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ABSTRACT

Biomineralisation is the biological control over precipitation of minerals, observed in a
wide variety of organisms.In biomineralisation processes proteins control both the
nucleation and propagation steps in the precipitation of inorganic mineralsforming
complex architectures with exceptional leved of control. Magnetotactic bacteria(MTB)
use biomineralisation proteins encoded within their genomefor the formation of
extremely monodisperse biomineralised magnetite nanoparticles (MNPs) within an
organelle (vesicle) termed the magnetosome Precipitation of MNPs within thisinternal
magnetosome vesicle with the aid of biomineralisation proteins allowsuch control

over precipitation of high quality MNPs tobe realised.

Exploitation of the magnetosone formation process via biomimetic precipitation
within a synthetic vesicle to form an artificial magnetosome is developethroughout
this thesis. This is by optimisation of a vesicle nanoreactoffor incorporation of a
magnetite precipitation reaction within its core. This is by encapsulation of the alkaline
reagent for the ensuing magnetiteco-precipitation, which was found to be the most
appropriate route to intra-vesicular precipitation. Various routes to transport iron ions
into the core for completion of magnetite MNP precipitation are explored. Iron
transport using biokleptic, biomimetic and entirely synthetic methods of
transmembrane transport all have differing precipitation outcomes. Engineering co
precipitation inside a vesicle to form a single maaggtite crystal mimics the formation,

and ideallythe behaviour, of a magnetosome

Mimicking MTB precipitation magnetosome formation syntheticallyto achieve high
quality homogenous and adaptable nanoparticles(NPs), asobserved with naturally
biomineralised magnetite. These particles should, have superior biomedical properties
to synthetically made particles, currently used in nanomedicinewhere MNPs hold

potential for theranostic/drug delivery, hyperthermic and imaging applications.
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INTRODUCTION
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In this introduction chapter | will discuss background relevant to the biomimetic
synthesis of magnetosomes for lbimedical applications. This is a multdisciplinary
study inspired by nature, spanning physics, chemistry, biology, medicine,
nanotechnology and nanomaterials sythesis. Magnetism and the magnetic material
magnetite are discussed in section1.1 and biomineralisation and magnetotactic
bacteria in section1.3. Artificial vesicles are described in sectiorl.4, biomimetics in
section 1.5 and their application in 1.6. Fnally, the introduction includes a description
of the aims and objectives in the context of artificiamagnetosomedesign in section
1.7. Aspects of this chapter are based on the review Bagt altc

1.1 MAGNETISM ANDMAGNETITE

The theory of magnetismas describedin this section is from Blundell!! Newey and

Weaver2 and Pankhurstet al.13

1.1.1 MAGNETISM

The magndic properties of a material are governed by its susceptibility to

manipulation by an externally applied magnetic field. When a magnetic field is applied

electrons in an atom alignwith the direction of the applied field. Thealignment of these

electrons (parallel or antiparallel) determines whether a material is magnetic without

the presence of an pplied field. The measurement ofa material® magnetism is

represented on aMH curve, (Figure 11). Figure 11 shows the magnetisation (M) of a

material, in an appliedmagnetic fieldof strengthH4 EA OOOAADPOEAEI EOQU j°?2Qq 1 £
is determined by how magnetised (M) per unit volume it becomes in the presence of a

magnetic field of strength (H), this relationship is shown in equation 1.IThe MHcurve

is generally sigmoidal as a result of increasing magnetisation of the material, with

increasing H, untila point of magnetic saturation is reached.
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M (emu g1)
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Figure 1.1: Schematic of a magnetic hysteresis I@o (MH curve), which measures th
magnetisation of a material (M) as a function of the strength of the magnetic field (H) as the fi
increases the material is magnetised in the same direction, the field is then returned back to z
and the field and thesample is magnetised in the opposite direction. This cycle is repeated with 1
material reaching its magnetisation saturation (a) in each direction. Arrows indicate the directio
of the magnetisation. The materials coercivity is shown by (b) the strengtbf the externally appliec
field required to reorder the material back to a zero.

As the field increases the material is magnetised in the same direction, the field is then
returned back to zero and the field and the sample is magnetised in the opposite
direction. This cycleis repeated with the material reaching it magnetisation saturation
(a) in each direction(Figure 1.1). These parameters change the hysteresis of a material,
defined as the field strength required to flip the moments and realign them in the
opposite field direction, once magnetisation saturation is reached. When the patrticle is
cycled between the positive (+) and negative-] field, it gives rise to a hysteresis loop.
The width of this hysteresis is determined by the field strength needed to flip all the
spins; namely its coercivity. The coercivity of the magnetic material is the point at
which an externally applied field reorders the material and hence the magnetic flux of

the material returns to zero.
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The steepness of this curve describes how easily magtised a material is (with more
easily magnetised sample aligning at a lower H). It is alsodependent on the type of
magnetism a material displaysi.e. its size/spin alignment and the materia® atomic

structure.

o .0 (1.1)

All materials possessmagnetic characteristicsdue to the atoms contaiing electrons. In
some materials there is no remnant magnetisation of thelattice in the absence of an
external magnetic field In these materials magnetism still exigs at an atomic level in
the form of diamagnetism or paramagnetism. Diamagnetim occurs when all electrons
in a material are paired, in this case the materiad spins align antiparallel to the field
direction and therefore it is repelled in a magneticfield (Figure 12 b). This alignment
means there is no net magnetic momengue to no net motion of electrons, as all are
paired) when a field is applied and tlerefore the material is weakly repelledby the
field. The opposite is true in the case of paramagniet materials, where unpaired
electrons within the atomic structure show an attraction and &gn along the field
(Figure 12 a). Both of these materials have a linear response in their MH curve, as the

magnetism is lost when the field is removed.

More ordered atomic structures give rise to paramagnetic materials with long range
ordering, which can have remnant magnetism when the external field is removed. If
this ordering is antiparallel across the entire lattice, then the atomic spins cancel. This
leads tozero bulk magnetic moment in these materials. Materials which have this type
of bulk alignment are called antiferromagnets (AFM) (Figure 1.2 c). If the opposite is
the case, and all of the atomic magnetic moments are aligned parallel to one another,
then this long-range ordering causes remnant magnetism when the field is removed,
the material is ferromagnetic (FOM), (Figure 1.2 d). A third situation is also possible in
which the atomic magnetic moments are aligned antiparallel as in AFM materials, but,
dueto a difference in the size of the atomic magnetic moments, (for example, caused by

difference in atomic valences) the moments to not cancel.
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As a result these materials also have remnant magnetism in the absence of a field,

these are known as Ferrimagats (FIM) (Figure 1.2 €). In each case their magnetic
properties are due to long range ordering of paramagnetic moments in the crystal

stuAOOOAh EAOET ¢ EEGCE OOOAAPOEAEI EOU j?2(Q

a) b) 0
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Figure 1.2: Atomic alignment which occurs in each type of magnetism, arrows represent the spin
alignment of magnetic moments which gives rise to the magnetic propeées of the material. In the case of,
a) diamagnetism, which is repelled in a magnetic field b) paramagnetism, where materials are attracted in
an applied field. c}e) show the longrange ordering of moments which occur in c) antiferromagnetism
(anti-parallel spins), d) ferromagnetism (parallel spins), and e) ferrimagnetism (antparallel different size
spins) respectively.

ARM materials align in an antiparallel configuration,(Figure 12 c) and so the magnetic
moments cancel, whereas in F@ materials elecrons are aligned parallel to one
another, and hence do not cancegiving an overall magnetisation (Figure 12 c).
Similarly, moments do not cancel in the case of MImaterials, despite an antiparallel
alignment of electrons. This is due to a size differeecin the moments on adjacent
atoms (e.g. due to a difference in valence) leading to remnant magnetism when the field

is removed (Figure 11 e).

)>\

O

mh



Page|6

These effects are thermally dependentwith atomic ordering only occurring below a

specific temperature, theblocking (Ts) or Curie temperature.Abovethe Tg, ordering is

lost and materials behave as paramagnets. In the case ofNEGARM and FIM materials,

particle size and field strength (H) also affecthe magnetic response,affecting the

shape of themagnetic hysteresis loop (MH curve).Thishysteresisis used to assess the

magnetic hardness ofa material, based on the point at which it saturates and st

coercivity. These characteristics aredependenton the properties of the particle, i.e. the

particles compostion, size and shape(i.e. the size, orbital arrangement and electron

pairing), therefore materials are classed asO O £0 | ACIEA®GH6 [ AICA AOO6 h

depending on the field strength (H) neededor the material to be magnetised.

Nanoparticles can develoglomains within their structure due to short range ordering
of spins within a lattice,and the number of these domairs increases as the particle size
increases. These domains can build up in particlesand affect their coercivity, for
example a superparamagatic nanoparticle (a single spin) will respond as a single
domain (or whole particle) in a magnetic field (Figure 1.3 a). As the particle size
increasesand spins remain aligned in a single domain the coercivity increases (Figure
1.3 b) as a higher magneti field strength is required to return the magnetisation back
to zero (due to the additive effect of all spins in the lattice). This coercivity thebegins
to decrease as the particle size further increases ardbmain walls begin to develop.
Thesedomain walls result in an inconsistent response in a magnetic field and therefore

realignment is achieved at lower field strengths (Figure 1.3 ¢)

A a) b) )

&

o) \22

Coercivity

v

Patticle Size (nm)

Figure 1.3: Schematic of domain formation in magnetic nanoparticles and
effect on coercivity as particle size is increased from a) superparamagne
nanoparticles to b) single domain and finally c¢) multtdomain magnetic
nanoparticles.
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Therefore bigger single domain magnets (all spins in alignmentyre harder to flip than
smaller particles. Rarticles larger than single domain contain domain walls (which
separate regions of aligned spins) and will flip at lower values of H. If particles fall
below a certain size, superpararagnetism is observedn which the particle has a single
magnetic moment,and as a magnetic field is reversed the entire particle flips to realign,
in this case any hysteresis in the MH curve is lofther factors which have a profound
effect on a particles magnetic coercivity include its shape. The shape of the particle can
affect how strong a field must be for the alignment of all moments. For exampia a
needle shapeparticle the moments can more easily align in a head to tafibrmation;
therefore needng a lesser magnetic field strength than a sphericaparticle. In a
spherical particle repulsive forces between adjacent moments will have to be

overcome for successful alignment.

1.1.2 MAGNETITE

Magnetite (FeOs) (sometimes referred to asloadstoneg) is the most abundant naturally
occurring ferrimagnetic material. Magnetite has a inverse spinel structure comprised
of Fe+ and Feé+ centres in a 1:2 ratio with the overall structure of (Fe+2Fe3+ Oy) 3.14

This ferrimagnetic structure gives magnetitehe highest magnetic saturation of all the
iron oxides, the properties of which are outlinal in table 1.1 The cubic inverse spinel
lattice arises asa result of opposite spins on successivegon atoms in the magnetite

crystal lattice.® The crystal structure arises from the arrangement of ®counter ionsin

a face centred cubic packed (FQ@attice, in which ferric ions occupy both octahedral
and tetrahedral holes,and corresponding ferrous ions are found only inoctahedral

sites (Figure 1.4).15 MaCT AOEOAS O Q@ FelB)ARelED,) e Uthat i

isolation, the ferric ions behave as a paramagnet, beindigned in an applied magnetic
field, due to their adoption of a high spin configuratio This leads tomoving charges
between the mixed valencesand a net magnetic momentvithin the lattice, giving rise
O1 1 A ¢ ifekitnagoelidptdperties in the bulk crystal.
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Property Value

Formula FesOy

Crystal lattice Inverse spinel/Close cubic packing
Unit cell 0.839 nm

Magnetism Ferrimagnetic

Density 5.18 g cm?

Curie Tempeiature 850 K

Melting Temperature 1583 °C

3 -1012.6 kJ mot

Solubility 35.7

Table 1.1: Physico-chemical properties of Magnetite

Figure 1.4: Inverse spinel unit cell of Magnetite showing oxygen (Green) in an FCC lattice with3F@Pale
blue) in both the octahedral and tetrahedral holes and Re (Purple) in half of the octahedral holes
(Diagram made with CrystalMaker version 9.2.2)

The spin moments associated with each atom in the magnetite lattice do not cancel out
as they would in the cae of antiferromagnetism. This isdue to adifference in the
number of electronsin the ferrous and ferric iron at the octahedral sites The electrons
associated with these ions are thermally delocalised, (which allows their movement)
but when magnetite is cooled (below 118 K) these eleains become localised causing a

loss of ferrimagnetismi6



Page|9

Net magnetisation is also lost at temperatures above the @rie temperature of
magnetite (850 K)3.17 as thermal energy causes the loss of lomgnge ordering and

ferrimagnetism becomes paramagnetism.

