamps containing the desired pattern. The elastomer and curing agent 

were thoroughly mixed in a 10:1 ratio, then vacuum desiccated until all the trapped air 

bubbles that were visible were removed. Silicon masters were rinsed in isopropanol, dried 

with nitrogen and covered with a thin layer of the desiccated elastomer mixture. The covered 

masters were then desiccated for a second time to remove any further air bubbles introduced 

by this process, and cured for >24 hours at 60˚C. The stamps were then cut from the silicon 

masters and soaked in ethanol for >16 hours before being used, to remove any uncured 

polymer.   

PDMS stamps that had been soaked in ethanol were dried in a nitrogen stream, 

before being inked with PEG. The dried PDMS stamps were covered with a 5 mM solution of 

PEG in ethanol, and incubated for 4 minutes. The excess SAM solution was removed via 

pipette and the inked stamps were then dried carefully in a nitrogen stream. The dried stamps 

were placed in conformal contact with a clean gold substrate for 4 minutes. The stamp was 

then removed forming an ordered PEG SAM where the stamp met the gold surface, leaving 

areas of clean gold not contacted by the stamp suitable for backfilling.  

 

2.2.3.5 Assessing the SAM Quality with Secondary Ion Mass Spectroscopy (SIMS) 

Many properties of the PEG SAM system, and its effectiveness as anti-biofouling 

surface, had previously been characterised by Johanna Galloway [154],* so this work was not 

repeated. However, it remained unclear whether the PDMS stamps were contaminating the 

gold surface surfaces during the µCP process (something that has been reported as an issue 

when forming SAM surfaces with µCP [159]). Thus, a secondary ion mass spectrometry (SIMS) 

study was used to probe the quality of the SAM surfaces produced, with the main aim of 

confirming that the µCP process used did not lead to any significant PDMS contamination. 

SIMS provides chemical and structural information of surfaces by sputtering ionised 

particles from a surface of interest for analysis with mass spectrometry. Usually SIMS operates 

under high vacuum conditions and sputters material from a surface by bombarding it with a 

primary beam of ions or atoms. This results in ejection of clusters of atoms located close to 

                                                           
 

*
Sections 3.3.1.1, 3.3.1.2 and 3.3.1.3 (p. 118-129) of ref. [113].  
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the surface (≈1-2 nm from the surface) [142]. Most of the clusters released are neutral, but 

some are ionised and can be extracted with the application of electric or magnetic fields for 

analysis in a mass spectrometer to determine the atomic species present [142]. As a result, 

SIMS is not a directly quantitative technique, but can be semi-quantitative with the use of 

calibration samples (although sputtered neutral mass spectrometry (SNMS) is a variation of 

SIMS that attempts to ionise and then detect the neutral clusters sputtered [160]). 

SIMS can analyse a sample in two modes; time-of-flight SIMS (ToF-SIMS) where the 

primary beam is pulsed and ionised atom clusters that are sputtered from the surface are 

analysed with a ToF mass spectrometer, and Dynamic SIMS where a constant primary beam is 

used and certain ions are detected with a magnetic sector mass spectrometer [142]. SIMS can 

also image a sample by scanning the primary beam across a surface to provide a spectrum of 

the different sputtered clusters and hence detecting the elemental species present, routinely 

achieving <100 nm lateral resolution [142]. In this study, SIMS was carried out on a TOF.SIMS5 

(IONTOF Inc., Germany) with a bismuth source to probe the PEG SAM surfaces formed by μCP, 

and to confirm that it did not lead to significant PDMS contamination.* Spectra were obtained 

for 7 samples (numbered 1-7) mounted in a back mounted SIMS holder in both the positive 

and negative ion modes, and maps were also obtained for samples 4-7 (Table 2.2.2). For this 

experiment, gold surfaces were prepared in exactly the same way as described in section 

2.2.1.3, and a control spectrum was obtained for a clean gold surface that underwent no 

further processing (sample 1, Table 2.2.2). 

In this experiment samples were stamped with a PEG SAM, before being backfilled 

with a fluorine terminated thiol, which provides good contrast with the PEG SAM in a SIMs 

experiment. Samples 1-3 formed the controls in the SIMS experiment, with sample 1 being a 

clean gold surface. Sample 2 contained a complete PEG SAM and sample 3 a complete 

fluorinated thiol SAM, formed through immersing clean gold surfaces in either a 1 mM 

solution of PEG or a 1 mM 1H, 1H, 2H, 2H-perfluorodecanethiol (CF3(CF2)7CH2CH2SH) (Sigma-

Aldrich, PEG-F) in ethanol for <16 hours respectively. These control samples allowed the 

fragments that were most characteristic for the gold substrate, PEG and PEG-F to be 

identified. Samples 4-7 were printed with PEG in the same way as described in Section 2.2.1.4, 

with the exception that the polymer stamp underwent a different cleaning process for each 

sample. Sample 4 was stamped with a stamp that underwent no cleaning protocols, the stamp 

                                                           
 

*
 I would like to thank Claire Hurley at the Sheffield Surface Analysis Centre (SSAC) for performing all 

the SIMS measurements. 
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used for sample 5 was soaked in ethanol for >24 hours, sample 6 was patterned with a stamp 

that had been ozone cleaned for 20 minutes then soaked in ethanol for >24 hours and sample 

7 was stamped with a stamp that had been left in ethanol for >4 weeks. After stamping, 

samples 4-7 were all backfilled with a PEG-F SAM by immersion in a 1 mM PEG-F in ethanol 

solution for >16 hours.  

Table 2.2.2 - The different samples imaged during the SIMS experiment. 

Sample Sample Details  

1 Clean gold substrate.  

2 PEG SAM formed on a gold substrate.  

3 PEG-F SAM formed on a gold substrate.  

4 Gold substrate that was patterned with PEG via μCP using a polymer stamp 
that underwent no cleaning protocols, and was then backfilled with PEG-F.  

5 Gold substrate that was patterned with PEG via μCP using a polymer stamp 
that was soaked in ethanol for >24 hours, and was then backfilled with PEG-
F.  

6 Gold substrate that was patterned with PEG via μCP using a polymer stamp 
that was ozone cleaned for 20 minutes, soaked in ethanol for >24 hours, and 
was then backfilled with PEG-F.  

7 Gold substrate that was patterned with PEG via μCP using a polymer stamp 
that was soaked in ethanol for >4 weeks, and then backfilled with PEG-F.  

 

2.2.4 Microcontact Printing (µCP) of Nanoscale Patterns 

2.2.4.1 Nanoscale Stamp Master Manufacture  

Nanoscale stamp masters with feature sizes in the 100-500 nm were manufactured by 

EBL of ZEP520A (Zeonex, Japan) resist to form a mask for reactive ion etching (RIE) of silicon 

with 1 μm of thermally grown oxide, with all processing performed in a class 100 cleanroom 

(process outlined in figure 2.2.3).* The oxide coated silicon was cut into ≈1 cm2 substrates with 

a diamond tip scribe, which was then cleaned in the same way as described in the previous 

section (2.2.3.1) for the silicon wafers. ZEP520A was then applied to the clean silicon oxide 

substrates to completely cover the surface, before being spun at 3000 rpm for 100 seconds 

and soft baked at 95⁰C for 2 minutes forming an average resist thickness of 420 nm [161]. 

                                                           
 

*
 I would like to thank Mark Rosamond at the University of Leeds for all his hard work in helping to 

develop this protocol, and for operating the EBL system.  
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Figure 2.2.3 - Schematic of the lithography process used to form nanoscale stamp masters for μCP. 1) 
ZEP520A resist is spin coated onto clean silicon substrates with 1 μm of thermally grown oxide, and soft 
baked at 95⁰C for 2 minutes. 2) The resist is patterned by EBL and developed in ZED-N50. 3) The 
substrates then underwent reactive ion etching in a CHF3 + Ar gas for varying lengths of time. 4) The 
resist was removed in a ZDMAC solution, before an isopropanol rinse and being dried in nitrogen to 
reveal nanoscale patterns in the silicon oxide surface. 

Patterns for EBL were designed with Wavemaker software (Barnard Microsystems Ltd) 

in the industry standard GDS11 format and programmed onto a Joel JBX-6300FS EBL system 

(exposure was performed using recommended conditions; accelerating voltage 75 keV, 

electron current 5×10-11 A and 0.7 micro second per dot [161]). After exposure, the resist was 

developed in a solution of ZED-N50, before being rinsed in isopropanol, dried in nitrogen and 

undergoing a reactive ion etch in a CHF3 + Ar gas. Unfortunately, after relocating to the 

University of Sheffield (and due to many problems with the EBL system) access to this 

equipment was lost. So only a few preliminary experiments were performed, and this process 

was never optimised. Only three samples were ever produced, all etched at different times; 

150 seconds, 270 seconds and 540 seconds. Following the etching process the resist was 

removed in ZDMAC solution, before being rinsed in isopropanol and dried in nitrogen. 

 

2.2.4.3 Micro-Contact Printing (µCP) with hard-PDMS (h-PDMS) Stamps 

Traditional Sylgard 184 Silicone Elastomer cannot be used to form stamps with 

nanoscale features for µCP (section 2.2.3.4) as it is too soft, so the patterns usually collapse. 

So in this study a layer of hard-PDMS (h-PDMS), supported by a glass back panel, was used.* 

3.4 g of vinyl-compound-rich prepolymer (abcr, Germany) 18 μl of 2,4,6,8-

tetramethyltetravinylcyclotetrasiloxane (Sigma-Aldrich) and one drop of a platinum catalyst 

(platinumdivinyltetramethyldisiloxane complex in xylene, abcr, Germany) were mixed in a 

falcon tube, and degassed to remove all the trapped air bubbles. 1 g of a hydrosilane-rich 

crosslinker ((25-35% Methylhydrosiloxane) - dimethylsiloxane copolymer, abcr, Germany) was 

then added to the mixture, which then mixed and degassed once more. This mixture was then 

                                                           
 

*
 I am grateful to the Dip-Pen Nanolithography Group at the Karlsruhe Institute of Technology for 

providing me with this protocol.   
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poured over the silicon masters patterned with EBL, and a cut glass microscope slide was 

pressed over the top so that any trapped air bubbles were forced out. Stamps were then 

cured by baking on a hot plate at 70˚C overnight. Finally, the cured stamps were removed 

from the masters with a scalpel. 

 

2.2.5 Polymer Pen Lithography (PPL) 

A short collaboration with the Dip-Pen Nanolithography Group at the Karlsruhe 

Institute of Technology (KIT) in Germany allowed access to a polymer pen lithography (PPL) 

NLP 2000 instrument (NanoInk, USA). The PPL process described here is adapted from the 

method described in Brinkmann et al. [146]. PDMS stamps are manufactured as described in 

section 2.2.4.3, so that a layer of h-PDMS with a regular pattern of pyramid shaped tips is 

supported by a glass back panel (an example of which is displayed in Figure 2.2.4).  

 

Figure 2.2.4 – Optical microscopy image of an example PDMS stamp containing an array of pyramid 
shaped tips, which was used in the PPL process. 