Particle size is important for magnetite MNPs generallybehavesuperparamagnetially
AAT T x Trosimeltisiis Above a certain sizelireshold AAT OA B pg¢m 11 A

temperature) magnetite MNPs begin to exhibit multi-domain characteristics!t. 13, 18

(@}

Domain walls (arising from multi-domain nanoparticles)in the crystal structure affect
the particles magnetic response; as the spins need a higher magnetic field to overcome
the energy in the domain walls and align. To achieve an efficient and consistent
response in a magnetic fieldsingle domain structure magnetite (between 30120 nm)

is required for complete homogeneity.11.13.18

1.2 MAGNETITEFORMATIONROUTES

A major consideration when studyingmagnetite (FesOs) is that it is prone to oxidation.
This arises from the sensitivity of the ferrous ons, which can undergo slow room
temperature oxidation to form the ferric iron oxide, maghemite } FeQ0;)3 19
Distinguishing between these two iron oxides is difficult, as they share the same
inverse spinel structure. When compared to magnetite gee sectionl.1.2), maghemite
has a ferrous ion deficiency at the tetrahedral sites. Characterisationtechniques, such
as XRD or Missbauer spectroscopycan be used to distinguish betweemaghemite and
magnetite. However,this is non-trivial, as the differences between thetwo crystal
structures are minor, meaning large amounts of material (in powder form are
required. Loss d absorption in the near IR-region can also indicatenagnetite oxidation
to maghemite, but again this is extremely difficult tqoull out from the spectra3 Figure
15 a) shows the interchange between magnetite and the other iron oxides by
processes such as dehydration, hydrolysis or oxidath, and the corresponding change
in particle shape. These changes are generally related to the redox potentj&h) and
acidity (pH) of the reaction environment. Careful control of these parameters can allow
for the exacting formation of a specific iron oide, as shown in tke Pourbaix diagram in
figure 1.5b).8
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Figure 1.5: Magnetite formation involves tight control of the redox conditions to ensure the correct iror
oxide is formed. Evidence can be seen in a) a schematic of synthesistesuto the formation of magnetite
adapted from Cornell & Schwertmanf and b) an ERpH Pourbaix phase diagram from Takencet a8
showing how slight adjustments in pH or redox potential can result in the formation of different iron oxide
(in this case at standard temperature 298.1K, and pressure 105 Pa).

Extensive research into magnetite formation has yieldednethods for producing a
range of magnetite particle sizes and morphologies20 Crystallisation (nucleation and
crystal growth) is governed by both thermodynamic and kinetic factors that render the
process and the resulting particle properties extremely sensitive to reaction
conditions. The mineralisation of magnetite occurs when insoluble nanoparticles are
precipitated out of solution from soluble precursors In an oxidative regime (i.e.
increasing Eh) ferrous rich green rust intermediates (e.g. Fe(OHy) form first 3.8.10
Gradual oxidation of the ferrous iron to ferric iron leads to a mixture of ferrous and

ferric rusts, which undergodehydration to yield magnetite10

Precipitation can also occur byraising the pH using a source of hydroxyl ions. For this
route to successfully yield magnetitea mixed valence iron solutiormust be used which
has the appropriate stoichiometry for magnetite precipitation ((Fe2+ :2 Fe*). It is
important that this co-precipitation is carried out in an inert atmosphere to prevent

oxidation of the farousiron which will result in the formation of different iron oxides.

20a,20c
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This means that co-precipitation of magnetite must be carried out under an
atmosphere of N or Ar. Maintaining an anoxic atmosphere makes synthesisof

magnetite difficult.

The oxidation of ferrous ron to its ferric counterpart leads to the likely formation of a
range of competing iron oxides Subtle changes to the reaction conditionsan induce
oxidation and alter the final product including changes in temperature, precursor
oxidation state, ionic ratio, céion concentration, anion type, redox of the reaction
chamberatmosphere, etc3 This delicate balance between pH and oxidation kineticsan
introduce heterogeneity, causing changes in particle propertiesFor magnetite, this is
particularly important for altering its magnetism,and also the size and shape of the
resulting crystal. These properties arevital for the MNPssuitability for a particular
application, where consistency and reproducibility in crystal properties is paramount.
Larger, more uniform populations of pure magnetite MNPs ca be produced, but
generally via multistep processes involving increased temperature, pressure and/or
toxic reagents which more tightly control the nucleation, growth and oxidation kinetic
in the reaction2o. 20eg There are many routes to magnetite formation such as

hydrothermal, sol-gel, flow injection and electrochemicakynthesisroutes.18

This section covers various routes for magnetite synthesis including; high temperature
reactions and partial oxidation of iron hydroxides. Whilst all methods offer acceptable
levels of purity, they vary both intechnical complexity of the techniques employedand
the overall reproducibility of the synthesis route. Sudies show that synthesis of
magnetite without some ferrous oxidation is highly unlikely20f Perhaps the most
comprehensive assessment of magnetite formation is by Regazzoei al2°f They
evaluate and draw comparisons between sixifferent methods of magnetite synthesis.
The study determines that igh temperature methods and/or a nucleation burst by
injection of a precursor into a hot reaction solution (hot injection) yields high quality
particles of defined size and shapebut involves harsh chemical and physical
conditions.20e, 20f, 21 The best method, in terms of particle quality, appearsto be
synthesis via hydrazine oxidation or the reduction of haematite However, neither
route is easily achevable in a standard chemistry laboratory with both reactions
requiring prolonged heating to 400 °C20f Similarly, alkaline hydrolysis provides high
quality magnetite, but again the reaction must be performed aa high temperature
(500 °Q .20f
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Larger, more uniform octahedral particles with a relatively narrow size distribution
can be achieved usingxidative routes at elevatedtemperatures (~ 90 °C) by way of
partial oxidation in the presence of ebase(which controls the reaction pH). A ferrous
iron precursor is heatedto form ferrous hydroxide, which is then partially oxidised
(most commonly by potassium nitratg to form a ferrous/ferric hydroxide mixture. 1a22
Dehydration of this mixture yields magnetite, however the reaction is extremely
sensitive to alterations in the reagents used (iron saltype and OHsource), any change

in the ratio of reagents, and changes in temperata.2°f

Although the conversion from 3(Fe(OHy) to Fe;Ox (the Schikorr reaction)?3 is possible
at a lower (ambient) temperature, oxidation can mean the introduction of
contaminants and by products, meaning sample purity is log®f Room temperature co-
precipitation is achievedby raising the pH of amixture of ferrous and ferric ions in
solution, which causes precipitation of magnetite MNP#f Unfortunately, this route
produces small, ill -defined particles, often with broad size distributions, and s liable to
produce a range ofiron oxides.24 Particle sizecontrol can be improved bymanipulating
the reaction kinetics, particularly OH addition rates, or to use phase transformation
from iron oxyhydroxides.20c Thus @-precipitation at raised temperatures can improve
particle quality. Methods, such as thermal decomposition of urea to ammonjanduce
magnetite precipitation by way of atemperature triggered pH rise. Here,unwanted
ferrous oxidation is minimised, as the precipitation of magnetite is controlled by the
rate of ureahydrolysis. Although not asenvironmentally friendly as atco-precipitation
at room temperature, (urea hydrolysis requires heating t085°C), this heating method
produces magnetite particles of a much higher standardi.e. uniform size, shape and

magnetic properties)than achieved withroom temperature co-precipitation.2tb.25

Perhaps the bestambient temperature route to magnetite synthesis was developed by
Lenders et al20a The group successfully achiewe the in vitro precipitation of single
domain ferrimagnetic magnetite at ambienttemperature using co-precipitation; a
synthesis route which normally yields ill-defined nanoparticles. By controlling the
reaction kinetics, they first form a ferrinydrite precursor from ferrous ions, at low pH.
The pH is then slowly increased by diffusion of N&lwhich allows for a slow conversion

of ferrihydrite to magnetite 20a
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This achievement is mirrored by the work of Baumgartneet al, who also achievd co-
precipitation of magnetite yielding stable single domain magnetitdMiNPsat pH 9 and
Al AEAT O OAI PAOAOOOAR AU OO1 OOAOkthnk pH AAAEO]

adjustments, to avoid precipitation of small superparamagnetic particlez

1.3 BIOMINERALISATIONAND BIOMIMETICS

1.3.1 BIOMINERALISATION

Biomineralisation is the crystallisation or precipitation of an inorganic material within

or around a cell or organisn®’ occurring in numerous organisms ranging from humans

to algael® There are two distinct types of biomineralisaton TEA Z£EOO0OO EO OAEI
ET AOGAAA | ET(BINAiwEich e rdcipitation of a mineral isthe by-product

of a biochemical process$b.28 In these casesthere is often little to no control over the

i ET AOAT &I 01l AA8 4EA OAATT A OUPA E@CMAETI T C
whereby the organism deliberately forms the nmeral to fulfil a function (i.e. protective

(shell), structural (skeleton), attack and defence (claws andeeth).tr In BCM, the

minerals can beintricately designed to perform these functions,with the organism

directing the materials to control requirements such as size, shape, toughness etc.

Transmembrane metal ion transmrt proteins and/or crystal morphological control
proteins are commonly used by organisms to control the crystallisation of the
resulting particles.ta29 These BCM mineralgyenerally have superior properties when
compared to equivalentartificially synthesised particles.Such architectures can be
seen in multiple species ofivalves, molluscs and coral, which biomineralise a hard
outer shell for protection.28 The coccolith is also an excellent example of thishell
forming process. Coccolithophores form the coccolith plates imtracellular vesicles,
and subsequently exorcise them to the exterior of the organism. The coccolith
structures comprise individual biomineralised plates which then assemble intgpheres

to protect the organism(Figure 16).6.27.30



Pagel|l4

Figure 1.6: Natural biomineralisation within organisms. Architectures observed in nature as the resu
of calcium carbonatebiomineralisation in coccoliths, scale bars are 1 pm adapted from Yoursg al.6

Coccoliths have provided a model system for the study ofidmineralisation
mechanisms and are indicative of the high levels of complexity that can be achievég
nature. Similarly, the diatom is a form of algae that is able to control the
biomineralisation of silica using specific proteins called silaffins28 Silaffins are
polycationic peptides, which are ableto exert control over the precipitation of silica
nanosphere networks. A lysindysine section within this peptide structure has proven
to be responsible for the formation of the network3! When silaffins are added to anin
vitro precipitation, there is a stark dfference in the morphology of the silica formed

when compared to the absence of proteift

The in vivo function of these negatively charged proteinsis to induce crystal phase
switching from aragonite to calcite during the formation of nucleatingshell tissue
sheets.In vitro use of these proteins initiates the same crystal phase shift observed

Vivo.32
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Whilst this is by no means an exhaustive list of bioadditives, it demonstrates the
OAOOAOEI EOU OEAO AAT AA AAEEAOGAA xEAT AAAEOQE
chemical reactions. Understanding the mechanism by which these organisms
biomineralise can be used tdnform the generation of new biomimetic and bioinspired

materials 33

1.3.2 MAGNETOTACTICBACTERIA

Examples of bianineralised magnetite are found everywhere, from chiton teeth to
MNPs within the brains of insectsbirds and humanstb.34 Arguably, the most intricate
and well-studied example of magnetite biomineralisation is the formation of
magnetosomes irmagnetotactic bacteria (MTB)® MTB are a gram negativéacteria, of
which there are evermore emergingdiverse strains.36 They arefound in sediments and
saline, brackish and fresh wateall over the world.35.37 Each strain has a unique genetic
make-up, but commonto all MTB strains is the biomineralisation of magnetic iron
based minerals, typically magnetite or gregité%37 Snce their discovery by Bellini in
196338 and rediscovery by Bl&emore in 197535 multiple research groups have
emerged dedicated to understanding the mechanism of biomineralisation withithese

vesicles(termed magnetosome$ in magneotactic bacteria.3s.39

Magnetosomes are believed to be used as internal compassaifowing the bacteria to
passively align with a magnetic field, and navigate along the direction of thigeld,

which is called magnetotaxig® Magnetotaxis allows the MTBto move in response to
environmental cues(such asspecific levels of @and CQ). The MTBorient themselves
seek out optimal redox conditions needed fortheir survival.40-41 Magnetotaxis is
believed to be used in conjunction with both aereand chemotaxis to orientate the
magnetosome in the oxieanoxic transition zone (OATZ). The OATZ ighe border
between upper oxygenrich and deeper oxygenstarved regions within water or

sediment.
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Magnetotaxis is the most likely reason for MTB formation, however this is heavily
debated40.42 Cther alternative theories suggest that magnei-aerotaxis® is a secondary
advantage of biomineralising MNPs, and the magnetosomes are a primarily a product
of respiration44 or detoxification.s5 It is known for certain that a dipole moment is
produced in the MNPs, allowing the magnetosomesnd therefore the MTB}o align
with geomagnetic field lines. It has also been found that some MTiB the northern
hemisphere are north seeking and vice versa in the souttrn hemisphere4s Although
these seeking species can live in the same environmertf it has been observed that
north seeking bacteria are repelled by hie south pole of a magnetwhich raises
guestions regarding magnetotaxi$? Whatever the reason for the formation of
magnetosomes it is clear that the MTB take advantage of the magnetic propergeof
the MNPs they form. Thg do this by exerting heavy biological control over the

formation and alignment of magnetosome MNPs

1.3.2.1 MAGNETOSOMHE-ORMATIONIN MTB

MTB are unique in the way in which they biomineralise exclusively magnetiteor
gregite hanopatrticles within their magnetosomes(Figure 1.7 a).3°f The mechanisms of
magnetosome formation have been extensively studiednd it has been found that the
proteins which control magnetosome formationare encoded by an area of the genome
ETT x1T AO OEA O- Agk Addccptdd Aheoyy @i MIB Magdetosome
formation in a well-studied species Magnetospirillum magneticumAMB-1) starts with
the invagination of the cytoplasmic membranewithin the bacteria by the protein
MamY:48 This creates a budding vesicle in the membranevhich is then broken off by
the protein MamW7 (figure 1.7 b). These empty magnetosomes are arranged tm
chains by the protein MamJ anchoring them along an actirlike filament protein
(MamK) inside the bacterum.4® Once alignedalong MamK the empty magnetosome
vesicles then recruit Mam/Mms proteins into their membrane#® This family of proteins
allows for recruitment of iron to the lumen of the magnetosome through

transmembrane iron-transporter proteins .39d.50
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inner membrane

Figure 1.7: The formation and biomineralisation of the magnetosome inwithin the magneitactic
bacterium M. magneticumAMB-1. a) Example oMagnetospirillum magnetotacticumAMB-1. Adapted from
Schiiler et aPf! b) Schematic of formation of the magnetosome vesicle, recruitment of iron and
morphological control exerted by bacterial proteins redrawn by J. Gallowayrom Arakaki et al.3%

Current research has not managed to definitively determine which proteifs) are
responsible for iron transport into the magndosome. This isdespite thorough research
into many promising candidates, in particularly the proteins MamMB and MagA3s3
These proteins have been assigned astiporter systems through genomic, proteomic
and re-crystallisation studies5354 They are believed topump protons out of the
magnetsomecore, increasing the internal pH andin turn pump ferrous iron ions back
in. The pH rise withinthe iron (I) rich magnetosomeleads to the precipitation of a
single magnetite nanocrystal within the magnetosome coreThe size, shape and
crystallinity of the magnetosome bound MNP is controlled by specific

biomineralisation proteins.29b.51
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Sufficient ferrous iron concentrations are only reached in MTB due to the
compartmentalisation of the reaction3®. 49 This hypothesis is supported by Stdz55
with the discovery that magnetosomes are onlysynthesised by MTBin cases where
sufficiently high concentration of aferrous ion sourceis available3%d This is supported
by a study which suggests that magnetite mineralisatioproceedsvia the formation of
an iron (ll) precursor 56 Some suggestthat this iron (II) can then be oxidsed to iron
(1) ferrihydrite by an iron oxidase protein (MamP}¢ which is present in all MTB
strains. This would then be followed by conversion to magnetite by continuous
transport into the magnetosomeof the ferrous iron.3%d.52.53b Deletion of MamP has been
shown to cause crystadefects inmagnetosomes® Genomic, proteomic,ipidomic and
electron microscopy analyses hae confirmed the presenceof a suite of magnetosome
specific proteins within the magnetosome vesiclesand has helpdto assign a function
to many of thems3%® Sudies, focussed on further gene knockout mutagenesig? 57
genomic studies3c and proteomic studies®458 are still trying to elucidate the role of
these proteins. Numebus reviews4.39c,3%,42,59 detail what is already known about the

formation of the magnetosomes and their potential fouse in a range ofpplications.

1.3.2.2 BIOMINERALISATIONPROTEINS

Biomineralisation proteins are pivotal to theformation and quality of MTB produced
magnetite nanoparticles. Analysis of the magnetosomal magnetite crystals has led to
the hypothesis that the initial nucleation of the particle is on the [111] face specifically.
This is followed by non-specific growth, and selective suppression of specific axes to
yield a cubaoctahedral particle in the case ofMagnetospirillum magneticumAMB-1.60
This control is provided by the biomineralisation proteins (Mms6, Mms13, MmsF)
encoded for in the magnetosora island4” which are believed to control the growth of
the magnetite crystal by both promoting nucleationof FesO, and blocking growth of

specificcrystal faces, to achieverecise crystal morphology 1a

Perhaps the most well studied of these proteins is Mms@hich is a membraneprotein
with a single transmembrane region containing acidic ironbinding sites on its G
terminus.61 Mms6 is believed to play a key role as a nucleation site for irominerals
located on the magnetosome interiota 61 Mms6 isthe first of the few studied proteins

from this system to be utilised in anin vitro magnetite precipitation.s!
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When this protein is added to a room temperature cgrecipitation of magnetite there
is a marked improvement in the monodispersity of the particles formed.la 2% 62
Another MTB biomineralisation protein whosefunction has been investigateds MmsF.
MmsF is alsdoelieved tobe the biomineralisation protein responsiblefor the formation
of magnetite5” The deletion of the MmsF gendn vivo leads to complete loss of
magnetosome formation. Importantly, when the cluster of genes responsible for
biomineralisation is deleted and only MmsF restoredthe formation of the entire
magnetosome is restoredindicating that MmsF is the master regutor protein within
the operon2% This, along with the other key proteins is believed to be responsible for
control of magnetite biomineralisation and will be discussed in more detail in chapter
8.

1.4 VESICLES

A vesicle isa hollow spherical structure which encapsulates a body ohqueous or
organic fluid, whose brmation is governed by selfassembly. Vesiclesare an integral
part of nature, where they perform a wide variety of functions and have beenwidely
researched since 19633 Vesiclesare vital in multiple cellular processes,including
transportation and compartmentalisation in cells MTB vesiclesare composed of a lipid
bilayer membrane, in which it is difficult to introduce variations and functionalisation.
Adaptation of a vesicles composition can be more pronounced and better controlledh
a synthetic analogue For example it is possible to limit vesicle formation to certain
morphologies by control of the composition of the components used to assemble the
vesicles4 Synthetic vesiclenanoreactors presentedin the literature have facilitated the
completion of numerous reactions.® One key focus of this thesiss the utilisation of
vesicles formed from both naturally occurring phospholipid and from synthetic
polymers, to create a nanoreactor suitatd for the compartmentalisation of a magnetite

precipitation reaction.
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1.4.1 SELFFASSEMBLY

For predictable vesicleformation, molecular levelunderstanding of the self-assemblyis
key. Vesicles are generalfformed from amphiphilic molecules vhich possess both
polar and non-polar regions¢ This givesrise to both hydrophilic and hydrophobic
properties simultaneously, and selfzassembly occurs spontaneouslyipon addition of
an amphiphile to aqueous solutior$é which arises from the hydrophobic effects6éa 67
This is because he hydrophobic portions of the molecule cannot form bonds with

water either electrostatically (Van der Waals) or via hydrogen-bonding, due to lack of

affinity betweenthe non®i 1 AO AEAET O AT A xAOAGsTANMAE OAET ¢ Ol

states that the surface tension of a system decreases threefold for each additional
methylene group addedto the nornpolar region of an amphiphilegsa 68 When a
hydrophobic molecule of acertain size is added to water, an entropic effect dominates
forcing the water to arrange itselfinto a cagelike structure (clathrate) around the

molecule to avoid contactresulting in anincreasein the order of the systemS$6a 68

Despite energy being required to promote the rearrangement, this is more
energetically favourable than hydrophobic/water contact with higher numbers of
hydrophobic residuesincreasing assemblyefficiency.t® If a species is amphiphilic, each
section of the amphiphile adops the most energeically favourable conformation to
satisfy their hydrophobic/hydrophilic requirements . Above a certain concentration of
the amphiphile (the critical micelle concentration, or CMC)the formation of an
amphiphile bilayer occurs to shield the hydrophobic portions of the molecules and

disassociation of the clathratelike water cages

The lowest energy conformationis adopted by the bilayer, cawsing spontaneous
rearrangement into a stable vesicle conformation to ensure all hydrophobic
components are shielded. The formation of the vesicles must obey the Laplace
equation, (Equation 12) which dictates that the inner pressure (@) must be equal to

the outer pressure (pu) plustheOOOEAAA OAT OET Tofthein@rfadefssA OAAE OO

n n ¢ i (1.2)

i

O (
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The presence of hydrophobic interactions during the formation ofa vesicledictates
that there must bea corresponding hydrophilic force present This hydrophilic force
adds disorder to a system as they are able todrm non-covalent bonds with water

which on the macro scale forces assembly®9

: ‘ S (1.3)

The assembly size is thermodynamically determined from the interaction of the free
energy per molecule (j4v), (Equation 13) given by the free energyper molecule ([Pw)

and the bond energy { kT) at a finite aggregate size (N).yidecreases as N increases,
having a specific minimum which prevents infinite growth of an assembly. This

relationship between weand N gives rise to the critical micelle aacentration (CMC) for

a vesicle(Figure 18).
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Figure 1.8: a) Schematic showing the effect of monomer and/or aggregate concentration on the critical
micelle concentration (CMC) (dotted red line) of an amphiphile assembly. b) Schematic of how sudac
tension decreases as a function of increasing amphiphile concentration again yielding an amphiphile

critical micelle concentration (CMC) (dotted red line).
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Application of this theory to an amphiphilic molecule directs that for the polar region, it
is energetically more favourable for the polar head of the amphiphile to be in contact

with water than with its neighbour.7

0 therefore — —— (1.4)

These factors determine the aggregate geometry of an amphiphil€his isdescribedin
terms of the ratio between aggregate area (fyegaid/aggregate volume (Vaggregard and

the desired polar head area (a0)/hydrophobic tail volume (VYEquation 14).66a

At mininum energy a= aga,
a) =K/y

1
1
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z |

5] 1

Q

= |

ot 1

£ 1

k= 1

I 1

]

= 1

Q

= 1

=

c) <>
Repulsive
energy (K/a)
Surface area per molecule

Figure 1.9: a) Schematic of how the attractive and repulsive forces at an amphiphiles interface as the
molecules surface area increases givessg to an optimal headgroup area (a0) at a minimum interaction
energy, b) The parameters which define the size and packing properties of an amphiphile, these being the
volume (V) and length (I) of the nonpolar tail, and the optimal area of the polar headgup (a0) and c)
how the hydrophilic repulsive (red arrows) and hydrophobic attractive (black arrows) act upon an
amphiphile to promote assembly.
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The balancebetween these attractive and repulsive forces (Figure 1)5gives rise to an
optimal headgroup ara (a0), and a correspondingP AAEET C DA (EdathtdDA O | m(Q

1.5)66a gspciated with each amphiphile.
" — (2.5)

This ratio between the hydrophobic tail volume and optimal headgroup areatescribed
as the packing factor (p), determines the morphology adopted by the amphiphile on
assembly¢sa For packing factors less than Imicelles are preferred, (Figure 110 a) with
the length o this micelle increasirg to form a cylinder (Figure 1.10b)%¢a as the packing
factor approachesY. Between % and 1 a bilayer is formed, the most energy favourable
configuration of which is abilayer that closes to form a vesiclg¢Figure 110 c).s5a Above

a packing factor of 1, the system inverts forming first an inverted cylindrical micelle
(Figure 110 d) andthen an inverted micelle at packiry factors greaterthan 3/2 (Figure
1.10 e).s6aKnowledge of these mechaisms will allow for the exploitation of the process
observed in nature and the engineering of synthetic vesicle formation in subsequent

experiments.

c)
2 b) d)
e)
H.*H!‘_’?#%

<1/3 1/3<p<1/2 1/2<ps1 4/3<ps<3/2 >3/2

Figure 1.10: The packing parameters that can be achieved on assembly of an amphiphile as dictabgd
the ratio between tail volume and optimal headgroup surface area. Depending on thpscking factor (p)
number, amphiphiles can form a) micelles, b) cylindrical micelles, c) bilayers (vesicles), d) inverted
cylindrical micelles and e) inverted micelles.Hydrophobic tails are shown inred and hydrophilic head
groups in blue.
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1.4.2 LIPIDS

Lipids (e.g. phospholipids) seHassemble to form biological membranes and vesicles.
Lipid vesicles(liposomes) have been subjected t@n extensive amount of research and
characterisation, as well as their applicability toawide range of applications including,
food science, cosmetics and medicirié Their encapsulation abilities hare been widely
explored, and are wide ranging with liposomes being used toencapsulat a range of
moieties, from single proteinsto whole cells, via one preparation method?2 Monnard?3
and Tester4 previously outlined the properties of a liposome required for it to function
as a nanoreaabr, as requiring the reactor size to be in the nanometer rangeand
designed to withstand changes imeaction conditions (such as temperature o pH). The
composition shouldalso allow for discriminatory diffusion as well assimultaneous and
efficient encapailation of all necessary reagents. Pedps the most important property
is inherent biocompatibility to have achance of successfuliomedical application.”