The array of tips on the stamps used (Figure 2.2.4) lends itself well to patterning 

arrays of dots, like those required for use as bit-patterned media [41]. However, to achieve 

this patterning the biomolecules had to be inked onto the stamp, and not the PEG SAM. The 

PDMS stamps were first plasma cleaned in an Oxford Instruments Plasmalab 80 Plus at 

100 mTorr and with 30 W for 2 minutes. The stamps were then spin coated for 2 minutes at 

3000 rpm with a mixture of phosphate buffered saline (PBS) and glycerol (70:30 %, v/v) 

containing the desired biomolecule at a concentration 10 µg mL-1 to ensure an even spread of 

the ink across the stamp. The glass back panel of the stamp was then glued to a glass 

microscope slide, and secured to the stamp holder that was then fixed into the PPL machine. 

A clean silicon and gold substrate was secured on the substrate holder under the PDMS 
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stamp. The stamping chamber was then sealed, and the relative humidity set to 80% and the 

stamp incubated for 1 hour. 

The PDMS stamp was first brought into contact with the clean silicon substrate, with 

the use of a piezoelectric stage controlled by NLP 2000 software. This allowed the stamp to be 

levelled, to ensure a uniform stamping process when placed in contact with the gold 

substrate. Once levelled, the stamp was raised away from the silicon substrate and placed in 

contact with the gold substrate. An array of dots were stamped onto the gold surface by 

continually raising and lowering the PDMS stamp, while moving the gold substrate to the 

desired distance with control of the piezoelectric stage. After the patterning process, the 

humidity control was stopped, the stamping chamber was opened and the patterned 

substrate was removed. The substrate was then rinsed with PBS, dried in nitrogen, and placed 

into a PBS solution overnight. The substrates were then rinsed in ethanol, dried once more in 

nitrogen and placed into a 1 mM solution of PEG in ethanol for 1 hour to backfill the 

remaining unpatterned and clean gold on substrate with a PEG SAM. 

 

2.2.6 Dip-Pen Nanolithography (DPN) 

The collaboration with the Dip-Pen Nanolithography Group at KIT also allowed for 

access to a dip-pen nanolithography (DPN) system. The DPN process described here is 

adapted from the method described in Chen et al. [162] and was carried out using a DPN 5000 

system (NanoInk, USA). A 1-D cantilever array containing 26 Si3N4 tips were first cleaned in an 

Oxford Instruments Plasmalab 80 Plus 10 at 100 mTorr and with 30 W for 5 minutes. As with 

PPL, DPN has to be used to write the biomineralisation proteins or peptides directly onto the 

gold surface, i.e. the protein is the ink and not the backfill. Therefore, the tips were coated in 

with a mixture of PBS and glycerol (70:30%, v/v) containing the biomolecule at a 

concentration 10 µg mL-1 and dried in a nitrogen stream. The coated tips were then used to 

write onto clean gold surfaces with the use of NLP 2000 software, in a sealed environment set 

to a humidity of ≈80%. Following DPN patterning, the gold substrates were rinsed in PBS, 

dried in nitrogen, rinsed in ethanol and placed into a 1 mM solution of PEG in ethanol to 

backfill the remaining clean gold on substrate with a PEG SAM. 
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2.2.7 Interferometric Lithography (IL)*  

Collaboration with The Nanoscale Analytical Science Group at the University of 

Sheffield allowed for access to an interferometric lithography (IL) system, and patterns of 

protein resistant PEG SAMs to be formed with nanoscale resolution. The IL process was 

modelled on the protocol described in Tizazu et al. [150]. A complete PEG SAM layer was 

formed on clean gold surfaces by immersion in a 1 mM PEG (11-mercaptoundecyl 

tetra(ethylene)glycol, Sigma Aldrich) in ethanol solution for <24 hours. The surfaces were then 

removed from the solution, rinsed in ethanol and dried in a nitrogen stream. IL was carried 

out by exposing the surfaces to a Coherent Innova 300C FreD frequency-doubled argon ion 

laser beam (λ≈244 nm, maximum power 100 mW) in a Lloyd’s mirror arrangement (Figure 

2.2.5).  

 

Figure 2.2.5 – The Lloyd’s arrangement used during the IL patterning. 

The laser beam was expanded so that an area of ≈1 cm2 was illuminated, and was 

directed towards the surface that was held in place by a vacuum and fixed at an angle 2θ to a 

mirror. The laser beam was positioned so that half of the beam interacted directly with the 

sample surface, while the other half reflected off the mirror onto the sample. The reflected 

beam interferes with the first half of the beam, resulting in an interference pattern of bright 

and dark fringes forming over the sample surface with a period defined by the following 

equation:  

 
𝑝𝑒𝑟𝑖𝑜𝑑 =  

𝜆

2𝑛 sin 𝜃
 

(2.2.1) 

The laser power at the sample surface was recorded before samples were exposed, so that 

the exposure could be adjusted to ensure that the samples received the optimum dose of 

                                                           
 

*
 I am grateful to Osama El-Zubir for his support in developing this protocol.  
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20 mJ cm-2. After exposure, the samples were removed from the Lloyd’s mirror arrangement, 

rinsed with ethanol and dried with nitrogen. 

 

2.3 Attaching Biomolecules to Surfaces 

2.3.1 Quartz Crystal Microbalance with Dissipation (QCM-D) 

A quartz crystal microbalance (QCM) system makes use of the stable properties of a 

piezoelectric quartz crystal resonator. The application of an electric field to a piezoelectric 

material induces a mechanical strain, so a QCM system oscillates a quartz crystal at its 

resonant frequency with the application of an AC voltage [163]. Most QCM systems monitor 

the frequency of thin circular quartz crystals cut in the AT form,* with any change in mass of 

the quartz crystal resonator resulting in a change in the frequency of oscillation [163]. QCMs 

allow for the real-time measurement of elastic mass adsorbed or desorbed onto a quartz 

crystal resonator with nm cm-2 accuracy through the application of the Sauerbrey equation. 

This reveals a simple linear relationship between the change in mass of a quartz crystal 

resonator (Δm) and an associated frequency shift (Δf) [164, 165]: 

 
∆𝑚 =  −

∆𝑓𝜌𝑞𝜈𝑞

2𝑛√𝑓𝑓𝑢𝑛

=  −
∆𝑓𝜌𝑞𝑡𝑞

𝑛𝑓𝑓𝑢𝑛
 

(2.3.1) 

Where ρq is the density of quartz (2648 kg m-2), νq is the speed of sound in quartz 

(3340 m s-1), tq is the thickness of the quartz crystal resonator and ffun is the resonant 

frequency of quartz (4.95 MHz). QCMs have been widely used as mass balances since the 

theory of a quartz crystal resonator was first published by Sauerbrey in 1959 [165], 

particularly for the measurement of a deposited film thickness during vacuum deposition 

techniques such as evaporation and sputtering. However, it must be noted that the Sauerbrey 

equation is only valid for the addition of small masses† [163]. It has also been demonstrated 

that QCMs can be used to monitor the adsorption or desorption of mass from a liquid phase, 

and has been used successfully as a technique for monitoring protein adsorption [164]. 

The Sauerbrey equation assumes that mass deposited onto a quartz crystal resonator 

forms a rigid overlayer that can be treated as an increase in the quartz thickness. 

                                                           
 

*
 A cut at 35⁰ to the z-axis. This provides a stable oscillation with little thermal fluctuation in frequency 

at room temperature. 
†
 < 2% of the mass of the quartz crystal.  
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Unfortunately, this assumption becomes invalid for the adsorption of soft thin films such as 

protein layers that are not always rigid [164]. However, as well as the simplest QCM systems, 

two further QCM techniques are currently commercially available, and these can be used to 

obtain useful information such as the viscoelastic properties of any soft thin films absorbed. 

These systems combine a technique that measures the frequency of a quartz crystal resonator 

with a network analyser or impulse excitation technology, for impedance or dissipation 

measurement respectively [164]. 

Impulse excitation QCM systems switch the power used to drive the oscillation 

frequency of a quartz crystal resonator on and off, to determine the dissipation of the 

oscillation. The energy dissipation (D) of the quartz crystal resonator can be determined by 

application of equation 2.3.2 [164]: 

 
𝐷 =  

1

2𝜋𝑓𝜏
=  

1

𝑄
 =  

𝐸𝐷𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑

2𝜋𝐸𝑆𝑡𝑜𝑟𝑒𝑑
 

(2.3.2) 

Where f is frequency, τ is the relaxation time, Q is the quality factor, EStored is the total energy 

stored in the oscillator and EDissipated is the energy lost during one oscillation cycle. 

Measurements of dissipation allow for the analysis of different layers adsorbed onto a quartz 

crystal, to establish whether the Sauerbrey equation is valid for approximating any absorbed 

mass [166]. These impulse excitation QCM systems are commercially available from Q-Sense 

(Q-Sense, Gothenburg, Sweden) with the name quartz crystal microbalance with dissipation 

(QCM-D), and can be used for monitoring the adsorption of mass from both a gaseous or 

liquid phase [166].  



76 
 

 

Figure 2.3.1 - Schematic of Voight viscoelastic model applied by Q-tools software. The model assumes 
the adsorbed layer has uniform thickness, and that frequency (f) and dissipation (D) can be modelled as 
functions of the overtone (n), thickness (d) and elasticity (μ) of the adsorbed layer, and the density and 
viscosity of both the bulk fluid or gas (ρl, ηl) and the adsorbed layer (ρa, ηa).  

As absorbed layers are not always rigid, Voight based viscoelastic modelling can be 

used to estimate properties such as thickness, shear elastic modulus and viscosity of layers 

absorbed onto quartz crystal resonators [167]. For the Q-Sense systems, this modelling can be 

done through the application of Voight modelling using the Q-tools software (Q-Sense, 

Gothenburg, Sweden) [166]. Q-tools combines the frequency and dissipation measurements 

from the 3rd - 13th overtones during adsorption, with the adsorbed film assumed to have a 

uniform thickness and density. The measured frequency (f) and dissipation (D) are modelled 

as functions of overtone (n), thickness (d) and elasticity (μ) of the adsorbed layer, and the 

density (ρ) and viscosity (η) of both the bulk fluid or gas and the adsorbed layer (as shown in 

Figure 2.3.1). Fitting with multiple overtones allows these unknown parameters to be 

extracted by the software. 

In this work, a Qsense E4 Multifrequency QCM-D (Q-Sense, Gothenburg, Sweden) was 

used to monitor the binding of biomolecules to gold-coated quartz crystals (Q-Sense, 

Gothenburg, Sweden) with and without a PEG SAM coating, and an overview of the system is 

shown in Figure 2.3.2. The gold-coated quartz crystals were rinsed in isopropanol, dried in 

nitrogen, ozone cleaned for 20 minutes, soaked in ethanol for 40 minutes and then either 

loaded straight into one of the four 40 μL flow cells of the QCM-D system or placed into an 

ethanol solution containing 1 mM PEG for 1 hour before loading. Crystals immersed in the 

PEG SAM solution are rinsed in ethanol and dried with N2 prior to loading into the QCM-D. To 

check the setup for errors, the frequency and dissipation of the 3rd-13th overtones of all four 
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crystals are remeasured and recorded with Q-Sense Acquisition software (Q-Sense, 

Gothenburg, Sweden) and checked against standard values in air. Degassed Milli-Q water was 

then flowed through at a rate of 100 μL s-1 with a peristaltic pump, and the overtones checked 

again under liquid flow.  