There are manyclassesi £ O inéluglifgAglycerolipids, sphingolipids and sterols7s
The most significant for this study is the phosphadpid, which makes up between 30
80% of the molecules that seHassemble to form biological membranes’ A
phospholipid is an amphiphile that hasa polar head containing a phosphate group and
a nonpolar hydrocarbon backbone’s For liposome formation, the choice of
phosphdipid has a direct effect on vesiclgroperties. For example a degree of fluidity
must be maintained to control crucial vesicle properties including, phospholipid
packing, melting temperature, and functionality, this is especially important for
medical application’1a71b.71d Fluidity is created by introduction of a double bond irto
the backbone of a phepholipid tail, which AAOOA O OEET E @ié intbduce®OEA AEAET N
steric hindrance due to the geometry of the double bond®.Shorter chain lengths and a
higher degree of unsaturation increases bilayer fluidity andhus the ease with which
proteins can be incorporated. These varigons can affect the outcome of selissembly

and are easily introduced into a synthetidipid vesicle?ta71d

Fluidity of a lipid bilayer can ako be controlled by altering the temperature, osmotic
pressure, bilayer composition, nonpolar tail length and, in particular, the degree of

unsaturation in the tail.77
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Vesicle functionality canalso be negatively affected by the presence of chargehich
can create extra barriers to permeation, particularly tocations and anions.”ta 7ic, 71d
There are also several classifications of liposomefrom multivesicular and
multilamellar structures to simple unilamellar vesicles all of which can range in size
AOT | pnardrdetrds @mall unilamellar vesicles) up to the micron range forming
giant unilamellar vesicles(GUVs) which are incredibly unstabledisassembing upon
agitation.”?a 78 Smaller than GUY are multilamellar large vesicles (MLVs) and large
unilamellar vesicle (LUVs) generally forming sizes around 500 nni® Below this size
range are oligolamellarvesicles (OLVs), forming betweer200-1000 nm, and finally
small unilamellar vesicles (SUVsWwhich form within the target range of the vesiclsin
this thesis between 20200 nm.5 These different structures and architectures arise
from the preparation methods. More complex mutilamellar and multivesicular
structures, as well as nanetubes, have previously been utilised in studies to mimic

exocytosis7id

The liposomes in this thesis are synthesised from phospholipids alonend although
this is not an exact mimic of the MTB bacterial membrane, or evea naturally
occurring membrane the complex composition of these naturally occurring
membranes would m&e it almost impossible to reproduce, as an unfeasible
combination of compositionswould need to be explored. Phospholipids seemed the
obvious choice to focus on for formation ofn artificial magnetosome vesicleas they
are the mostprominent class of Ipid in the magnetosome membrangmaking up 62 %

of the bilayer composition3o

Some manipulation of liposomes for application is pagble, such as stabilisationfor in
vivo applications by the incorporation of cholesterol into the bilayer.71a71c.71d.79 This
increases the membrane stability, particularly in the presence of biological fluids,
although this also has the disadvantageof reducing membrane permeability.8o A
bilayer can also be stabilised byolyethylene glycol (PEG)which causes interbilayer
repulsion to overcome theVan derWaals forces present in the bilayerthuspreventing
vesicle aggregation?ic The addition of PEGcan also disguise the outer membrane
increasing the vesicles in vivo lifetime, delaying recognition by opsoning! which

allows the vesicle to releasaéts cargoat a speific target site.”1c
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This lifetime can be further lengthenedby control of the size,with smaller liposomes
(between 50z 200 nm) exhibiting longer circulation lifetime s.82 Vesicle sizes outside of
this range can have detmnental effects on thein vivo destination of vesicles, with
smaller vesicles (<40 nm) being known to enter the liver, whiléhose above 300 nmin

diameter are more likely to accumulate in the spleeriic

1.4.3 POLYMERS

Phospholipids can berestrictive and unstable with respect to functionalisation, which
limits their use in nanomedidne83 In comparison, polymers can offer increased
stability, low permeability and increased molecular weighs, and are alsohighly varied
and tuneables3-84 For this reason amphiphilic copolymers have been utiBed as lipid
mimetics to self-assembleinto polymersomes(polymer vesicles). In this casepolymer
monomers with functional groups such as carboxylic acids, (to introduce polarity)
mimic the phosphocholine head group of a lipid, while noiolar hydrocarbon based
monomers, such poly-butadiene or poly-dimethyl siloxane, behave in the same way as

a hydrophobic phospholipid tail .85

Polymer vesiclesoffer aflexible and often more robust material with greater scope fa
modification both pre and postassembly, to accommodatea wide range of chemical
conditions. This in combination with more robust mechanical properties, makes
polymersomes ideal drug delivery and diagnostic agengs.86 One major advantage of
using synthetic amphiphiles such as block copolymers is the wide range of
architectures achievable by optimisation of both the polymer hydrophobicity and
monomer block lengths (Figure 110)87 The architectures achieved by block
copolymers can affect both the application they are suitable for and their effectiveness
in those applicationsg In addition to this, it is entirely possible to engineer the

monomer building blocks to closer suit the needs of the eventual application

Polymersomesparticularly di-block architectures, are finding new applications across
the entire field of biomedicine, offering superior properties as drug delivery vehicles

when compared with lipid vesicles83
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The literature demonstrates how polymersomes can be engineered to incorporate a
wide range of properties desigied to meet the requirements of specific applicationss-
85,89 For instance di-block polymer drug delivery carriers have been engineered to
respond to stimuli including; changes in temperature, ionic strength, pH and liglage. 90

Numerous reviews have outlined the various properties it is possible to incorporate
into a vesicle such as photosensitivity, pH sensitivity, specific melting temperatures
and chemistry which can make the resulting vesicleshow stealth in vivo.89b.89d.91 For
example pH can control polymer orientation during assembly,determining which of
the monomer blocks make up the outer leaflet of the polymersom@d.92 |t has also
been shown thatspecific polymersomes disassemble upon irradiation with UV light
which has huge potential for the successful release of cargovivo. 89d.92-93 |n terms of
targeted drug delivery, the variety of moieties already functionalsed on to a
polymersome bilayer is outlined in the review by Pawar et alg% and encompasses
antibodies, peptides, carbohydrates and small organic moleculeshis functionalisation
can bethrough both covalent and noncovalent mehods, depending on thepolymer
chemistry 8% The literature highlights the high level of adaptability offered by
polymersomes, in terms of their engineered propertiesfunctionalisation and potential

for use inapplications.83-85.89

Much of this this is specific to use itbiomedicine and drug delivery applications g9 90b,
94 targeting specific biological sites,such asin the treatment of gliomas® The creation
of pH sensitive biocompatible block copolymer polymersomeallows polymersomes to
form or deform in response to changes in pHSuch as slf-assembly abovepH 6 & a
result of deprotonation of an amine in the specificpolymer material studied® The
encapsulation efficiencyof a polymersome can bémproved by the use of microfluidics
as the laminar flow conditions within a microfluidic device result in a pH gradient at
the flow interfaces2 97 These properties affect the in vivo response, solubility,
permeability, surface topology and lifetimedl %8 rendering polymers idea smart

nanomedical vehicles.

Most research into polymersomes has been carried out with dilock polymers.2a84.86-
87,99 However, ABA tri -block polymersomes which have a hydrophobic, hydrophilic,
hydrophobic structure, thus forming a monolayer which mimic diblock polymer bilayer
formation (Figure 1.11 a) and may offer alternative properties, particularly with

respect to membrane transport and encapsulation.
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This is due to the structure of ABATtri-block polymers, which consists of continuous
hydrophilic, hydrophobic then hydrophilic sections which assemble irto a monolayer
(Figure 1.11b).

P

Figure 1.11: Schematic of vesicle bilayer formation formed using a) a diblock (AB) polymer and b) a-tri
block (ABA) polymer.

This monolayer has the sameamphiphilic properties as a traditional polymer or lipid
bilayer; therefore ABA tri-block polymers form the same architectures as liposomes
and polymersomesin agueous solution.The advantages of usingra ABAtri-block for
compartmentalisation of a reaction are the low permeability and end group reactivity.
This could give rise to better encapsulation and maintenae of reactants, and as a
conseqguence improve precipitation in the core. ABA polymers can be both stabilised
and functionalisedas with di-block polymers by adaptation of reactive end groups,100
this functionality is well placed for application in biomedicine.Conversely this may

raise problems with regards to transmembrane transport of reactants.

The use of polymer medical vehicles, although a relatively new field, is having
increasing successFor example Meieret al have successfully incorporated biological
components into polymer membranes®a This work has been further advanced by

numerous other groups by incorporation of both protein channels and enzyms101
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Much of this work is outlined in the review by Meieret alt> which demonstrates a
framework of polymersome nanoreactors for the study of ion transporters, membrane
proteins and as biomineralisation scaffolds It also suggess that block co-polymer
vesicles are now competing with liposomes in their use as vehicles for both the study of

biological moieties and as successful nanoreactors.

1.4.4 FORMATIONMETHODS

1.4.4.1 LIPOSOMEFORMATION

There are a number of routes to form liposomesincluding but not limited to;
sonication, electroformation extrusion,coacervation (phase separation) inkjetting and
microfluidics.71a 71c, 78,102 These preparation methods allow for multiple modes b
encapsulation and in some cass, encapsulation of multiple reagents However, some
methods are not suitable forthe creation of an artificial magnetosome due to low
encapsulation efficiency?2 The preparation method is key to the eventual fjlosome
size. For example, in their formation by sonicationand extrusionlo3 the radii tends to

be less than 50 nmproducing SUVSs.

Whereas MLVs tend to form spontaneously, these can be converted to unilamellar
vesicles by extrusion which causes theupture and reformation of the membrane This
technique can also be used as an effective method of encapsulatinthe introduction

of anew encapsulant upon reformationto3

For the preparation of GUVs, lipid film hydration or electroformation are vwdely used?s
Biological membranes are naturally asymmetric, this asymmetry is hard to achieve
synthetically.104 However, nore complicated preparation methods can allow for the
independent design of the inner and ouwdr leaflet of an asymmetric liposomal
nanoreactor, such as the inverted emulsion method developed by Pautet al.1%5 This
allows for production of a vesicle capable of withstanding two contrasting external and
internal environments, thus widening the scope of the reactions liposomal
nanoreactors incorporate, and is ideal for the incorporation of immiscible solutions

simultaneously (Figure 1.12).105
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The drawbacks of using such a complicated methodnclude: ensuring appropriate
emulsion formation as this controls the final vesicle size¢ and the lipid concentration in
the emulsion must be kept lowhen compared to other preparation routesto prevent

phase separation.

S >
% % % % a) 0il Phase - Emulsion

Centrifugation

b)Aqueous Phase - Interface solution

€) Aqueous collection solution
(vesicle solution)

leaflet lipid, before being centrifuged through b) a monolayer of the outer leaflet lipid to create énbilayer
of the vesicle, before c) vesicles are collected in agqueous solution.

1060 Al Ol AE AAEdpOrhtiGy irdol the diGyeRok Vdsiglds can also be
formed using double emulsion methods, using water/oil combinations for separation
of lipid and aqueous solutions% The vesicles can then be formed either by
evaporation of a solvent layetoa or by using a doplet interface bilayer, in which two
vesicles fuse at an interface hkalyer, ideal for asymmetric vesicles and mixingpf

immiscible reagents?o?
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1.4.4.2 POLYMERSOMH-ORMATION

A polymer molecular weight (of each block and also number oblocks) is fully
controlled during its synthesis and has a direct effect on the tltkness of the resulting
membrane, impacting polymersome stability, fluidity and diffusion properties 86.8%. 91,
94c,98,108 All of these properties can be tightly controlled by careful consideration of the
block copolymer characteristics, paying particular attention to thenolecular weight of
the polymers. Polymersomes can be engineered to have superior mechanical
properties when compared with liposomes For instance, synthesis of polymersomes
with increased tolerance to extreme environmentssuch as high pH and temperature,

as a result of being a syntheti analogue.

The methodology chosen for polymer synthesiss key to the structure formed, the
simplest of these routes being theaddition of amphiphilic polymers to aqueous
solution above the CMC (usually high concentrations) yielding micelle formation,
although these easily disassembleipon dilution. Synthesis can occurvia numerous
methods such as, film rehydration, electroformatior$4 86 RAFT synthesis$? 108 layer by
layer polyelectrolyte formation utilising charge to build up the polymer blocks in

series109

Polymersomes form most easily through film rehydration, with polybutadiene-
polyethylene oxide (PBBPEOQO)being one of the strongest and most commonly used
polymersiio In the case of polymer formed from PBHPEO and polybutediene
polybutylene oxide, several structures can be achieved from the same pymer
depending on the required properties. For example, simple mixing forms large, multi
lamellar polymersomes, ideal for the simultaneous encapsulation of multiple
hydrophobic moieties. However the fluidity of the membrane allows for the application
through various membrane pore sizes to control both the final diameter and

lamellarity. 99c

This can befurther adapted by control of the molecular weight during polymer
synthesis, which in the case of PBBEOcan increase the bilayer from ~5 nm up to a
thickness of ~20 nm with increasing molecular weight andhas been shown to have a
direct effect on membrare elssticity and surface tension which leads to increased

stability and fluidity simultaneously.111
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Furthermore, it is possible to prevent polymersome aggregation by contrbhg the
thickness of the outer leafletof the polymersome as a function of PEO concentration?
The diversity observed in formation method of polymersomes is reflected in the
almost endless combination oproperties that can be incorporated into a polymersome

by careful selection and design of the buildindplock polymer materials 292

1.4.4.3 HIGH-THROUGHPUTVESICLE FORMATION

Microfluidics can offercontrol of vesicleformation on alarge scale by manipulation of
the lipid solution flow in capillaries within the 10-100 um range, with complete control
over solution mixing.82 Microfluidic devices can be designed with multiple inlets for the
introduction of solutions and mixing at specific points in the synthesis andybcontrol of
the capillary size and laminar flow rate the production of extremey monodisperse

vesicle populations can be achieve#f.

Similar to microfluidic devices and offering the same level of contrgl but with the
ability to produce smaller sized vesiclesis the high-throughput production of
liposomes using electrohydrodynamic atomisation(EHDA)113 This is used for the
synthess of microbubbles, fbres and solid nanoparticles and for the first time irthis
thesis, vesicles. EHDA utilises a high electrical potential difference to induce focusing
and break up of a liquid jet inb small droplets!13-114 and is well known for generating
fine droplets from micro to nano scale by elongation of a meniscus under electrical
shearls |t is a simple process involving formation, control and break up of a jet under
the influence of a high electrical fieldThe equipmentuseseither a single needle or a
co-axial series of needlesin which, two immiscible liquids82 or suspensions are
pumped through concentrically aligned needlesand subjected to an applied voltage.
The application of a potential on the kilovolt (kV) scale results in various modes of
atomisation, and the droplet frequency (yield)t16 Among thesethe cone jet is the most
preferred jetting mode as it generates monodisperse, fine droplets of particlesn
which the outer material solution encapsulateghe inner. The EHDA method has many
advantageols over conventional methods, generéitg micro to nano sized
monodispersed droplets. It is a flexible process which can be modifiedfor

encapsulation efficiency.
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Another high throughput method, based on the previously discussed inverted emulsion
method (section 1.4.4.1), is the continuous droplet interface crossing encapsulation
(cDICE) (Figure 113)117 This combines microfluidic capillary droplet with the
emulsion/interface system developed by Pautot for asymmetric vesicle formatiofs
The cDICE methodwas developed by Abkarianet all17-118 |t is a vesicle synthesis
method developed using similar methodolog to that described in Pauto& inverted

emulsion method105

The cDICE methodFigure 1.13) is described as being high yielé&nd tuneable in both
end vesicle size and efficiency of encapsulated content. This is as a result of careful
consideration of both the lipid adsorption time; for formation of the initial inverted
micelles, and subsequentrecruitment of the outer lipid leaflet, by optimisation of the
overall flight time } @ of the inverted micelles through theorganic oil layer.

Dropwise  Centrifugal force
addition
of lipid

Figure 1.13: Schematic diagrams showing experimental seip for the continuous droplet interface

crossing encapsulation (cDICE) method. The aqueous lipid solution is added to the rotatisgiution into

by injection directly into the organic oil layer dropwise via capillary. These are then centrifuged through

the lipid-oil solution (LOS), at which point inverted micelles are formed, and through the"2lipid interface

to pickuptheouter IPEA 1 AAZ AOh EI OI OEA OAEODAOOEI ¢ #i6hOAT OO OI
EO AAEEAOAA AU AAOAEDOI AT 1 OEAAOAOQET 1y throBEgh2he prgaidA A OT D1 A
layers being sufficient to ensure effective coating of the aqueous droplets. Schematic adapted from

Abkarian et alt17,

This has advantages over the Pautot methgdn that it ensures clearance of the
interface solution by the inverted micelles and successful coating of the outer layer
lipid; as confirmed in the paper byreal time fluorescence microscopy!’ The same
method was used to test the Pautot method, and it was discovered that, in most cases,
the centrifugation step did not give ample tine for inverted micelle formation.
Furthermore, in cases where the micelle was assembled, rather than pick up the outer

lipid leaflet the micelles burst upon hitting the interface solution.
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The improved synthesis route is achieved by incorporation of a narofluidic-like
droplet addition to form the emulsion, and byuse of acontinually rotatin g system, to
obtain an optimised centrifugal force; dependent on the phospholipid molecular

weight, to ensure the methods succeg$igure 1.13).

1.5 BIOMIMETICS

Nature has developed some of the most complex but effective processes observed
throughout science, so is an ideal place to seek inspiration for the design of new
materials. Many of the complex mineral structures seen in naturéncluding naturally
occurring magndgosomes are biomineralised. Whilst being known for their superior
magnetic and materials properties, the magnetosomes from MTB are difficult to
DOl AGAA AOA OGsiow @dwvk unties faiidio0sednditdns, which resultsin
low magnetosome yield.11° For instance, certain species of MTB must be grown under
1% oxygen conditions in order to produce magnetite nanoparticled he magnetosomes
harvested from MTB are also restricted to certain MNP sizes and shapes. Adapting and
functionalising these particlesfor specific applicatiors is therefore both limited and
challenging In addition, due to their bacterial origin MTB derived magnetosomes have
a highlikelihood of generating an immune responséf used for biomedical purposesn

Vivo.

It is in situations such as these that researclttan turn to bioinspired synthetic
alternatives for compartmentalisation to create nanoreactors. §/nthetic analogues can
be engineered b withstand the subsequent mineralisation conditiongequired to make
artificial magnetosomesgdc.20b Therefore a bottomup approach i.e. use of a synthetic
vesicle,will allow the adaptation of this nanoreactor to form a MNP containing vesicle.
For example the size and composition of a synthetic nanoreactocan easily be
optimised with techniques such as extrusiori2o Furthermore, this means thatreactions
outside biological restrictions of temperature or toxicity can be accommodated by the
synthetic host, in which significantly more chemical and physical adaptions are
possible. This approach can be taken to cre&n of a synthetic magnebsome, using

synthetic lipid/polymer vesicles to compartmentalisemagnetite precipitation .
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The incorporation of MTB biomineralisation proteins can be used to control the
particle formation (if required), and to mimic the processes observed in MTB

magnetosome formation.

Vesicles offer the perfect vehicle for a biomimetic approach to synthetic
biomineralisation. This is evidentin the work of Mann and Hanningtort2t and their

work toward the creation of a biomimeticartificial magnetosome(Figure 1.14).

In this work vesicles were formed encapsulating ferrous iron ionshefore raising the

internal pH of the vesicle;via transmembrane diffusion of OHresulting in iron oxide

precipitation. However due to encapsulation of a finite concentration of iron during
vesicle formation, a fully mineralised vesicle core was naichieved as evidenced by
TEM (Figue 1.12).

Ongoing research has expanded this field further such as, the design of the

OI ACT A@i TAETITO1 OET AT AT 1 AO OA-GKé Atiudiuine, irdvbhotA I AT ET C
-. 00 OEO xEOEET OEA 1 Actah2dadd Shn@regorodt all&BAthET T 6 A
I £/ OEAOA OUOOAI O AOGEI A 11 - AdghetoshrhelystgmAT T ET CO
Studies such as this and othetg* are critical to the development of novel biominetic

biomineralisation nanoreactors.
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Figure 1.14: Taken from Mannet a# a) in which vesicles were used to encapsulate iron ions, the interr
pH of which was increased by influx of hydroxyl ions. Thisiffusion leads to iron oxide formation in the
core of the vesicle. b) Shows TEM of the resulting biomineralised vesicles, which are only inconsiste
filled with iron oxide.
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Compartmentalisation of a reactionconstrains theenvironment to promote nucleation
processes involved in crystallisation of magnetite MNP& his approach has also been
applied to the biomimetic biominerdisation of calcite, aragonite, hydroxyapatite and
silica 1125 demonstrating flexibility and diversity with regards to the reactions which
can be inorporated into a biomimetic nanoreactor system.For biomedical application
to be a reality it is necessaryto obtain consistent andmonodisperse mineralisation
within a nanoreactor, to ensure aconsistent response in amagnetic field, which

remains a signficant challenge.

1.6 APPLICATIONSOFBIOMIMETICS

Biomimetic studies have wide-ranging applications. Rerhaps the most obvious
application of a biomimetic system is its introduction back into a biological system to
advance biomedicineAs a result of evoluton, biological structures often offer superior
properties for in vivoapplications, achieving levels otontrol impossible to match with

a purely synthetic system.Although impossible to match, we can get close to these
levels of controlusing a bomimetic systems which have potential usefor application in
biomedicine. This section focusses on the biomedical applications that biomimetic
systemsare currently being used for and looks to potential uses in th&uture. Usinga
vesicle as the basis for a biomiegtic system has the advantage of inherent mui
functionality . This arises from its structure in which numerous reactions have been
successfully compartmentalised« 65 126 Depending an the polarity of the molecule to be
incorporated this could be on its outer leaflet, or within its hydrophobic membrane
Vesicles incorporating multiple elements with therapeutic and diagonstic potential are
termed theranostics. For example, attachment or encaplation of a drug combined
with incorporation of diagnostic tools such as fluorophores or magnetic nanoparticles
(MNP9 can allow for simultaneous drug delivery and optical or magnetic resonance
imaging (MRI)é®8.127
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1.6.1 GENERAL DRUGDELIVERYAPPLICATIONS

Many studies in the field of nanocarriers for biomedicine are now focused on
development of theranostics?4b.128 Theranostics are constructed from both therapeutic
and diagnostic moieties’1b.94b.128-120 These multifunctional nanocarriers are designed
to be effective, targeted vehicles that carry insoluble therapeutics, with longer lifetimes
and narrower bio-distributions compared to delivery of the free drugi?® Theranostics
aim to allow visualisation of a treatment site (diagnostic) whilst simultaneously
targeting the area therapeutically and norinvasively. Theranostic nanocarriers are
based on a wide variety of architectures incluithg vesicles, dendrimers and carbon
nanotubes. These nanocarriers contain functionalities such as; MNPs, quantum dots,
fluorophores and/or antibodies. These nanocarriers take advantage of the leaky uptake

and reduced drainage of tumour tissue (in the casef cancer treatment)128b

A successful theranostic is defined as having four elements: 1) the carrier itself (the
size of which is important for uptake), 2) a signal emitter, 3) payload (neither of which
should affect the size, shape or surface chemistry of the cimr), and finally 4) a
targeting ligand (for effective delivery)i2sb Theranostics can be engineered to release
their cargo at a specific treatment site This means thatlower therapeutic dosesare
required than in non-targeted treatments, which significantly improves treatment

efficiency and reducesside effects?ic

Targeted delivery arises from either covalent binding or hydrophobic inclusion of a
targeting moiety (such as antibodies) into the membrane of the nanocontainer. Most
commonly this targeting molecule will consist of immunoglobulins, which are plasma
proteins used to generate an immune respons®.Once at the target site, the vesicle can
be engineered to become destabilised, which can cause them to fuse to cells and release

their load at the target sitest!

As the pH ofcanceroustissues is usually acidi¢cthis can cause a destabilisation induced
when the nanocarrier (which is designed to be stable at neutral physiological prenter
the acidic environment Small scale pH switches can also trigger the rae of the
cargo’s in the acidic tumour tissue. Other triggers can include fusion to cells, and
targeted sequence recognition by attachment of specific antibodies on the nanocarriers

to their corresponding antigens on the cancerous cells?9
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The release of a drug can be engineered into the carrier. For example,etialt30 use an
amphiphilic polymer with a disulphide bridge connecting the polymer blocks to build
their vesicles. When thisdisulphide is reduced by intracellular concentrations of
cysteine (at higher concentrations in the cancer tissue), the drug calcein is releaséd.
Similarly, systems whichare stable at physiological temperatures (<39 °C), can be
designed to release liposome attached drugs on warming (for example by application
of a magnetic field). Careful selection of lipids can introduce a vesicle melting
temperature of, e.g. 42°C, by dier engineering the thermal decomposition of the
bonding chemistry within lipids, or thermal degradation of the whole liposome to

provide a temperature switch.

1.6.2 APPLICATIONS OFMAGNETICNANOPARTICLES

For use in biomedicalapplications MNPs need to be diénctly superparamagnetic iron
oxide nanoparticles of uniformly sizedsingle domain magnetite(between 30-120 nm)
so that they have a consistent and predictable response in the applicatiéis. 131 This
is because they are able to maintain their magnetic orientation in the absence of an
applied field. If ofa uniform size, the single domain MNPs are also alie produce an

efficient and consistent responséo an externally applied magnetic field.