 

Figure 2.3.2 - Simplified overview of the Q-Sense E4 QCM-D System. A QCM-D controller programmed 
by Q-Sense acquisition software is connected to a peltier temperature controlled box containing the 
QCM-D modules. Liquid samples can be flowed through the modules containing gold-coated quartz 
crystals with a peristaltic pump in parallel as shown. 

Degassed Milli-Q water was pumped through the four cells at a rate of 50 μL min-1, 

and the frequency and dissipation of the 3rd-13th overtones was monitored until these values 

stabilised. After stabilisation, the water flow forms a base-line measurement for each crystal. 

A PBS buffer containing the biomolecule of interest was then pumped through the cells at 

50 μL min-1
 at a concentration of 10 μg mL-1 for 1 hour, with the same resonances recorded. 

The cells were then transferred back to degassed Milli-Q water at 50 μL min-1 until once again 

the measured values stabilise at a level that now reflects the amount and type of material that 

is adsorbed to the crystal surface. All data was modelled with the Qtools software (Qsense, 

Gothenburg, Sweden). If the adsorbed layer is thin and rigid (i.e. the change in energy 

dissipation is small), the added mass due to adsorption can be calculated with the Sauerbrey 

equation (equation 2.3.1). The added Sauerbrey mass (Δm) can then be used to estimate the 

total coverage of the biomolecule bound to the gold-coated quartz crystals: 

 
𝑝𝑚𝑜𝑙 𝑐𝑚−2 =  

Δ𝑚

𝑀𝑝
 

(2.3.3) 
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Where the mass of the biomolecule in its hydrated state in kDa is denoted by Mp. This 

coverage can then be compared to the expected coverage of the ideal, hydrated biomolecule, 

which depends on the space the peptide is expected to take up on the surface*: 

 

𝑚𝑜𝑙 𝑐𝑚−2 =  

1 × 107 
𝑙

 ×  
1 × 107

𝑤
𝑁𝐴

 

(2.3.4) 

Where l and w are the length and width of the hydrated biomolecule in nanometres, and NA is 

Avogadro’s number. The assumption that any biomolecule binding is rigid is not always valid, 

so viscoelastic Voight-based modelling can also be performed with Qtools. The modelling was 

performed following the methods used in the work done by Krzemiński et al [168], where the 

layer density, fluid density and viscosity were fixed at 1200 kg m-3, 1000 kg m-3 and 

0.00089 kg m s-1 respectively. The layer fitting was performed in 6 steps within ranges for the 

adsorbed layer; shear of 1x10-4-1x10-8 Pa, viscosity of 0.001-0.02 kg m-1 and thickness of 

1x10-7-1x10-10 m. 

 

2.4 Synthesis of Magnetic Nanoparticles (MNPs)  

2.4.1 Formation of Magnetite using Partial Oxidation of Ferrous Hydroxide 

with Potassium Hydroxide (POFHK)  

Although there are many methods available, in this study MNPs of magnetite were 

formed on surfaces patterned with Mms6 using partial oxidation of ferrous hydroxide with 

potassium hydroxide as the base (POFHK) [169]. This route was chosen in part because 

biomineralisation offers a greener, low temperature alternative for the production of high 

quality nanomaterials, eliminating some of the other synthesis methods discussed in Section 

1.2.9.1, such as thermal decomposition. In addition, Mms6 has also been shown to 

biotemplate MNPs for both room temperature co-precipitation (RTCP) [86, 90, 99] and partial 

oxidation of ferrous hydroxide (POFH) [90, 99]. However, when Mms6 was immobilised onto a 

surface, RTCP was found to be unsuitable for the formation of MNP arrays, probably because 

the nanoparticles form too quickly when the reactants mix [98, 154]. As the Mms6 patterned 

surfaces are placed at the bottom of a reaction vessel in a large volume of solution containing 
                                                           
 

*
 The dimensions of the biomolecule can be taken directly from a crystal structure if one is available. 

Alternatively, a computational model can be used to calculate the expected dimensions of the protein 
or peptide. In either case, the values should be multiplied by 1.25 to allow for the increase in size 
caused by hydration by water as described in ref. [167]. 
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a mixture of the reactants, this may prevent Mms6 from interacting with the MNPs that form 

quickly at the surface.* 

Many variables can alter the type of iron mineral formed during a POFHK reaction, as 

discussed in Section 1.2.9.1. Therefore, I am grateful to Johanna Galloway for determining the 

optimum conditions used in this work.† During a POFHK reaction, ferrous hydroxide is formed 

through the mixing of a ferrous iron salt and potassium hydroxide. This is then partially 

oxidised by potassium nitrate, as shown below [169]: 

 3𝐹𝑒2+ + 6𝑂𝐻−  → 3𝐹𝑒(𝑂𝐻)2 

2𝐹𝑒(𝑂𝐻)2 + 𝑁𝑂3
− + 𝐻2𝑂 → 2𝐹𝑒(𝑂𝐻)3 + 𝑁𝑂2

− 

𝐹𝑒(𝑂𝐻)2 + 2𝐹𝑒(𝑂𝐻)3  → 𝐹𝑒3𝑂4 + 4𝐻2𝑂  

 

(2.4.1) 

 

If used, substrates patterned with the desired biomolecules were rinsed in Milli-Q 

water, and added to a glass reaction vessel prior to the addition of the reactants. 24.75 mL of 

anaerobic Milli-Q water, which had been vacuum degassed for >1 hour and sparged with 

nitrogen for >1 hour to remove oxygen, was then pipetted into the vessel. The vessel was 

sealed against air, with a nitrogen flow maintained that passes through the water in the 

vessel. The pH could also be monitored during the course of the reaction. If this was the case, 

a pH probe attached to a Mettler Toledo Seven Multi controller was inserted into the reaction 

vessel, and the pH was recorded at 5 second intervals.  

Reactants were dissolved in anaerobic Milli-Q water to form stock solutions of 0.5 M 

FeSO4·7H2O (1.39 g in 10 mL), 1 M KOH (0.56 g in 10 mL) and 0.5 M KNO3 (1.52 g in 30 mL). 

2.5 mL of the FeSO4 solution was then pipetted into the reaction vessel, followed by 2.75 mL 

of the KOH solution. 20 mL of the KNO3 solution was then added drop-wise over ≈5 minutes. 

The vessel was heated to 80°C and held at this temperature for 4 hours whilst under an inert 

atmosphere. Over this maturation period, MNPs of magnetite form in the reaction solution, 

and onto the patterned and immobilised biomolecules. After 4 hours, the biomineralised 

surfaces (if used) were removed, rinsed in Milli-Q water to remove any unbound 

nanoparticles, and dried in nitrogen. The MNPs that form from the bulk solution that are not 

attached to the surfaces were collected magnetically, rinsed with degassed Milli-Q water at 

least 5 times, and sealed in glass vials for further use or analysis. 

                                                           
 

*
 For more details see Section 5.2 p.175-177 in ref. [153].  

†
 For more information see Section 5.3 p.177-182 in ref. [153]. 
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2.4.2 Formation of Magnetite with Room Temperature Co-Precipitation 

(RTCP)  

Although it had previously been established that RTCP was not very effective for the 

production of surfaces patterned with immobilised Mms6 [98, 154], it remained unclear 

whether this was the case for the MIA-1 protein also explored in this thesis. Therefore, 

surfaces patterned with MIA-1 were also subjected to a RTCP reaction. In this case, ferrous 

and ferric iron salts were mixed, and then a base was added under an inert atmosphere to 

form magnetite, as shown below [169]:  

 𝐹𝑒2+ +  2𝐹𝑒3+ + 8𝑂𝐻−  →  𝐹𝑒3𝑂4 + 4𝐻2𝑂 (2.4.2) 

   

Although, in reality equation 2.4.2 is an oversimplified view of the reaction scheme, as many 

other iron oxides and (oxy)hydroxide intermediates and impurities may also form during co-

precipitation [16]. 

If used, MIA-1 patterned surfaces were rinsed with Milli-Q water, and placed into a 

glass reaction vessel before the addition of the mineralisation reactants. The pH could also be 

monitored during the course of the reaction. If this was the case, a pH probe attached to a 

Mettler Toledo Seven Multi controller was inserted into the reaction vessel, and the pH was 

recorded at 5 second intervals. 47.75 mg of Fe2(SO4)3 and 106.35 mg of FeSO4 were both 

dissolved separately in 10 mL of anaerobic Milli-Q water (to form 12 mM and 70 mM solutions 

respectively), which had been degassed for >1 hour and nitrogen sparged for >1 hour. These 

were then both added to the reaction vessel, after which the vessel was sealed except for a 

flow of nitrogen that was bubbled through the reactant solution. NaOH was dissolved into 

anaerobic Milli-Q water to form a 500 mM stock solution (2 g in 100 mL). 4 mL of this solution 

was then injected into the reaction at a rate of 20 µL min-1 through the use of a syringe pump 

driver, whilst nitrogen purging was maintained. After the reaction was complete, the 

biomineralised surfaces (if present) were removed, rinsed in Milli-Q water to remove any 

unbound particles and dried with nitrogen. The MNPs that form from the bulk solution that 

are not bound to the surfaces were collected magnetically, rinsed with Milli-Q water at least 5 

times and sealed in glass vials for further use or analysis. 
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2.4.3 6% Cobalt-Doped Magnetite Formation using Partial Oxidation of 

Ferrous Hydroxide with Potassium Hydroxide (POFHK)  

Mms6 has been shown previously to template the formation of magnetically harder 

cobalt-doped magnetite, potentially providing a way to fine tune the magnetic properties of 

biomineralised MNP arrays of magnetite [99, 154]. The introduction of cobalt results in an 

increase in coercivity and a decrease in magnetic saturation, with a doping level of 6% found 

previously to result in the largest increase in coercivity with only a minor decrease in magnetic 

saturation [99, 154].* As a result MNP arrays of 6% cobalt-doped magnetite, which were 

biomineralised by patterned and immobilised Mms6, were compared to undoped arrays as a 

route to forming a system with tuneable magnetic properties.  

Biomineralised 6% cobalt-doped arrays were formed following the process described 

in Section 2.4.1, with the addition of the correct ratio of cobalt to iron. Gold surfaces 

patterned with immobilised Mms6 were rinsed in Milli-Q water, and added to a glass reaction 

vessel. 24.75 mL of anaerobic Milli-Q water was added, the reaction vessel was closed and the 

water was purged with nitrogen. Reactants were dissolved in anaerobic Milli-Q water to form 

stock solutions of 0.5 M FeSO4·7H2O (1.39 g in 10 mL), 0.5 M CoSO4·7H2O (77.5 mg in 1 mL), 

1 M KOH (0.56 g in 10 mL) and 0.5 M KNO3 (1.52 g in 30 mL). 2.35 mL of the FeSO4 solution 

followed by 0.15 mL of the CoSO4 solution were added in place of the 2.5 mL of FeSO4 as 

described previously in section 2.4.1. The rest of the reaction was then performed as 

described in Section 2.4.1. 