Magnetic nanoparticles are already used in biosensing, cell separation and
immunoassay applicationst3.18.131 MNP incorporation into a biomedical nanoreactor
could introduce magnetic diagnostic and targetingfunctionalities, making these
magnetic therapeutic moieties also a theranostic agenPost formation loading of MNPs
into a range of vesicles and nanoparticlegNPs) is of growing interest for use in
targeted medical treatments?tb.132 Following magnetic separation such as from patient
blood for diagnostic assays byincorporation of MNPs133 Targeted release of a drug
(doxorubicin) from a magnetic nanoarrier has also been realised34 Doxorubicin
release is triggered by an externally applied alternating magnetic field, which heats the
iron oxide nanoparticles within the bilayer, triggering drug release34 Theranostics
have huge potential in personalised medicine, as the therapeutic agent is ready to be
administered at the potential treatment site, depending on a positive outcome from the
diagnostic functionality of the nanocarrierst2® These applicationswill be discussed in

more detail throughout this section.
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1.6.2.1 MAGNETICRESONANCHEMAGING(MRI)

Magnetic resonance imaging (MRI) is a neimvasive technique which has ben used
ET OAOT AOCET T Al I Uiss The iteBhhiquediiakes pse yotydray8n nuclei
(supplied by protons from water) in the body. A magnetic field is usedto align the
protons (which are paramagnetic) When a magnetic field is applied to the body in an
MRI scanner, the net magnetisation (M of protons from water in the body aligning

with the direction of the field (Bo) can be measured along the z axis @M3.136

The magnetic moment of a proton is @limensional, with a corresponding x and y
moment,which precesses around B (z-axis) at a random orientation, known as the
Larmor frequency13.136 When a radio frequency is applied, the protons absorb energy
and move away from B, creating My. When this radio frequeng is removed, the
protons then relax back to their original alignment with the external magnetic field3.
136 This relaxation can be measured. {lrelaxation, the longitudinal or spinlattice
relaxation is due to the loss of heat to the surroundings, caused by the relaxation of M

on the protons.

T2 relaxation, the transverse or spin-spin relaxation, is the rephrasing of the spins to
align back with M, 13.13¢ A third relaxation rate can be measured, and arises from the
introduction of heterogeneity in the magnetic field; such as the presence of MNPs in the
locality being imaged!3. 136 This is the T* relaxation, and it is a combination of the
transverse effects and dephasing caused by the presence of magnetic inhomogeneity.
T.* is generally faster than T or T.. When scanning, the applied radio frequencies (~60
mHz) flip protons by approximately 90°. The relaxation back to Ms then measured.s®
Using electromagnetic fields applied at varying current which subsequently changes
the field strength and allows the &rgeting of specific areas allowing imaging in all-3

dimensions136

The MRI imae is compiled using a combination of the resonance signals (the
frequency and the phase) this outputs spatial information (known as {§pace)3” The
information is subsequently converted to image slices using Fourier transform
techniques, with the difference in relaxaibn times creating contrast in the image27d.136
Introduction of MNPs to a target site inceases the T and T»* relaxation times of the

surrounding protons, providing contrast to highlight specific areas in the bod{g?
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Therefore, directing MNPs to tumour tissue using the attachment of targeting
antibodies to the magnetic nanoparticlescan Qight up6 the affected sites during
scanning!3.138 The effect on relaxation time can be controlled bgltering the size d the
contrast agent or composition of the materigl which in turn also controls magnetic
properties, as more magneti material has increasedelaxation rates providing greater

contrast.139

Iron oxide MNPs have great potential ageplacements for the gadolinium contrast
agentsthat are aurrently used. The interaction of protons with the local magneticfield
of the iron oxide MNPcan significantly enhance contrasin MRI scansin vivo, without
the toxicity of the current gadolinium based agentsThe presence of an MNP provides a
local magretic field, which dramatically increases the local atomic relaxation time,
resulting in darkening of this area of the imageThis is achieved by ensuring that the
MNP has a shorter T (spin-spin) relaxation time than the surrounding tissue,
improving contrast between cells contaimg MNPs and empty cell§27d. 139 MNP
incorporation into drug loadedvesicles ould alsoprovide peripheral targeting of said
drugs to a treatment site by localisationby applying large external magnetic field to

direct the MNPs to the site of interest27d.89c, 90a, 140

1.6.2.2 MAGNETICHYPERTHERMIATREATMENT(MHT)

MNP magnetism can also be exploited in magnetic hyperthermia therapies
Hyperthermic therapies are based omrmagnetically induced heatingby oscillation of an
externally applied alternating magretic field.13.141 This locally heats the area around
the MNPs, and is used ithe ablation of diseased tissue and/or release of heat activated
drugs27d. 142 Magnetic hyperthermia treatment (MHT) is an emerging norinvasive
therapy, currently in clinical trials for remote tumour ablation. This is achieved by the
targeting (either using antibodiesvia manipulation with a magnetic field depending on
the tumour location) of MNPs to the affected site followed by the application of an
alternating magnetic field at frequencies in the range of 10A50 kHz143 The oscillating
field switchesthe individual spins (for larger singledomain MNPs) or physically flis
the whole particle (for smaller superparamagnetic MNPs). This switchingr flipping
can induce heatingas thermal energy is release as the spins and/or particles attempt

to resist realignmentwith the alternating field.
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This heatdissipates into thesurrounding tissue,damagingor killing the diseased tissue
if the temperature increase is high enoughs. 1412 144

Heating occuss via two different mechanisms dependent on the partide size. The first
is by Néel rotations, in which only the magnetic moment in the particle rotates. This
mechanism occurs in larger ferri and ferromagnetic nanoparticles, and thermal energy
is generated by the switching dipole moments in the crystal lattie of the MNPs. This is
shown in equation 16, where the amount of heat generated @) is found from the

field frequency (wf) multiplied by the area of the particles hysteresis loopBH dM) .13

0 © MB0QD (1.6)

The second mechanism involves Brownian rotation. Here, aligning of the magnetic
moment causes the whole particle to rotate, and is the case for small
superparamagnetic nanoparticles® The rotation causes shear stress as the particle
flips, resulting in delivery of thermal energy to the surrounding mediumi?7d.143 The
heating power of a particle which undergoes these rotatiaos (Pspy) is determined from
equation 1.7, where heating power of the square of the field strength B, and the

DAOOEAI AO 1 Acl AOGEA OOOAAPOEAEI &AW | ?26QqQ xEEAE

0 C v PO (1.7)

Within each regime the heating is largely dependent on the magnetic saturation and

coercivity of the MNPs as well as thefrequency of thealternating field. In the caseof

smaller MNPs,which physically rotate, OEA ET OAOAAOEI 1T xEOHs OEA - .
also important. The heating power of a particle is determined by calculation of its

specific absorption rate (SAR) (equation B), which calculates the heating power (P) of

the particles based on the mass of the MNPs in the sampladnp). A different method

involves the calculation of the intrinsic loss parameter (ILP). The ILP uses the SAR

value, but also takes account of the alternating magnetic field parameters, namely the
frequency (f) which scales linearly with P, and the field strength (H), which scaldke

heating power quadratically (Equation 1.9).



Page|42

Yo Y — (1.8)

00 § — (1.9)

1.6.3 MNP PROPERTIESREQUIREDFORMHT

Accurate measurements ofhese parameters discussed above can be made difficult by
contributions from loss of thermal energy into the system. Convection currents can
develop in the heating solutions which are caused by the alternating field, which can be
affected by the shape oftte sample vessel and position of the temperature probe. It is
also possible that the applied field is inhomogeneous, which also generates undesirable
heterogeneity 145 These effects become more pronounced as research moves towards
in vivo studies, as physiological fluids are also hetegeneous!4® Therefore, work is
ongoing to obtain a standardised approach to accurate MHT measuremefts.The
potential for MNPsto contribute to the efficacy of MHT is far reaching.Again, particle
size and morphology are of great importance with regards to the outcomes of vivo
MHT. This can be seen in thstudy by Liet all4é, where heating efficiencies at high and
low fields with different size nanoparticles are presented. Li noted that, at a low
applied field (9.6 kA m?, 100 kHz), 8 nm patrticles (suspended in agar) gave the best
heating (an increase of 9.3 °C), whereas at higher fields (23.9 kA1 00 kHz) particles
of 24 nm in diameter proved more efficient (giving an increase of 55 °CG¥¢ This
demonstrates the sensitivity of MHT to subtle changes in the magnetic properties of the
MNPs used, and the need for extensive optimisation and standardisation with regards
to all parameters.This drive for the use of MNPs in biomedical applications requires an
extremely high degree of homogeneity in both particle size and shape.
Compartmentalisation of the MNPformation reaction, as is the case withformation of
many biominerals, offers the levels of control and reproducibility required. Effective
use of MNP is heavily dependent on the particle characteristics, size and

concentration 18.127d
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1.6.4 BIOMEDICAL USE®FMAGNETOSOMES

Work is ongoing to understand the extent to which bacterial magnetosomes can be
modified and functionalised for biomedical application24 Their biomedical potential
arises from stabilisation of the crystal within the bacterial magnetosomewhich both
prevents oxidation, and renders the MNHnherently biocompatible. Magnetosomes
magnetic properties have proven to be superior inseveral applications(MRI and MHT)
when compared with synthetic analogue® due to the high level of homogeneity with
respect to size, shape and magnetic response.hdre is a concerted effort to
functionalise magnetosomes for a range of extensive applicatio®s such astargeted
therapeutics, DNA extraction, immunoassays and bigensing of toxic substancesas
outlined by Lang et ak4 and Matsunagaet al,!4? demonstrates the potential ofusing

magnetosomesex vivoin nanomedicine.

Magnetosomes have great potential as imaging contrast agents in MRI, having an
increased T relaxivity rate of 146 mmolist compared to 62 mmolts?, for comparable
dextran coated synthetic iron oxide nanoparticles!4s In vitro work performed by Hergt

et alt41b. 149 was the first to discover the magnetosomes hyperthermic potential. By
immobilisation of magnetosomes in gel to test their heating capability, they found that
magnetosome [eating gave a SAR of 140 with a heating power of 960 W gompared

to values recorded between 16100 W g! for synthetic MNPst41b

In vivo hyperthermic heating efficiency assays of magnetosomes have also been tested
by Alphandery et al, for the destruction of breast cancer tmour cells in a mouse
model 150 In this study, complete destruction of a tumour was observed following three
20 minute rounds of hyperthermia at 183 kHz and 40 mT, in the presence of 1 mg of
magnetosome chains. A control sample of PEG/citrate coated iron dgi nanoparticles
had no effect under the same condition®® Furthermore, very little difference is
observed in the heating efficiency between magnetosomes when in their intact chains
and when disrupted from the chains. It was found that chains of bacterialagnetsomes
display increased uptake into cancer cells, when compared to those disrupted from
their chain assembly. This is most likely to be due to aggregation of the disrupted
magnetosomes, which TEM confirms was occurring in solutions of timked

magneosomesi44
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1.7 ARTIFICIAL MAGNETOSOMES

Despite their potential, MTB magnetosomeare low yield and inflexible with regards to
engineering. This means that extraction from bacteria is not a feasible option for
industrial scale-up. If magnetosome formation can be fully understood from first
principles; particularly the role of each protein involved and how they work in concert
to form the resulting MNPs, this knowledge can be used to attempt the botteop
creation of an artifidal magnetosome and thus enable superior biomimetic
biomineralisation within nanoreactors. Mann et ak 121a have previously achieved
partial precipitation of inorganic minerals inside a vesicle by encapsulation of metal
ion solutions in vesicle followed by influx of reagents to yield the precipitatior.12!
Unfortunately, it was found that encapsulation of a finite volume of iron ions limited

the amount of material that could be precipitated inside the vesicle.

Similarly, high quality particles from low temperature syntheses canbe vastly
improved by performing precipitation within a reversed micelle (phospholipid
encapsulated agueous solution}s! The Reverse micelle precipitation routes at room
temperature typically tend to cause agglomeration, poor crystallinity and poor yields,

and also requirevast amounts of solvent (to maintain the micelle structure).