 

2.4.4 Washing Pre-formed Magnetite Nanoparticles over Surfaces 

A key aim of this project is to establish whether Mms6 (and other biomolecules used 

in this study) act more efficiently as a nucleator of iron ions or as a binder to magnetite once it 

formed. Therefore, surfaces patterned with Mms6, peptides based on Mms6 and MIA-1 have 

been produced to see which biomolecule (if any) is able to bind to pre-formed MNPs of 

magnetite by simply washing the particles over the surfaces.  

Surfaces patterned with these biomolecules were added to 50 mL glass flasks. MNPs 

were collected magnetically after the POFHK and RTCP reactions were performed as described 

above in Sections 2.4.1 and 2.4.2, but without the addition of any protein patterned surfaces. 

                                                           
 

*
 See Section 4.2 p.149-154 in ref. [153] for more information.  



82 
 

These MNPs were then dispersed in 20 mL of anaerobic Milli-Q water and added to the flask 

containing the protein decorated surfaces. The flasks were then sealed, and placed on a tilt 

stirrer so that the particles gently flowed over the surfaces and did not just settle at the 

bottom of the flask. Surfaces were left in the nanoparticle suspension for >24 hours, as this 

length of incubation was found to result in more particles binding to the patterned 

biomolecules, and thus the best MNP patterns forming. After the incubation period, the 

surfaces were removed from the nanoparticle suspension, rinsed in Milli-Q water to remove 

any unbound particles and dried with nitrogen. 

 

2.4.5 Formation of CoPt 

MNPs of CoPt were synthesised following the procedure outlined in Galloway et al. 

[156], but using a different method of attaching the CoPt biotemplating peptide to the surface 

that allows for patterning of the surfaces. In Galloway et al. [156], a dual affinity peptide, 

designed to bind to silicon at one end and to biotemplate CoPt at the other, is coated onto a 

silicon substrate without patterning. A cysteine containing version of the CoPt templating 

sequence (see Table 2.1.1 in Section 2.1) is combined with patterning of PEG SAMs on gold to 

create CoPt biotemplating patterns. Substrates patterned with the CoPt binding peptide, using 

any of the methods outlined in section 2.2 for patterning Mms6, were rinsed in Milli-Q water, 

and added to a glass reaction vessel. Reactants were dissolved in anaerobic Milli-Q water 

(vacuum degassed for >1 hour and nitrogen sparged for >1 hour), to form stock solutions of 

30 mM CoSO4·7H2O (126.5 mg in 15 mL), 15 mM Na2PtCl4 (57.4 mg in 15 mL) and 25 mM 

NaBH4 (28.4 mg in 30 mL). 15 mL of each of the CoSO4·7H2O and Na2PtCl4 stock solutions were 

then added to the reaction vessel, which was then closed under an inert atmosphere. After 

5 minutes, 30 mL of NaBH4 was injected into the reaction vessel to reduce the metal salts, and 

nitrogen flow was maintained. After 45 minutes, the surfaces were removed from the 

reactants, rinsed in Milli-Q water to remove any unbound particles and dried with nitrogen. 

 

2.5 Characterisation  

2.5.1 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) has become one of the most important and 

widely used techniques for the characterisation of surfaces displaying nanoscale features. 

Accelerated electrons have a wavelength much smaller than that of visible or ultra-violet light, 
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resulting in electron microscopy being able to image with a much greater resolution than is 

possible using conventional light microscopy.* Additionally, electrons interact more strongly 

with matter than with photons, so a stronger signal can be obtained from samples with 

reduced dimensions [142]. However, this does mean that all optical paths in an electron 

microscope have to be held under high vacuum, to prevent attenuation of the electrons by 

collision with atoms of the air. 

Electrons are produced in an SEM by either thermionic or field emission from a solid 

source, which in the majority of microscopes is a tungsten filament [142]. During thermionic 

emission, the solid source is heated, releasing electrons by providing enough thermal energy 

for the potential energy barrier for electrons to leave the material to be overcome. 

Alternatively, during field emission, a strong electric field is applied to the solid source, 

reducing the surface potential barrier and allowing for the quantum tunnelling of electrons 

out of the source. These electrons form the primary electron beam. The primary beam is 

controlled using electromagnetic optics, which use electrically generated magnetic fields to 

collimate, accelerate, and focus the electrons. This beam is then raster scanned across a 

sample of interest by another system of electromagnetic lenses. 

Primary electrons are focussed onto a solid sample, and interact with a volume that is 

dependent on the energy of the primary beam, and the atomic number of the sample [142]. 

After electron-surface interactions, secondary electrons escape from the sample with a kinetic 

energy <50 eV. Secondary electrons are most likely ionised electrons from atoms close to the 

sample surface, or primary electrons that have lost almost all their energy through scattering 

processes [142]. Backscattered electrons are also produced as a result of primary electrons 

undergoing large deflections, leaving the surface with only small changes to their initial kinetic 

energy [142]. Furthermore, atoms within the sample can undergo inner shell ionisation. 

Higher energy electrons will then drop into the vacant energy levels, releasing the excess 

energy as an auger electron, X-ray or visible photon (Figure 2.5.1) [142].  

 

                                                           
 

*
 The resolution of a conventional light (i.e. diffraction-limited) microscope can be approximated with 

the Abbe diffraction limit, and is inversely proportional to the wavelength of the light being observed, 
which is ≈250 nm for green light. 
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Figure 2.5.1 (produced with information from ref. [142]) - The interactions of primary electrons focused 
onto a sample during SEM, forming a teardrop shaped interaction volume. Backscattered electrons 
undergo one or more scattering events before exiting the sample. The primary beam or backscattered 
electrons produce secondary electrons, but these only leave the sample when produced <1 nm from 
the surface. Auger electrons are easily attenuated and have to be produced <10 nm from the sample 
surface to escape. X-rays exit the sample surface when produced from anywhere within the interaction 
volume. 

Samples can be imaged in a variety of different modes, but topographic images of the 

biomineralised MNP arrays formed in this study were obtained through the detection of the 

high number of secondary electrons produced as the primary beam is scanned over a surface. 

These are normally detected with a scintillator-photo-multiplier system placed at a shallow 

angle to the side of the imaged sample. In most cases, a Faraday cage with a small positive 

bias surrounds the detector to attract the low energy secondary electrons that leave the 

sample in all directions. Higher energy backscattered electrons traveling directly towards the 

detector will also be detected, but due to the shallow angle of the detector, this signal is 

significantly smaller than that produced by the secondary electrons. 

As this work was completed over four years, and across three different institutions, 

the SEM images included in the results chapters were recorded with many different 

instruments. Although different SEMs were used, the sample preparation always remained 

the same. In every case samples were mounted onto aluminium stubs with double sided 

carbon tape, and earthed with the application of silver paint at the edge of the sample. 
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When this work began at the University of Leeds, SEM images were recorded with a 

Hitachi SU8230 SEM, which was operated with Zeiss SmartSEM software.* The SEM chamber 

wass pumped to <2x10-5 mbar and the samples imaged at a working distance (WD) of 

approximately 15 mm, with a primary beam accelerating voltage of 15 keV. Digital 

micrographs were produced by the Ziess SmartSEM software through the detection of 

secondary electrons with the in lens secondary electron detector. After relocating to the 

University of Sheffield, SEM images were instead recorded on an FEI Inspect F50, operated 

with xT microscope Control software.† In this case, the SEM chamber was pumped to 

<5x10-5 mbar, with the samples imaged at a WD of 10 mm and at an accelerating voltage of 5-

10 keV. The digital micrographs were produced through the use of the xT software, after 

detection of secondary electrons with an in lens secondary electron detector. 

 

2.5.2 Energy Dispersive X-ray Analysis (EDXA)‡ 

Atoms can undergo the process of inner shell ionisation when impacted by an 

electron beam, as discussed in Section 2.5.1 above and shown in Figure 2.5.1. Electrons in 

higher energy levels will then drop into the vacant lower energy states, potentially emitting an 

X-ray as part of the de-excitation process [142]. Energy dispersive X-ray analysis (EDXA) 

measures the energy of X-rays emitted from a sample probed by an electron beam, and can 

be used to determine the atomic species that are present. This is possible due to the well-

defined quantised nature of atomic energy levels, and the fact that a set of dipole selection 

rules determines the de-excitation processes that are allowed [142]. As a result, the X-rays 

that are produced have characteristic energies and wavelengths depending on the atomic 

species that are present.  

EDXA spectroscopy can be used in an SEM system to provide elemental information 

on a sample in a spatially defined manner. EDXA is used in this study to provide information 

on the elements present in the biomineralised MNP arrays that are formed. EDXA detectors 

detect the energy of X-rays produced from a sample irradiated with a primary electron beam 

via the creation of electron-hole pairs in biased silicon, with the number of electron-hole pairs 

                                                           
 

*
 I would like to thank Stuart Micklethwaite at the LENNF centre based at the University of Leeds for his 

support and guidance with collecting SEM images. 
†
 Further thanks go to Cheryl Shaw at the Sorby Centre based at the University of Sheffield for her 

support and guidance with collecting SEM images. 
‡
 Many thanks to Stuart Micklethwaite at the LENNF centre at the University of Leeds for his support 

with EDXA analysis. 
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being directly proportional to the energy of the detected X-ray [142]. Hence an EDX system 

can be used within a SEM to detect the atomic species present over the whole sample surface, 

or to map the location of atomic species as the primary beam is raster scanned over the 

surface. 

 

Figure 2.5.2 - Schematic of an X-ray emission process due to the de-excitation of an atom that has 
undergone K-shell ionisation. 

Unfortunately, EDXA was only available at the University of Leeds, so after moving to 

the University of Sheffield this facility was no longer available.* In this work, an Oxford 

Instruments AztecEnergy EDX detector system attached to the Hitachi SU8230 SEM was used 

to obtain X-ray spectra of the biomineralised MNP arrays, and elemental maps of gold, 

oxygen, iron and cobalt. Data was collected at a WD of approximately 15 mm, with an 

accelerating voltage of 7 keV and processed with INCA software. 

 

                                                           
 

*
 EDXA is due to be installed on the FEI Inspect F at the University of Sheffield, but sadly too late for this 

work. 
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2.5.3 Transmission Electron Microscopy (TEM)*  

Transmission electron microscopy (TEM) is similar in principle to SEM, and has 

become one of the key techniques available for imaging ultrathin structures on the nanoscale. 

TEM operates at much higher accelerating voltages than SEM (typically 100-400 keV, but 

some instruments can operate up to and above 1 MeV), ultimately leading to greater 

resolution. Traditionally most TEMs generate electrons via field emission from a tungsten 

filament, but it is more common to find a Schottky style field emission gun (FEG) in modern 

instruments. As with SEM, TEM focuses electrons through the application of electromagnetic 

fields onto a sample under high vacuum conditions. This sample must be thin (no more than a 

few 10s of nanometres), as the electrons must penetrate the sample to be detected 

underneath. The transmitted electrons are usually detected with a phosphor screen or a 

charged coupled device (CCD) to form a two dimensional projection of the sample. 

A TEM can image in a number of different modes. A bright field image can be 

generated as electrons undergo a number of different scattering processes when interacting 

with the sample. Regions that are more dense or thicker will lead to greater scattering, which 

means that electrons will not be detected from these areas, and thus lead to these regions 

appearing darker on the final image. Crystalline samples also diffract the electron beam, 

which can be used to form a dark field image if the transmitted beam is excluded. In dark-

field, dark areas of the image correspond to areas where no diffraction takes place in the 

sample. Chemical information can also be obtained through techniques such as electron 

energy loss spectroscopy (EELS), or by the detection of X-rays with EDXA if these detection 

systems are fitted to a TEM. 

                                                           
 

*
 I would like to thank Jonathan Bramble and Jennifer Bain for helping to collect the TEM images used in 

this study.  
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Figure 2.5.3 – Schematic showing the typical layout of a TEM (adapted from Figure 2.8 in ref [142]). 
Electrons are focussed onto a sample through the use of electromagnetic lens systems (red boxes) 
under high vacuum conditions. After passing through the sample, the electron beam (blue lines) is then 
focused to form an image. The typical locations for EDXA and EELS detection systems are also shown.   

In this study, TEM was used to image any MNPs that were formed. The MNPs were 

collected magnetically, rinsed in Milli-Q water at least 5 times, before being dispersed in Milli-

Q water. 10 µL of this suspension was pipetted onto carbon coated copper TEM grids (S162-3, 

Agar), and the grids were allowed to dry in air. Grids were imaged with a FEI Tecnai G2 Spirit 

operating at 80 keV, and processed with Gatan DigitalMicrograph software. 

       

2.5.4 Grain Size Analysis 

The grain size of the nanoparticles imaged with SEM and TEM was recorded along the 

longest axes of the projection using ImageJ software [170]. ≈100 particles per sample were 

measured, and these data were fitted with a Gaussian distribution in GraphPad Prism 

software.* To compare the morphology of the particles, the length of the longest axis of the 

projection of the nanoparticles was compared to the shortest axis in Image J. The size 

                                                           
 

*
 GraphPad Prism, version 6.01, Graphpad Software Inc., San Diego, CA, USA, 2013. 
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recorded for the shortest axis was then divided by that recorded for the longest axis, giving a 

value for an aspect ratio in range of 0-1. These data was then fitted in GraphPad Prism, with 

aspect ratios closer to 1 indicating the particles had a more equidimensional morphology. 

 

2.5.5 Particle Density Counts 

The density of particles biotemplated onto surfaces was determined following the 

procedure outlined by Galloway et al. [156].* The number of particles per unit area in five 

different representative SEM images for each sample were counted and averaged. These 

areas were chosen to be on the regions patterned with biomolecules where the formation of 

nanoparticles was expected, and not on the regions of the surface patterned by PEG. 

 

2.5.6 Atomic Force Microscopy (AFM) and Magnetic Force Microscopy (MFM) 

Along with electron microscopy, scanning probe techniques have become one of the 

most well used methods for characterising surfaces with nanoscale resolution [142]. Atomic 

force microscopy (AFM) has the ability to image materials without the need for high vacuum 

conditions, and has become one of the most versatile tools in nanotechnology. AFM can be 

used to image the topography of a sample by scanning a sharp tip† attached to the free end of 

a cantilever over the surface, or alternatively by scanning the surface under the tip with the 

use of a piezoelectric system. Several forces act between the tip and the surface, causing the 

cantilever to deflect. The most common are attractive Van der Waals forces, when the tip is 

between 10-100 Å from the surface, and repulsive electrostatic forces when the tip is <2 Å 

from the surface [142]. 

A topographical image of the scanned sample is built from measurements of the 

cantilevers position, usually achieved with a laser beam that is reflected off the back of the 

cantilever and detected with a position-sensitive photodetector (as shown in figure 2.5.4). 

AFM can be operated in a variety of different modes including. For example constant-height, 

where the scanner height is fixed and an image is built from measurements of the cantilever 

deflection, and constant-force, where measurements of the cantilever deflection are used in a 

feedback loop to maintain it at a constant force by moving the scanner over the surface 

                                                           
 

*
 I would also like to thank Johanna Galloway for suggesting this useful approach.  

†
 With dimensions on the nanoscale, the sharper the tip the greater the potential resolution. 
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topology. AFM can also be operated in other modes, such as tapping mode where a stiff 

cantilever is vibrated at close to its resonant frequency so that the tip just touches the sample 

surface at the bottom of its movement. When the tip approaches the surface, it causes a shift 

in the frequency of vibration, but with the aid of a feedback system the AFM vibrates the 

cantilever at a constant frequency by moving the scanner up and down. This provides a 

method of recording surface topography, but due to the fact the tip is not dragged laterally 

across the surface it causes less damage than contact mode AFM. 

In this study, magnetic force microscopy (MFM), which uses a tapping mode 

cantilever with a magnetised tip, is used to not only image the topography of biomineralised 

MNP arrays, but to also obtain magnetic information. Firstly, samples are imaged with tapping 

mode AFM, before being retraced in lift mode at a constant lift height of 50-200 nm above the 

surface (figure 2.5.4). Magnetic interactions between the magnetised tip and the sample 

cause vertical frequency and hence phase shifts in the cantilevers oscillation, which can be 

used to map repulsive and attractive magnetic interactions over the sample surface. 

 

Figure 2.5.4 - Schematic of AFM and MFM (adapted from the excellent fig. 2.14 in ref [154]). The 
defection of an AFM cantilever is detected by the reflection of a laser off the cantilever and onto a 
photodetector. The surface is first imaged with tapping mode AFM, before the cantilever is raised a 
certain lift height and the surface is retraced to record magnetic information. 

Again, due to this study being carried out over multiple institutions, two different 

AFMs were used to produce the AFM and MFM images included in this work. In both cases, 

silicon AFM cantilevers with Cr/Co coated MFM tips were used (MESP probe, Veeco), and all 
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the data was processed with WSxM software [171] and 3D data maps were produced in “R” 

using the rgl package.* 

At the University of Leeds, a Multimode Nanoscope III AFM was used to image the 

topography of biomineralised MNP arrays in tapping mode, and MFM was used to obtain 

magnetic information.† The AFM tips were fixed into a tip holder, magnetised with a 

permanent magnet and attached to the AFM head. The cantilever was then tuned to resonant 

frequency in air (typically ≈70 kHz for MESP probes) using the Nanoscope software. Initially, 

the cantilever was vibrated over the surface at its resonant frequency in tapping mode to 

form a good topographic image. Once the tip is engaged with the surface, the amplitude set 

point was reduced so that the tip lightly contacted the surface, and the cantilever was 

maintained at a constant frequency by a feedback circuit controlled with the Nanoscope 

software. The feedback controls (integral gain and proportional gain) were also adjusted to 

ensure the best possible image was obtained. MFM was performed in interleave mode, where 

after a tapping mode pass, the sample was retraced at a constant lift height of between 50 

and 200 nm above the surface in a lift pass. Magnetic interactions between the magnetised 

AFM tip and the sample were then used to map repulsive and attractive magnetic 

interactions. 

Data obtained at the University of Sheffield was collected on a Bruker Multimode 8 

AFM, following a similar procedure to what was performed at Leeds.‡ Again a Cr/Co coated 

MFM tip (MESP probe, Veeco) was fixed into a tip holder and magnetised with a permanent 

magnet before being fixed onto the AFM head. The Nanoscope software was then used to 

tune the cantilever, and an image was formed in tapping mode. The cantilever was 

maintained at a constant frequency with the Nanoscope software, with the amplitude and the 

gains adjusted so that the best possible image was obtained. To record magnetic information, 

interleave mode was enabled. After a tapping mode scan, the sample was retraced at a lift 

height of between 50 and 200 nm, so that any interactions can be used to plot repulsive and 

attractive magnetic interactions independently of the topography of the surface. 

 

                                                           
 

*
 Program used to render the MFM images in 3D is available here: 

https://github.com/jonbramble/MFMPlot. 
†
 I would like to thank Johanna Galloway for assisting with the AFM and MFM measurements 

performed at Leeds. 
‡
 I would like to thank Rebecca Savage for assisting with the AFM and MFM measurements performed 

at Sheffield.  
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2.5.7 Friction Force Microscopy (FFM)*  

Friction force microscopy (FFM) is a variation of AFM derived from contact mode 

imaging, which measures frictional forces on surfaces [172]. In this case an AFM probe is 

brought into repulsive contact with a sample surface, resulting in the bending of the cantilever 

that supports it. The tip is then scanned over the top of the surface, with lateral forces acting 

to deflect and twist the cantilever. Areas with a higher coefficient of friction cause greater 

deflections and twists on the cantilever, and this can be measured using the laser beam that is 

reflected off the back of the cantilever that is detected with a position-sensitive 

photodetector (as shown in Figure 2.5.4). Therefore, FFM is a useful approach for measuring 

surfaces with a lack of homogeneity in materials. 

In this work Friction force microscopy images were acquired in air using a Bruker 

MultiMode 8 NanoScope V AFM following a method adapted from the process described in 

Ul-Haq et al. [173]. The probes used for FFM were silicon nitride probes (NP series, Bruker) 

with spring constant k = 0.12 N m-1, and images were processed with WSxM software [171].  

 

2.5.8 X-ray Diffraction (XRD)† 

Since the pioneering work by the two Braggs, for which William Laurence and his 

father William Henry shared the 1915 Nobel Prize in Physics, X-ray diffraction (XRD) has been 

one of the most important techniques within the field of science, involving in some of the 

most significant and well-known discoveries [174].‡ Powder X-ray diffraction works on the 

principle of the constructive interference of monochromated X-rays with a crystalline lattice. 

An X-ray beam striking a crystalline solid at an angle (θ) results in the production of secondary 

spherical waves through the atoms electrons [142]. In most directions, these waves will cancel 

out due to destructive interference. However, they will add via constructive interference in 

certain directions given by Bragg’s Law [175]: 

 2𝑑 sin 𝜃 = 𝑛𝜆 (2.5.1) 

                                                           
 

*
 All FFM was performed by Osama El-Zubir. 

†
 I am grateful to Nik Reeves-Mclaren at the X-ray Diffraction Small Research Centre based at the 

University of Sheffield for his support in setting up XRD measurements.   
‡
 Probably the most notable being the work done by Watson, Crick, Franklin and Wilkins who used XRD 

to determine the helical structure of DNA.     
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Where d is the crystal lattice spacing, λ the wavelength of the incident X-ray and n is the order 

(as shown in Figure 2.5.5 below). 

 

Figure 2.5.5 – An X-ray beam incident on a symmetrical plane of atoms will result in reradiated 
secondary waves adding constructively when their path-length difference (2dsinθ) is equal to an integer 
number of the incident wavelength (nλ). 