However, Lee et al have found that by performing reverse micelle synthesis at slightly
elevated tenperatures (90°C), grams of monodispers&NPs can be obtained (without
the addition of more solvent). The size of these MNPsan be adjusted by altering the
iron salt concentrationsi5! This is a good indication of how precipitation within a
vesicle could make low temperature ceprecipitation routes viable for the synthesis of
high quality MNPs.It is unlikely that in an artificial magnetosome system the organic
components and natual materials will withstand high temperature methods Such
mineralisation conditions are most likely lead to destabilisation of the vesicle
membrane. Therefore a compromise between reaction temperature and particle
quality is required. A reaction route sith as the urea method?b.20e may be appropriate,
as high temperature is required but the reduction in reaction time makes the method
applicable to a wider variety of vesicle materials. Howeverit remains to be seen
whether compartmentalisation of these precipitation routes within a vesicle affects the
end product, meaning that lower temperature routescould yield more homogenous

particles.
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1.7.1 BIOMIMETIC MAGNETOSOMESYSTEM

Creation of abiomimetic magnetosome system willallow the simultaneous high
throughput creation of an adaptable, magnetised nanocarrier, whilst also serving to
better understand the formation of the MTB magnetosome and function of its
associated proteins. For this process tde asuccess, an appropriate @sicle system
must be developed. This will require anoptimised composition, to allow effective
permeation of the membrane?52 therefore consideration will need to be given to both

the bilayer thickness and its fluidity.153

For the synthetic magnetosome to be successful tompartmentalisation of magnetite
precipitation; a balance is required between integration of an iron transport system,
while simultaneously avoiding OHleakage . Membrane permeability is determined by a
permeability coefficient (Equation 110)76 as given by a diffusion constant (D), derived
from the Nernst equation Herethe gas constant (Rand Temperature (T) is divided by
AvogA A O hudnléer (N) and fwhich is the frictional coefficient which accounts for the
OE OAT OE Gadiug of the mblechle (r) (Equation 111).76 This diffusion constant,
as well asthe concentration gradient dictates the rate of transport across a membrane

as a function of the membrane surface area.

v - (1.10)

O — where ™ Q ¢ —i (1.11)

Transport across a membranean be initiated by careful control of both the inner and
outer pHs. Osmotic effects can be used to aid transmembrane diffusioincrease or
decrease of the outevesicular pHcan forceiron ions to move across the membrane to
re-establish an equilibrium by promoting diffusion across the membrangs4 Ongoing
studies are working towards better quantifying the effect of pH on membrane

transport. 124,155
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There are two general hypotheses for the mechanisms of ion transport through a
vesicle bilayer membrane, as determined by molecular dynamic¢Figure 1.1)156 the
first being the presence of a water defect in the hydrophobic region of the membrane,
causing therearrangement of the polar headgroups of the amphiphilg(Figure 1.15 a)
this allows the leakage of ions through the pore. A second hypothesis, (Figure3.H) is

caused by the permeation of ions to the interfacial region of the membrane, which is

then ccOOEAA AAOT OO OEA EUAOI DET ABMich@AtGesd 1

mechanisms facilitates this ion transport is determined by the length of the
hydrocarbon chain and the ionic strength of the soluté” As well as natural diffusion,
most biological transport is driven by proteins, ion channels and ionophoe Weak
acids can be incorporated into a basic interior vesicle by making use of pH gradiefts.
lon channels are generally driven by catalysed reactions,ei energy supplied by

transforming ATP to ADP oby proton gradients.”s
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Figure 1.15: Transmembrane transport of ions is believed to beria one of two routes the first a) beinc
penetration of water discrete water molecules into the hydrophobic region of the bilayer (i), this forces tl
rearrangement of the polar headgroups rearrange to shield the hydrophobic tails from water causing 1
formation of a pore (ii) when ions (yellow) can travel through. Alternative hypothesis b) (i) is that ions
(yellow) accumulate at the interfacial region of the bilayer (ii) water then penetrates the membrar
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It is believed that ion channels in MTB are driven byhe latter52 5% The use of
membrane permeableionophores, is onebiomimetic approach to the creation of a
nanoreactor. These molecules work by chelation of the ion to be transported to the
ionophore, which then can move through a membrant® deliver the ion into a vesicle.

This has been explored by Chakrabagt al's8, by the addition of a divalent specific ion
channel to a vesicle system. Thestudy has shown how biological components can be
incorporated into synthetic vesicles to mimic the ion transport processes observed in
nature. This was proven by the loading both Re and B&- into preformed liposomes
via liposomal incorporation of C&+ionophore A23187 158

This ionophore has been futher explored for Fe2+ transport in chapter 5.Incorporation

of these membrane proteins into a membrane depends ate headgroup chemistry,
bilayer thickness, surface tension, curvature and stabilisation by the surrounding
lipids.153 The activity of ion channels, such as those used in magnetotactic bacteria, can
be monitored using a tethered bilaye4 by measurement ofchanges inconcentration,

pH or ion conductancel®® on either side of the membrane However, this is not as

tri vial in the case of vesicles, where the core solution is extremely difficult to measure.
Vesicle membrane transport can be monitored by electric potential andtpgradients as

measured by lipophilic fluorescent ion probe$s3.124

Entirely synthetic membrane transport can be achieved by electroporationThis is a
widely used technique in molecular biology for the introduction of DNA into a host
cell.15® The application of an electric potential across a cell membrane can lead to its
temporary poration by the increasing electric field inducing a transmembrane

potential differnce, which eventually causes local defects that form poreigo

Electroporation has been previously applied to synthetic dblock polymer vesicles for
the introduction of biological moeities, and is believed to undergo similar poration to
that observed in natural lipid cell membranesié! The mechanism of electroporation is
largely unknown; mainly due to the short time scale of pore formation, the complexity
in probing the membraneg and the numbers of parameters involved. Studies of changes
in phospholipid head group configuration using phosphate-nuclear magnetic
reasonance spectroscopy P-NMR) and observed changes in the vesicles structure
following electroporation has suggested possible mechanisminclude headgroup

rearrangment.162
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Molecular dynamics has offered multiple hypothesessimilar to those discussed above,
regarding electroporation mechanismsteoa 163 however to date it hasnot been possible

to prove which hypothesis appliesexperimentally.

These studies have led to two distinct theories on what is believed to happ&vhen an
electric potential is applied to a membrane As with natural ion leakage across a
membrane, th mechanisms propose that as a result of the generated pores,
distortions in the membrane result in water penatration through a spontaeously
formed hydrophobic porel6® The lipids then rearrange to form a stable more long
lived hydrophilic pore, which grows in size and is stabilised by a dqin potential.160b
This causes a decrease in the conductance. The pore formation is reversible gouiles
reseal over time, with the pore size stability/lifetime depending on the surrounding
pressure, the field strength andoulse time, as well as the membrane materia$oo

The difference between the two mechanisms is how the distortions occur in the
membrane. The most widely accepted hypothesis is the transient aqueous pore
formation mechanism, were by the electric field causes local distortion and the
rearrangment of the lipids dueto conduction by the polar head groupds® However,
this has been questionedas the same effect is observed in the absence of polar head
groups. Thus an alternative hypothesis; the water wire mechanismhas been
suggested, in which the water/membrane inteface aligns and undulates with the
current resulting in disortion, allowing water to pentatrate.l6© There are multiple
parameters which can affect the outcome of electroporation most notably the voltage
applied across the membrane, but the outcome can albe affected by factors including
path length of the cuvette, sample volume, temperature, pulse length and number of

pulsesié4

1.7.2 AIMS ANDOBJECTIVES

Magnetotactic bacteria (MTB) produce single domain magnetic nanoparticles (MNPSs)
of a monodisperse size and shapewithin lipid vesicle structures termed

magnetosomes
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The creation of a synthetic magnetosome inspired by the mechanisms observed within
MTB can address the problems involved in producing bacterial magnetosomesin
sufficient quantity and adapting them for use in in vivo biomedical applications. The
idea of a synthetic magetosome has been previoushsuggestedby Mann et al4121a125
This thesis builds ontheir work4121a in order to mimic a filled magnetosome at the

nanoscale.

Reversing- AT Ts§s@m, by encapsulaing base in the core of nanoscale vesicles
followed by transport of iron ions, is unique to this project. Furthermore purification
and incorporation of magnetosome specific proteindelieved to be responsible for the
controlled formation of both the internal vesicle and subsequent precipitation of the
particle in MTBis also unique. Thisccreates a synthetic model of a magnetosome which

can then be altered and functionalised dependingn application.

Synthetic magnetosomes produced as part of this project have been triall@dvitro for
their potential as both contrast agents for magnetic resonance imaging (MRI) and
therapeutics in magnetic hypertherma treatment (MHT) of tumours (Figure 1.16).
Each aspect of the synthetic magnetosome will require exploration an optimisation of
the materials and synthesis routes before it can be brought together to create the final
magnetosome. Table 1.2 outlines the plans for creating the synthetic nreggjosome
nanoreactor, and the chapter in which this is undertaken.

a) '

4

Figure 1.16: a) Inspiration is taken from Magnetotactic bacterig species shown isM. magneticumAMB-1),
which biomineralises chains of magnetite within magnetosome vesicle®) The aim d this thesis is to copy
this process synthetically by (i) creating a synthetic vesicle with a basic core (ii) followed by transport of
iron ions to yield (i) the precipitation of a single magnetite nanopatrticle c) This synthetic magnetosome
can then beused for the study of MTB biomineralisation proteins and incorporation of biomedical moieties
for nanomedical application.
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Aspect of synthetic magnetosome

creation to be optimised Chapter in which optimised

Magnetite synthesis route Chapter 3
Vesicle composition Chapter 4
Biological transporters Chapter 5
Synthetic iron transport Chapter 6
Scale up of synthetip magnetosome Chapter 7
production
Control of particle formation Chapter 8
Biomedical potential of artificial Chapter 9

magnetosomes

Table 1.2 Plan for artificial magnetosome production.
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CHAPTERZ:

METHODS ANIMATERIALS
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All solutions used in all methods vere degassed and sparged with Norior to use and
all experiments were carried out under an inert atmosplre where possible. This was
to prevent oxidation of the iron species used to ensure the precipitation of magnetite as
opposed to other iron oxides Lipids used were purchased from Avanti Polar Lipids Inc
and polymers used wee purchased from Polymer Soice. Other chemicals were

purchased from Sigma Aldrich unless otherwise stated

2.1 MAGNETITESYNTHESIS

There are many synthetic routes for the precipitation of magnetite, (as discussed in
section 1.3.3) with each method resulting in different nanoparticle sizes and
morphologies. Altering any one of a number of parameters within a specific synthesis
route can result in unwanted contaminants, such as precipitation of undesirabligon

oxide mineral phasesi.e. thoseother than magnetite(Section 1.3.2, Figue 1.3).

2.1.1 ROOMTEMPERATURECO-PRECIPITATION(RTCP)

Room temperature ceprecipitation 2°f is the precipitation of magnetite, in this instance
from iron chloride salt sources. FeGD 12Q (10 or 100 mM 10ml) and FeCi®H.O (10
or 100 mM, 10 ml) are combined respectively in al:2 ratio. This reflects the
stoichiometry of the final magnetite crystal structure. The reaction uses NaOH (10/100
mM, 10ml) to slowly increase the pH of the ovall solution and initiate precipitation.
The alkali isadded drop-wise via a syringe driver (Harvard Instruments) at a rate of 20
pl min-t under N bubbling to ensure homogenousmixing of reagents This rate of
addition ensures slow formation of the corret intermediates, facilitating the desired
stoichiometry for the precipitation of magnetite. The resulting black precipitatetends
to contain relatively small magnetic nanoparticles (after ageing)which are
subsequently washed by separation with a magnet anl re-suspension inwater, five

times to remove any nommagnetic oxides from the final product.
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2.1.2 THERMALDECOMPOSITIONOF UREA CO-PRECIPITATION

FeC3H,O (10 mM, 10ml) and FeC{BH,O (10 mM, 10ml) are combined in al:2 ratio.
CANH2)2 (10 mM, 10 ml) is added to themixed valence Fe soluion, before being
heated to 85C and held at this temperature forfour hours under N.. This allows for
decomposition of CQNH,)» into NHs;. The NH acts as the base to drive the eo
precipitation of the iron salts, resuting in the formation of a black magnetic solid The
resulting solid was washed using separation with a magnet ang-suspension inwater

five times 200

2.1.3 UREA ANDAMMONIA CO-PRECIPITATION

The method of combined wea/ammonia co-precipitation was adapted from the
previously published method byMiirbe et al.165 10 mM iron stock solutions of FeGland
FeC} are combined at a ratiol:2 ferrous to ferric iron salt respectively (10 mM FeS®
can also be usé as a ferrous iron source)A combination of chloride and sulphate iron
salt were also used (2(FeG):1(FeSQ) 10 mM). The iron salt at a volume of 8 ml is
added to a urea/ammonia mix solution with urea: ammonia ratio varyingrom 0-100
% urea. The soluton was then heated on a hotplate to 80°C and held at this
temperature for four hours, under N. The precipitated solid was washed as described

above, using magnetic separation and fsuspension in water five times.

2.2 VESICLESYNTHESIS

Various methods used to synthesise vesicles using botlphospholipids and block co
polymers are detailed below The methodsfor magnetite precipitation outlined in
section 2.1 were incorporated as closely as possible into each vesicle synthesis route.
Once vesicles were formedusing the methods outlined below, size exclusion
chromatography was used to remove the supernatant to prevent magnetite

precipitation external to the vesicles (Section 2.2.4).
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FeCydH,O (10 mM, 10 ml) and FeGBH.O (10 mM, 10 ml) were combined in al:2
ratio and added to the vesicle solution before beinglectroporated (5 x 2500 V).
Centrifugation removed excess precipitate, and tigonication, water bath sonication

and extrusion (Section 2.23.3) were employed to control vesicle size.

2.2.1 LIPOSOMEFORMATION

2.2.1.1 BASIC FORMATION

Phospholipids (0.5z 1 mg) are dissolved in 1 ml of chloroform and methanol (in a 1:1
ratio). The solvent is then removed under vacuum to form a thin lipid film. The
resulting film is rehydrated with the basic solution to be encapsuted, corresponding

to the desired magnetite synthesis route e.g. NaOH, CO@#dr NH; (Section 2.1)75

The size distribution of the resulting liposomes is controlled by either bath sonication
(Ultrasonic cleaner, VWR) for 30 minutes following film rehydration, tip sonication
(Vibracell, Sonics) at 70 % amplitude for 15 minutes or, for a narrower size

distri bution, extrusion by 15 passes through a 100 nm membrane (Section 2.2.3.3).