Therefore a powder X-ray diffractometer records the intensity of the secondary 

reflected waves over a range of angles, either by rotating the specimen and detector while 

keeping the incident beam fixed or by keeping the specimen fixed while rotating the detector 

and the incident beam [142]. Crystallographic planes produce characteristic peaks in the 

recorded spectrum at precise angles, which can be converted back to a d-spacing with the use 

of equation 2.5.1. The full spectrum can then be compared to a database to identify the 

sample. 

Biomineralised MNP surfaces were analysed with XRD using a Siemens D5000 

diffractometer in reflection mode. X-rays were generated at 40 kV and 40 mA using a Cu Kα 

source (average λ = 1.54178 Å). X-rays were directed onto surfaces that were mounted on 

non-elastic Apiezon Q Sealing Compound putty in glancing angle geometry, taking special care 

to ensure that only the sample would be exposed to the X-rays and not the putty. X-ray 

intensities were then collected between 2θ = 15° and 70° with a position sensitive detector (in 

0.025° steps and 2.5 seconds per step). 

MNPs that formed from the bulk solution during mineralisation reactions were dried 

and mixed with Elmer’s glue onto acetate disks, and loaded into a STOE STADI P 

diffractometer. X-rays were generated at 40 keV and 35 mA using a Cu Kα1 source, with X-ray 

intensities collected between 2θ = 15° and 70° (in 0.03° steps and 2.5 seconds per step). Data 
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analysis was performed with Diffrac.Plus TOPAS software, and compared to d-spacings in the 

JCPDS crystallographic database [176]. 

The grain size of the MNPs analysed with XRD was calculated with the use of the 

Debye-Scherrer Equation [177]: 

 
𝐷 =  

𝑘𝜆

𝛽 cos 𝜃
 

(2.5.2) 

Where D is the grainsize, k is the shape constant (0.89), and β the full width half maximum 

(FWHM) of the peak at the angle of θ in radians. In the case of MNPs of magnetite and cobalt-

doped magnetite, this analysis was performed on the dominant 311 peak for magnetite (at 2θ 

= 35.75˚) [176].  

 

2.5.9 Vibrating Sample Magnetometry (VSM)  

Vibrating sample magnetometry (VSM) is a technique that can record the magnetic 

properties of a sample, as a function of an applied field, temperature and/or time [142]. As 

such, a VSM can be used to record the magnetisation of a magnetic sample as a function of an 

applied magnetising field. In a typical set up, a sample is placed into a uniform magnetising 

field. If the sample is magnetic, this field will magnetise the sample, with stronger fields 

inducing a larger magnetisation. VSM records the magnetisation of the sample through the 

use of Faraday’s law of induction, by vibrating the sample perpendicular to the applied field 

and next to a set of pick up coils [142]. If the sample is magnetised, its magnetic moment will 

generate a magnetic field.* As the sample is vibrated, this alternating magnetic field generates 

an electric field in the pick-up coils that is proportional to the magnetic moment of the 

sample. By recording the magnetic moment of the sample over a range of applied magnetising 

fields, a magnetic hysteresis loop can be constructed for a sample material.  

                                                           
 

*
 Also known as the magnetic stray field.  
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Figure 2.5.6 – Schematic of a VSM. The magnetisation of a sample (yellow box) is recorded by vibrating 
it next to a set of pick-up coils (red boxes), as the voltage induced in the coils is proportional to the 
magnetic moment of the sample. This magnetisation can be recorded over a range of different 
magnetising fields, applied with an electromagnet, to construct a magnetic hysteresis loop for the 
sample. 

VSM was performed to characterise the bulk magnetic properties of the 

biomineralised MNP arrays, and of any bulk MNPs precipitated. Bulk MNPs were dried in a 

vacuum desiccator, before being weighed into a gelatine capsule. This capsule, or a 

biomineralised surface, was then mounted onto the end of a rigid carbon rod and loaded into 

an Oxford Instruments Maglab VSM. The samples were vibrated at 55 Hz, and the magnetic 

response of the samples was recorded over a field range of −10 to 10 kOe at 295 K (in the case 

of the biomineralised surfaces the magnetic response was recorded perpendicular to the 

sample surface).  

 

2.5.9 Inductively Coupled Plasma Emission Spectrometry (ICP-ES)*  

Inductively coupled plasma emission spectroscopy (ICP-ES) is a technique that uses a 

plasma source produced by electromagnetic induction to excite atoms and ions within a 

sample so that they emit electromagnetic radiation [142]. This radiation is dependent upon 

the emitting element, and analysis of this emitted radiation with the use of an optical 

spectrometer allows these elements to be determined [142]. ICP-ES is commonly used for the 

detection of metals and in this study was used to analyse the elements present in the MNPs 

produced.  

                                                           
 

*
 I would like to thank Neil Bramall for collecting all ICP-ES data.   
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Biomineralised MNP arrays formed on gold surfaces were washed in anaerobic Milli-Q 

water, dried in a nitrogen stream and dissolved in 2 mL of aqua regia (HCl 50% : HNO3 50% 

v/v) under sonication for 30 minutes. This dissolves the biotemplated MNPs and the gold film, 

and the remaining glass surface can then be removed. 3 mL of Milli-Q water was added to the 

solution. Excess MNPs formed in solution during the mineralisation reactions were also 

dissolved in a 2 mL solution of aqua regia, and dissolved by sonication for 30 minutes. Again 

3 mL of Mill-Q water was then added. 

MNP solutions were analysed with ICP-ES, along with a blank reference solution (2 mL 

of aqua regia plus 3 mL of Milli-Q water that did not contain any dissolved nanoparticles). In 

the case of magnetite and cobalt-doped magnetite nanoparticles, the amount of iron and 

cobalt present in the MNPs solutions was quantified using a Spectro Ciros Vision ICP-ES. Iron 

and cobalt were measured at the 238.204 nm and 228.616 nm emission lines respectively, 

following calibration with suitable standards. 
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3. Magnetic Nanoparticle Arrays Biotemplated with the 

Biomineralisation Protein Mms6 
 

 

 

“What I cannot create, I do not understand.” 

Richard Feynman  
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3.1 Overview: Creating Biotemplated Arrays of Magnetite MNPs 

In this chapter the use of a cysteine-tag to attach Mms6 and its derivatives to gold 

surfaces is explored, as a route to developing simpler methods of synthesising biomineralised 

arrays of magnetite nanoparticles. When immobilised via its N-terminus to a PEG SAM 

containing carboxylic acid moieties, Mms6 was shown to biotemplate consistent magnetic 

nanoparticles of magnetite with a cubic-like morphology and a narrow size distribution onto gold 

surfaces [97, 98, 154]. Here, this approach is simplified through the engineering of Mms6 to 

contain an N-terminal cysteine (see Section 2.1.1). Micro-contact printing (µCP) is used to 

pattern a gold surface with a protein resistant PEG SAM, before the remaining space is backfilled 

with cysteine-tagged Mms6. In this case, Mms6 binds directly to the gold surface without the 

need for an attachment SAM, through the strong gold-cysteine interaction at the N-terminal 

region. Therefore, Mms6 should be orientated correctly to form an efficient biomineralising 

surface.  

It also remains unclear whether Mms6 is able to bind to pre-formed MNPs of magnetite, 

or can only bind to magnetite MNPs through the nucleation of iron ions during a mineralisation 

reaction. If Mms6 binds strongly to magnetite MNPs, a MNP array could be formed by simply 

supplying an Mms6 patterned surface with pre-formed magnetite nanoparticles. As a result, the 

surfaces and the protein would not have to be subjected to a mineralisation reaction. Therefore, 

the feasibility of this approach is also assessed in this chapter. Gold surfaces patterned with 

Mms6 were placed into a solution of magnetite nanoparticles, which were pre-made in a POFHK 

reaction, with gentle mixing.  

In addition, short peptide sequences based on Mms6 have also been shown to exert 

some degree of control over the formation of magnetite MNPs [96]. A synthetic peptide has the 

advantages of being cheaper and easier to produce than a full-length protein, which would make 

this process more scalable. Therefore, a peptide sequence based on the C-terminal region of 

Mms6 (see Section 2.1.2, hereby referred to as Mms6Peptide) was patterned in the same way as 

the full Mms6 protein and subjected to the same two schemes (placed into a mineralisation 

reaction and supplied with pre-formed magnetite MNPs) to form arrays of MNPs of magnetite. 

These schemes are summarised in Figure 3.1.1, and this chapter compares the use of these two 

different schemes with the full Mms6 protein and Mms6Peptide.  

This chapter begins by exploring a number of controls, before assessing the MNP arrays 

biotemplated by cysteine-tagged Mms6, when patterned onto gold surfaces and placed into a 

POFHK reaction, with a number of different characterisation techniques. The second part of this 
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chapter compares these results to MNP arrays generated by supplying Mms6 patterned surfaces 

with pre-formed MNPs and with the use of Mms6Peptide, with the aim of establishing the simplest 

and most effective route to forming high quality arrays of biotemplated magnetite MNPs. 

 

Figure 3.1.1 – Schematic of the experimental schemes. In both schemes a PEG SAM (green) is printed onto 
a gold surface with the use of µCP. The remaining space is then backfilled with cysteine-tagged Mms6 or 
Mms6Peptide (represented by brown cylinders). These patterned surfaces are then either subjected to a 
POFHK reaction (a), or pre-made MNPs of magnetite are washed over them (b).  

 

3.2 MNP Synthesis with POFHK  

MNPs were synthesised in a POFHK reaction, and these control particles were analysed 

with TEM (Figure 3.2.1a). Grainsize analysis was performed on ≈100 MNPs (Figure 3.2.1b), by 

measuring the longest and shortest axes of the projection of the MNPs in Image J. The aspect 

ratio of the MNPs was also determined by dividing the longest axis by the shortest axis of the 

MNP (Figure 3.2.1c). Both of these data were plotted in GraphPad Prism and fitted with a 

Gaussian distribution. 

These analyses reveal that the nanoparticles formed in the POFHK reaction have broad 

distributions as regards to size and morphology, with a mean size of ≈60±21 nm. The majority of 

the nanoparticles were found to be synthesised in the 40-80 nm range, with many smaller 

particles and some much larger particles also forming. Larger acicular (needle shaped) structures 

can also be seen, these are unlikely to be magnetite (α-Fe3O4) as it does not usually form 

particles with an acicular morphology [16]. The reaction conditions were chosen to form the 

optimum conditions for the formation of magnetite, but it is more likely that these needles are 

another form of iron mineral that is able to form acicular crystals (such as maghemite (γ-Fe2O3) 

or goethite (α-FeOOH), which are the most likely iron minerals to have formed under the POFHK 
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reaction conditions) [16]. This is reflected in the aspect ratio recorded for the MNPs, which 

appears to result in two populations. As a result, two Gaussian distributions were fitted to these 

data, resulting in mean aspect ratios of 0.08±0.14 (long needle shaped particles) and 0.90±0.21 

(more cubic shaped MNPs). 

 

Figure 3.2.1 – TEM image (a, scale bar 100 nm), grainsize analysis (b) and aspect ratio (c) of MNPs formed 
during a POFHK reaction. 

The results presented Figure 3.2.1 can be compared with the grainsize and aspect ratio 

measured for MNPs formed in six other separate POFHK reactions (Appendix 1), with the 

comparison revealing that the POFHK reaction performed consistently produces MNPs with a 

size distribution that is comparable to that shown in Figure 3.2.1 and a mean size around 60 nm. 

The measured aspect ratio also produced two distinct populations in every case, suggesting that 

the needle shaped nanoparticles seen in Figure 3.2.1a are also formed consistently.     

Crystallographic analysis of the MNPs synthesised with a POFHK reaction was performed 

using XRD (Figure 3.2.2), and the position of the peaks were converted to interplanar distances 

(d-spacings) using Equation 2.5.1 (Table 3.2.1). The MNP samples were compared to the known 

values (from the JCPDS crystallographic database) for magnetite, maghemite (that has as a very 
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similar crystal structure to magnetite) and goethite. The XRD data (Figure 3.2.2) shows peaks at 

2θ = 30.09°, 35.45˚, 36.98˚, 43.11˚, 53.46˚, 56.98˚, 62.57˚ and 74.00˚, which are all a good fit to 

the d-spacings of magnetite: (220), (311), (222), (400), (422), (511), (440) and (533) respectively, 

and a better fit than for maghemite or goethite (Table 3.2.1). These data strongly support that 

the crystal structure of the majority of the nanoparticles formed is magnetite, and that these 

nanoparticles are stable against oxidation as there is no strong indication of maghemite or 

significant quantities of other oxidation products. 

 

Figure 3.2.2 – XRD data of MNPs synthesised in a POFHK reaction. The expected peak positions for 
magnetite are highlighted.  

Table 3.2.1 – Summary of the d-spacings for maghemite, goethite and magnetite, and the MNPs formed in 
a POFHK reaction shown in Figure 3.2.2 (all measured in Å). Maghemite values are from JCPDS card 00-
039-1346, magnetite from 00-019-0629 and goethite from 01-081-0464. The value which is the closest 
match to the POFHK peak is highlighted in green, and only those plains on the JCPDS card that are the 
nearest to the peak are shown. 

Peak Maghemite Magnetite Goethite POFHK 

(220) 2.950 2.966  
2.970 

(130)   2.693 

(311) 2.520 2.530  
2.532 

(101)   2.527 

(111)   2.449 
2.431 

(222) 2.410 2.419  

(220)   2.190 
2.098 

(400) 2.080 2.096  

(221)   1.719 1.714 
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(422) 1.700 1.712  

(511) 1.610 1.614  
1.616 

(231)   1.603 

(440) 1.480 1.483  
1.484 

(241)   1.475 

(042)   1.292 
1.281 

(533) 1.270 1.279  
 

Based on the standard spectrum for magnetite and these XRD data, the (311) peak is the 

most intense and distinguishable. Therefore, this peak was fitted to the Debye-Scherrer 

equation (Equation 2.5.2) to estimate the grainsize of the particles [178]. This fitting suggests 

that the nanoparticles have a mean size of ≈32 nm, approximately half the value that is 

measured from the TEM images. However, the Debye-Scherrer analysis assumes that the 

particles are perfectly crystalline and have a narrow grainsize distribution [179]. The discrepancy 

between these two values may due to the nanoparticles actually having a broader size 

distribution, as can be seen in the TEM images shown in Figure 3.2.1. It may also be that these 

non-biotemplated control particles are not perfectly crystalline. Either of these reasons, or a 

combination of both, could lead to the Debye-Scherrer formula underestimating the particle 

sizes. 

TEM analysis reveals that the MNPs form in a POFHK reaction with a large size 

distribution and a range of morphologies. However, it is anticipated that when surfaces 

patterned with the biotemplating biomolecules of Mms6 and Mms6Peptide were placed into this 

reaction, these biomolecules would control the growth of MNPs of magnetite on the surface. 

Similarly, when the surfaces patterned with Mms6 and Mms6Peptide were exposed to pre-formed 

MNPs, it is thought that these biomolecules may be able to selectively bind to a particular size or 

shape of MNP within the population. For example, this could take place if Mms6 selectively 

binds to a specific crystallographic face of magnetite, thus the Mms6 may be able to selectively 

bind to and filter out magnetite MNPs with certain properties. This would lead to MNPs with 

much more uniform properties being filtered out of the mixed control population onto the 

surfaces by binding to the immobilised biomolecule.  

 

3.3 The Formation of Protein Resistant PEG SAMs 

PEG SAMs are known to form an anti-biofouling surface [118], and have been used to 

resist the attachment of Mms6 to gold surfaces [97, 98, 154]. To be used successfully for the 
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formation of biomineralised MNP arrays, the PEG SAM surfaces are required to not only resist 

the attachment of biomolecules, but also not bind magnetite nanoparticles. MNPs of magnetite 

were found to bind to clean gold surfaces as shown in Figure 3.3.1, which displays the state of an 

unmodified gold surface after it was subjected to a POFHK reaction (as described in Chapter 

2.4.1). Grainsize analysis of the particles formed shows that these MNPs have a similarly large 

size distribution to those formed from a bulk solution. However, they have a smaller mean size 

of 46±25 nm when compared to the MNPs that formed in the control POFHK reaction (Figure 

3.2.1, mean size of 60±25 nm). This is a result of many smaller particles (<50 nm) being found to 

bind to the clean gold surface. The PEG SAMs used in this study have been shown previously 

(and in this study, Figure 3.3.2) to be stable in water, in a POFHK reaction [97, 98, 154], up to 

80˚C* and resistant to the binding of magnetite nanoparticles. Therefore, this protein resistant 

SAM forms an excellent mineralisation resistant background, and its patterning should allow the 

location of biomolecules such as Mms6 and Mms6Peptide to be controlled. These combined SAM-

Mms6 surfaces can then be used to make biomineralised arrays of magnetite. 

 

Figure 3.3.1 - SEM images (a and b) and grain size analysis (c) of a clean gold surface (which underwent no 
surface patterning) that was subject to a POFHK reaction.  

                                                           
 

*
 Section 3.3.1.3 p.126-129 of ref. [153].  



104 
 

 

Figure 3.3.2 - SEM image of a gold surface completely covered in PEG (which underwent no surface 
patterning) that was subject to a POFHK reaction. 

PEG SAMs were patterned onto gold surfaces via µCP with the use of PDMS stamps, as 

described in Section 2.2.3.4. However, it has been reported that this process can contaminate 

surfaces, this in turn could affect the final SAM layer and thus the attachment of the 

biomolecules [180]. Therefore, four SAM surfaces patterned with µCP were probed with SIMS 

(full experimental details are outlined in Section 2.2.3.5) to see if contamination by the PDMS 

stamp could be detected. These included surfaces that were patterned with PDMS stamps that; 

underwent no cleaning protocols, were soaked in ethanol, were soaked in ethanol and ozone 

cleaned, and a stamp that was a few months old. These surfaces were then backfilled with a 

fluorinated PEG-F SAM (for details see Section 2.2.3.5), which provides good contrast with the 

PEG SAM in a SIMS experiment as it contains fluorine.  

Firstly, three control samples were analysed; a clean gold surface, a gold surface with a 

complete PEG layer and a gold surface with a complete PEG-F layer (Figure 3.3.1). This allowed 

for the peaks that were characteristic for the PEG SAM or PEG-F surfaces to be identified, so that 

these regions could be located when the surfaces containing both PEG and PEG-F were analysed. 

The peaks that were found to be the most characteristic for the PEG and PEG-F surfaces are 

labelled in Figure 3.3.3.  
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Figure 3.3.3

*
 – Comparison on the positive (top) and negative (bottom) spectra of the three control 

samples in SIMS. Au – a clean gold substrate (Sample 1, Table 2.2.1), PEG – a complete PEG SAM on gold 
(Sample 2, Table 2.2.1) and PEG-F – a complete PEG-F SAM on gold (Sample 3, Table 2.2.1). Fragments 
that were found to be characteristic of samples 2 and 3 are labelled.  

If PDMS had contaminated the gold surfaces during the µCP process, peaks that are 

characteristic for PDMS would appear in the spectra (with a strong signal in the negative 

spectra) [181]. Figure 3.3.4 displays both the positive and negative spectra for a gold surface 

that was stamped with a PDMS stamp that underwent no cleaning protocols (Sample 4, Table 

                                                           
 

*
 Data recorded by Claire Hurley at the Sheffield Surface Analysis Centre (SSAC). 
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2.2.1), with the location of the peaks characteristic for PDMS (i.e. silicon containing moieties 

such as siloxanes) labelled. As can be seen in Figure 3.3.4, significant levels of PDMS 

contamination are not observed. This is consistent with all of the recorded spectra, suggesting 

that even poly-dimethyl siloxane (PDMS) stamps that undergo no cleaning protocols do not 

significantly contaminate the gold surfaces with siloxanes when patterning PEG SAMs during 

µCP.  

 

Figure 3.3.4
*
 – Comparison of the positive (top) and negative (bottom) spectra of gold surrface µCP with 

PEG using a PDMS stamp that underwent no cleaning protocls, and was backfilled with PEG-F (Sample 4, 
Table 2.2.1). 

Furthermore, peaks that were characteristic for PEG and PEG-F were used to map the 

location of these molecules in the samples that were patterned using the PDMS stamps. Figure 

3.3.5 displays ion maps for the gold surface that were patterned with PEG via µCP with an 

uncleaned stamp (Sample 4, Table 2.2.1), which were again representative of all the samples 

imaged. It can clearly be seen in these images that PEG was successfully patterned onto the gold 

surfaces with microscale precision, forming a surface that is suitable for backfilling with PEG-F, 

and thus presumably also with biomolecules such as Mms6 and Mms6Peptide.  

                                                           
 

*
 Data recorded by Claire Hurley at the Sheffield Surface Analysis Centre (SSAC). 
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Figure 3.3.5

*
 – Negative ion maps obtained for a gold surface µCP with PEG using PDMS stamps that 

underwent no cleaning protocols, and was backfilled with PEG-F (sample 4). Maps of fragments with an 
atomic mass of 19 (F

-
) (a and c), and with an atomic mass of 33 (SH

-
) (b and d). Overlay of maps a and b (e), 

and c and d (f). 

                                                           
 

*
 Data recorded by Claire Hurley at the Sheffield Surface Analysis Centre (SSAC).  
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3.5 Attachment of Cysteine-Tagged Mms6 and Mms6Peptide to Gold 

If the cysteine-tagged biomolecules of Mms6 and Mms6Peptide are to be used effectively 

to biomineralise MNP arrays, it is vital that they form a correctly orientated and functional layer 

on a gold surface, and do not bind to the protein resistant PEG SAM. Therefore, the binding of 

both these biomolecules to clean and PEG coated gold crystals was monitored with QCM-D. 

Figure 3.5.1 displays the adsorption profile of the 7th overtone recorded with QCM-D when 

exposed to Milli-Q water, a PBS buffer containing 10 μg mL−1 solution of cysteine-tagged Mms6 

for 1 hour, and finally back to Milli-Q water. It is immediately evident that there is a much 

greater frequency shift (Δf) for the clean gold crystal than the PEG coated crystal after 

application of the protein, corresponding to a greater adsorbed mass. 

 

Figure 3.5.1 - Frequency (Δf, solid lines) and dissipation (ΔD, dotted lines) changes of the 7th overtone 
recorded with QCM-D during adsorption of cysteine-tagged Mms6 onto clean (gold) and PEG coated 
(green) gold coated quartz crystals. White regions show when a Milli-Q water was applied, and the grey 
region shows when a PBS buffer containing cys-Mms6 at a concentration of 10 µg mL

-1
 was applied (flow 

rate 50 µL min
-1

).  

The mass adsorbed onto the crystals was calculated through the use of the Sauerbrey 

equation (Equation 2.3.1) [182], and the Voight model [183] was applied to determine the 

viscoelastic properties of the adsorbed protein layer (Table 3.5.1). However, the Sauerbrey 

equation only provides a good estimate for the adsorption of rigid, thin and evenly distributed 

layers, and not for thicker adsorbed layers that act as a coupled resonator such as the Mms6 

protein studied here [182]. Therefore, this model can only be used to provide an estimate of the 
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mass of the Mms6 protein that adsorbed onto the gold-coated QCM-D crystals. In addition, 

during the QCM-D experiment solvent may couple by direct hydration, drag or entrapment to 

the protein layer [182]. In reality it is more accurate to describe the adsorbed protein layer as a 

hydrogel. So in this study an estimate of the amount of the gold surface covered by the Mms6 

protein was obtained by assuming a molecular weight of 11 kDa (including a 25% mass increase 

that takes into account the average water content of hydrated proteins [184]). Using a model of 

the Mms6 protein built on the Quark server [91], the length (33.66 Å) and width (20.27 Å) of the 

folded protein was also estimated. This allows an estimate of the molecular coverage of a 

complete layer of the protein on the gold surface (ideally bound via its N-terminal cysteine to 

the gold surface so that its C-terminus points directly away from the surface) to be calculated, 

which corresponds to approximately 24 pmol cm−2 (summarised in Table 3.5.1 below).  

Table 3.5.1 - Mass coverage and viscoelastic properties of cys-Mms6 adsorbed onto the clean and PEG 
coated gold QCM-D crystals.   

Sauerbrey Values Clean Gold Crystal PEG Coated Crystal 

Mass (ng cm-2) 258 30 
Coverage (pmol cm-2) 23 3 
Complete Monolayer (pmol cm-2) ≈24 ≈24 
Coverage (%) ≈96 ≈13 

Voight Values   

Viscosity (kg m-1 s-1) 0.0015 — 
Shear (MPa) 2.2 — 
Thickness (nm) 2.8 — 

 

These data displayed in Table 3.5.1 suggest that the protein layer that formed was 

approximately 96% of the thickness expected for a full monolayer of hydrated cys-Mms6 on the 

clean gold quartz crystals, with only 13% of monolayer thickness seen on the gold crystals 

protected by a PEG SAM. Voight modelling shows the protein adsorbs onto the gold surface to 

form a layer with a thickness of 2.8 nm, which again fits well with what is expected if the model 

produced on the Quark server is assumed to be correct. It should be noted that the Voight 

model is based on a number of assumptions, and many parameters can effect the accuracy of 

the model during a QCM-D experiment including; the viscosity and density of the buffer, the 

temperature and pressure, the electrode surface roughness and wettability and the topology, 

homogeneity and elasticity of the bound layer [183]. Therefore, these data can not be used to 

determine accurate values for the properties of the adsorbed protein layer, but overall suggests 

that the cysteine-tagged protein forms an almost complete monolayer on a gold surface (if 
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bound via its cysteine at the N-terminal region so that the C-terminal is exposed) that would be 

well suited for biomineralisation with only limited binding to the PEG SAM.  

This experiment and analysis was repeated with Mms6Peptide, with Figure 3.5.2 displaying 

the adsorption profile of the 7th overtone recorded with QCM-D, this time in a PBS buffer 

containing 10 μg mL−1 solution of Mms6Peptide for 1 hour. Once more there was a much greater 

frequency shift (Δf) when the peptide was exposed to the clean gold crystal when compared to 

the PEG SAM. The mass adsorbed onto the crystals and the Voight model were applied in the 

same way as described for the full Mms6 protein. The peptide itself was found to have limited 

structure when built on the Quark server [91]. Mms6Peptide was assumed to have a length, width 

and hydrated mass of approximately 10 Å, 20 Å and 2.6 kDa respectively, with complete 

molecular coverage calculated to be 84 pmol cm-2. 

 

Figure 3.5.2 - Frequency (Δf, solid lines) and dissipation (ΔD, dotted lines) changes of the 7th overtone 
recorded with QCM-D during adsorption of Mms6Peptide onto clean (gold) and PEG coated (green) gold 
coated quartz crystals. White regions show when a Milli-Q water buffer was applied, and the grey region 
shows when a PBS buffer containing Mms6Peptide at a concentration of 10 µg mL

-1
 was applied (flow rate 50 

µL min
-1

).  

Table 3.5.2 - Mass coverage and viscoelastic properties of Mms6Peptide adsorbed onto the clean and PEG 
coated gold QCM-D crystals.  

Sauerbrey Values Clean Gold Crystal PEG Coated Crystal 

Mass (ng cm-2) 182 -19.63 
Coverage (pmol cm-2) 70 -7.55 
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Complete Monolayer (pmol cm-2) ≈83 ≈83 
Coverage (%) ≈84 ≈-9 

Voight Values   

Viscosity (kg m-1 s-1) 0.0012 — 
Shear (MPa) 2.56 — 
Thickness (nm) 8.6 — 
 

The data displayed in Table 3.5.2 shows that the mass of the PEG coated crystals 

reduced after it was exposed to Mms6Peptide. However, this is probably a result of frequency drift 

during the measurement process, and it can clearly be seen in Figure 3.5.2 that there is a gradual 

increase in the recorded frequency. Therefore it is far more likely that, as with the full Mms6 

protein, there is only limited binding to the PEG SAM. Using the estimated length and width of 

Mms6Peptide, ordered on the gold surface so that it is bound via its N-terminal cysteine and its C-

terminus points directly away from the surface, these data suggest that the peptide forms with a 

thickness of approximately 84% of a full hydrated monolayer of Mms6peptide on the gold surface. 

This value is likely to also be reduced by the gradual increase seen in the recorded frequency, 

suggesting that Mms6Peptide forms an almost full thickness layer on gold.  

Unlike the dissipation recorded after the full Mms6 protein bound to clean gold crystals 

in QCM-D (Figure 3.5.1), the dissipation recorded for Mms6Peptide returned back to the baseline 

value (Figure 3.5.2). This is consistent with other examples of small and rigid biopolymers, whose 

adsorption have been monitored with QCM-D [185]. The less rigid the adsorbed layer, the more 

it deforms on the vibrating surface. As a result, the coupled mass deviates more from the rest 

mass, leading to a greater dissipation value. Therefore, the larger Mms6 protein deforms more 

than the smaller, more rigid Mms6Peptide during the QCM-D experiment. In addition, Voight 

modelling suggests that the peptide forms a thick 8.6 nm layer on the gold crystals [183]. It is 

possible that the peptide is not structured in this way, and the model is not able to accurately fit 

the thickness of rigid peptide layer that was adsorbed onto the gold crystals [183]. The 

Mms6Peptide could be ≈8.4 nm if it is assumed that it forms one long linear chain.* When 

compared to the full Mms6 protein, which is predicted to fold so as to shield hydrophobic 

sections, the peptide is more likely to be unstructured. Hence, despite being a smaller subunit 

Mms6Peptide is more likely to form a linear deformable tethered chain when immobilised onto the 

gold surface and pack together more closely to form a thicker layer. It is also impossible to rule 

                                                           
 

*
 Average length of an amino acid assumed to be 3.5 Å. 
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out the fact that the peptide layer does not form in this way and could bind to gold the surface 

by lying flat, forming what could be described as a mesh network on the gold surface.   

 

3.6 Formation of Biomineralised MNP Arrays with Cysteine-Tagged 

Mms6  

Gold surfaces were patterned with a PEG SAM with the use of µCP, before being 

backfilled with cysteine-tagged Mms6 and placed into a POFHK reaction. When patterned and 

immobilised onto gold via an N-terminal cysteine, Mms6 biotemplates the formation of MNPs 

with narrow size distribution to form what appears to be a single layer, with negligible 

mineralisation on the PEG background (Figure 3.6.1). Consistent patterns of biomineralised 

nanoparticles were formed over wide areas, with feature sizes on the limit of what is achievable 

with µCP using conventional s-PDMS stamps (<1 µm, Section 2.2.3.4). Biotemplated arrays 

containing features with nanoscale dimensions (such as the ≈500 nm wide lines shown in Figure 

3.6.1d) were occasionally produced, but these were only ever seen to form over small areas and 

could not be routinely reproduced. Therefore, these are probably a result of fortunate 

deformations of the PDMS stamp during is manufacture or the µCP process, or the stamp not 

contacting the surface uniformly.  

Grainsize analysis shows that the MNPs that are biotemplated onto the surface by 

Mms6 (Figure 3.6.1f) have a larger mean size and smaller size distribution (≈87±18 nm) than 

those that form in the control POFHK reaction (Figure 3.2.1b, ≈60±21 nm). From the SEM 

images, the MNPs biotemplated by Mms6 on the surface also all appear to have a cubic-like 

morphology, and large numbers of long needle shaped particles are not seen. This is reflected in 

the aspect ratio recorded for the particles that were grainsized (Figure 3.6.1g). In this case, this 

dual distribution is not observed as was seen from the control particles (Figure 3.2.1c). This 

suggests that acicular iron oxide impurities were not formed by the surface immobilised Mms6 

protein, which is able to biotemplate the formation of more equidimensional MNPs. Overall, 

these data suggests that Mms6 not only initiates MNP growth on the surface and anchors these 

MNPs onto the gold surface, but also has a strong effect on increasing the size and narrowing 

the size distribution of the MNPs. 
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Figure 3.6.1 – SEM images (a – e), grainsize analysis (f) and aspect ratio (g) of MNP arrays formed on 
Mms6 surfaces patterned by µCP after a POFHK reaction. Scale bars: a – 100 µm, b – 50 µm, c – 25 µm, d – 
5 µm and e – 2.5 µm.     

In the work done previously, arrays of magnetite MNPs were biotemplated onto gold 

surfaces by Mms6 that was immobilised by its N-terminal region to a SAM containing carboxylic 

acid residues, after activation by EDC and NHS [97, 98, 154]. This aimed to correctly orientate 

the protein so that the C-terminal region was exposed for efficient biomineralisation, and space 

the protein from the gold surface. However, the SEM analysis shown here (Figure 3.6.1) suggests 

that the immobilisation of Mms6 directly to gold via an N-terminal sulphur did not adversely 

affect the functionality of the immobilised Mms6 protein. Highly uniform MNPs are 

biotemplated on the protein patterned regions, with only negligible mineralisation on the PEG 

background. This removes the need for the attachment SAM, resulting in the loss of a step that 

simplifies synthesis of biotemplated MNP arrays. 


















































































































































































































