2.2.2 POLYMERSOMHE-ORMATION

2.2.2.1 DI-BLOCK POLYMERSOMES

Encapsulation within polymersomes is essentially an extension of the film hydration
method used in liposome synthesis(Section 2.2.3. An A-b-B amphiphilic block-
copolymer film (1-10 mg ml-t) is swelled overnightin a vacuum desiccator/oven
(40°C). This is thenrehydrated with 1 ml base whilst stirring for 12-16 hours, before

being sonicated atambient temperature (30 minutes).
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2.2.2.2 TRI-BLOCKPOLYMERSOMES

Poly (2-methyloxzoline)-b-poly(dimethylsiloxane)-b- poly(2-methyloxzoline) (PMOXA
PDMSPMOXA) was dissolved in 1 ml of CH@h a round bottom flask. NaOH (10 mM)
was added to the polymer/solvent ata rate of 50 plmin-1 to give a firal concentration
of 1 mgml-L. The resulting mixture was then centrifuged (10 minutes at 9,800 g, Progen
Genfuge, 24D microcentrifuge ) to remove any residual solvent (bottom layer) from the
polymersome solution (top layer). This method was adapted by mydé and Matthew

Berry (MChem student) from the published method by Nardiret al.%b

2.2.3 VESICLE SIZE AND POIDISPERSITY CONTROL ETHODS

Vesicle size dispersiy was controlled using a number of techniques. Each method,
applied to the formation of both liposomes and polymersomes, narrowed the

polydispersity of the overall vesicle population.

2.2.3.1 BATH SONICATION

The application of sonic energy to a lipid or polymeisolution agitates the solution,
causing any vesicles formed to collapse and4assemble. This also encourages the self
assembly of free lipids and instigates the simultaneous formation of small vesicle sizes
with a narrower size distribution. Vesicle sampés are subjected to bath sonication for
30 minutes at the standard frequency of théath (Ultrasonic cleaner, VWR45 kHZz).
The vial was fully submerged to ensure maximum transfer on the sonic energy into the

sampleria
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2.2.3.2 TIP SONICATION

Tip sonication is expected to exert greater control over the size distribution of the
vesicles than bath sonication. This is due to the higher frequencies and mdoealised
sonication that can be applied to the sample. Thus the efis of tip sonication on a
vesicle sample have also been investigated. Samples are heated to above their phase
transition temperature if necessary(Table 4.1).Sonication (Vibracell, Sonics) is applied

to the sample in a glaswial for between 1530 minutes at amplitude of 75 % using a
narrow sonication tip (3 mm). Tip sonication applies sonic energy to a sample. This in
turn breaks down vesicles in the solution, but with more precision than with bath
sonication. This is due to greater control of the energgupplied to the sample by
optimisation of both the amplitude and tip width.

2.2.3.3 EXTRUSION

Perhaps exerting the tightest control over vesicle polydispersity, extrusion is the
process of forcing vesicles through a membrane of a known pore size. This causes
larger vesicles to break up and reassemble into smaller ones. The size at which they
reassemble is dictated by the pore size of the membrane used. The extrusion kit is
assembled according to Figure 2.5). All filters and the membrane are soaked in the
samebuffer as the vesicle solution and placed in the centre of the extruder. Using gas
tight syringes, the vesicle solution is passed from one syringe to the other through a
100 nm pore membranel5 times, as shown in Figure 2.D). These conditions have
previously been optimised by the Battaglia group (Unpublished method) to obtain
monodisperse vesicles of < 100 nm. In some cases samples were first passed through a
400 nm membrane to initially decrease their size to avoid rupturing or obstructing the
membrane. This extrusion method was applied to both lipid and polymer vesicle

samples.
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Outer casing

Filter papers
Teflon bearing

a] Polycarbonate membrane 0 -rings Syringe/Sample

b) 0"0‘;

100 nm Polycarbonate membrane

Figure 2.1: Extrusion is the process of passing vesicle solution through a membrane containing pores of a
known size to achieve a narrows size distribution. a) Siws the assembly of the extrusion kit, in which the
extrusion membrane is placed between two filter papers held in place by two-fings to prevent solution
leakage. These are screwed into place by an outer metal casing. Syringes are inserted into eacloétite
extruder and the solution is passed from one to the othethrough the membrane. b) On passing through
the membrane the lipid or polymer polydisperse vesicles are forced to reassemble into a monodisperse
population of a size determined by the membrae pore sizes.

2.2.4 VESICLECLEAN UP

To remove excess base following vesicle formation, vesicles are passed through a size
exclusion chromatography (SEC) columif® The presence of external base solution can
cause precipitation of mixed oxides on addition of the ferrous/ferric ion solution. With
some of the base solutions (NaOHhis precipitation is instantaneous; inhibiting iron
transport and creating undesired complex mixtures of MNP both inside and outside of
vesicles. To prevent this, all vesicle solutions were separated on an SEC column to
isolate vesicles and exchange theuter solution for buffer or water. SEC columns are

filled with sepharose beads of a designated size and porosity.
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SEC is based on size separatighrigure 2.3). As NaOH in solution is much smaller than
the vesicles, the base molecules take a longer pdtirough the column. This is because
Na+ and OH can enter more spaces between the sepharose beads, and even the pores
within the beads. This means that bigger assemblies (i.e. the vesicles) move through
the column much faster. This separates them from th&laOH solution outside the
vesicles, and exchanges the vesicles into the column equilibration buffer. Vesicle
solutions are cleaned using GE Healthcare PD10 columns, or gitked sepharose 4B
in a 20 cn®column. In each case, the column is filled with PB&uffer; the polymer
solution is then added to the column and allowed to enter the sepharose. This is then
topped up with PBS buffer to push the sample through the column. The eluent from the
column is collected once the solution becomes cloudy; indicatinthe presence of
vesicles.The pH of the collection solution confirms that vesicles are exchanged into
neutral pH buffer. Smaller samples of vesicles (approximately 1 ml) were cleaned up
using dialysis. For dialysis, the sample is encased in snakeskin g&b tubing
(molecular weight cut off 3,500 Dalton) and placed into 2 L of PBS for 4B hours to

allow equilibration between the inner and outer solutions.

\

Figure 2.2: Size exclusion chromatography (SEC): SEC is used to clean up vesicles by addition of the v
solution to a sepharose column, which then moves down the column by way of gravity. The column separ
suspensionsby size, as bigger molecules/assemblies take a shorter path, limited by the ability to fit into the gi
between the sepharose beads (Red pathpmaller molecules, i.e. the eluent, can diffusively enter more of
spaces between beads, and so takes longerleave the column (Blue path).



Page|59

2.2 IRON TRANSPORT METHO®

2.2.5 ELECTROHYDRODYNAMIATOMISATIONVESICLESYNTHESIS

Technology used by the Hirisinghe group based at UCL3b.114 has been utilised as part

of this project. This has be@ usedto both automate and optimise the synthesis of both
liposome andpolymersomesfor the production of monodisperse vesicles as vessels for
the production of a synthetic magnetosomeThe equipment uses a capillary tube of
specific size determined by tle required size of the droplets produced A potential
difference (of the order kV)is applied between the capillary and ground electrode
(Figure 2.3).The applied voltageis used to control the meniscus shape on exit from the
capillary, (Table 7.1) for the £ Of ACET 1T 1T &£ xEAO EO 1EThisxT AO
creates a high charge density tying rise to the formation of mano-sized droplets as
small as ® nm in diameter. For the formation of base encapsulated vesicles, lipid
solution and base are loaded into separate syringes that are fed into separate ports of a

single capillaryvia syringe drivers at arates varying between5-50 plmin-t,

a

DSPC Lipid solution

e

NaOH solution (Encapsulant)

Hy
Hydrophobic
Hy

Alkal

Maturation

Figure 2.3: Electrohydrodynamic atomisation (EHDA) synthesis of vesicles: Shows a schematic of the
single axial EHDA pencapsulation of NaOH within lipidvia EHDA jetting b) shows the composition of the
resulting vesicles, c) vesicles are introduced to mixed valence iron solution and elegharated at 750 V, to
yield d) a magnetic nanoparticle within the vesicle core.
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The solutions then combine in the capillary, at which point selassembly into vesicles
should begin. As the solutions leave the capillary, a voltage is applied (26 kV) and
the solution is broken down into monodisperse droplets which assemble into vesicles.
The vesicles are collected in water and mixed valence iron solution (Fel:2 Fe+, 10
mM, 1 ml) is introduced to the vesicle solution and electroporated (Section 2.3.2.4&t

750 V to aid iron transport into the core of the vesicle.

2.3 IRONTRANSPORT

Magnetite precipitation in the core of the vesicle is only possible if there is iron
transport through the vesicle membrane.Four routes of iron transport have been
explored to obtain an artificial magnetosome, starting with biological based
transporters then moving to completely synthetic methods of crossnmembrane

transport.

2.3.1 BIOLOGICAL TRANSPORHERS

Biological transporters are incorporated into vesicles during vesicle formatin (Section
2.2). During polymer/lipid film rehydration, the biological transporter protein is added

to the stirring solution at a concentration of 0.1 ug mt. The vesicles are then cleaned
up using SEC (Section 2.4.2). After clean up, mixed valeirosm salt (1 (FeCh):2 (FeCk)
solution is added to the vesicles. The protein transporters should allow iron transport
through the vesicle membrane. After incubation for 1216 hours vesicles are again
cleaned upvia SEC (Section 2.4.2) to remove excess iron, tef analysis. The success
of the transporter was assessed using TEM (Section 2.6.1.1) and elemental analysis
(2.6.2.4) to see if a solid, electron dense iron oxide particle was able to form within the

vesicle.
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2.3.2 A23187 DIVALENT IONOPHORE

A2318767 an ionophore, chelates divalent iron and transports this by subsequently
passing across a membrane. Polymersomes (1 m, 10 mg mit) with NaOH (10 mM)
encapsulated andpreviously cleaned upvia SEC (Section 2.4.2)ere added toFeC} (5

ml, 10 mM) which contained the A23187 ionophore, (1 pl, 1.90x106 M). The alkali
containing polymersomes are incubated in the ironf/ionophore for five days to facilitate
crossmembrane transport of iron. The success of the transporter was assessed using
TEM (section 2.6.1.1) and elemental analysis (2.6.2.4) to see if iron oxide was able to

form within the vesicle.

2.3.3 ELECTROPORATION

Electroporation is a technique widely used in biology for lie transformation of DNA
into cells. Electroporation electrically permeablises a cell membrane by application of a
pre-determined voltage9-160, 161 The mechanism by which the membrane is
permeated has been widely explored, but as yet has not been confirmed (Section 1.6.3).
Electroporation is used as a method of synthetic iron transport across the vesicle
membrane by increasing membrane permeability. Vesicles absent of both protein
transporters and/or ionophore were subjected to electroporation. Following clean up
as above in section 2.3, iron solution (Fe&+ 1:2 Fe¢+, 10 or 100 mM) is added to the
vesicle soluion in a ratio of 1:1 vesicle:iron solution. The combined solutions are then
transferred to an electroporation cuvette, which has electrode plates on either side,
and chilled for approximately five minutes on ice. The solution filled cuvette is then
placedinto the electroporator, ensuring that the cuvette plates make contact with the
electrodes. A voltage is then applied to the sample (20492500 V, manually varied to
optimise iron influx) with a pulse rate of 0.7z 2 ms (automatically determined by the

electroporator).



Page|62

2.3.4 IN-SITUINCORPORATION

FeSQD {0 (16.6 mM) and Fe(SQ)30 {0 (15.6 mM) are combined in a volume of 10 ml
of degassed water in a round bottomed flask. 1 ml of purified PEGas-
PHPMAw/PMPGs-PHPMA polymersomes (approximately 10 mg/ml) is added to
the iron solution. This solution isthen sealed and sparged with N A total volume of 4
ml of NaOH (10 mM)is added dropwise, at a rate of 2@l min- by syringe driver
(Harvard Instruments). On addition of NaOH, a room temperature precipitation of
magnetite occurs in the presence of the gdlymersomes. Oncecomplete, the particles
are removed from the solution by magnetic separation. The magnetpolymersome
solution was heated to 80 °Gor 0.5-1 hour, at which point it flocculated and thewhite

opaquetop layer of the solution was removed bypipette.

2.4 |IRON IONTRANSPORTS ASSAYS

To quantify iron transport, membrane permeability, and therefore the success of the
various methods reported (Section 2.3)several indicators of pH, redox potential, as
well as fluorescence and iron chelators have lea encapsulated in vesiclesAll
solutions are cleaned upusing SEC(Section 2.4.2) following encapsulation of the
relevant indicator. UM-vis (Section 2.6.2.1) or fluorescencéSection 2.6.2.2kpectraare
recorded before membrane disruption or iron transport to generate a background
spectrum. Vesicles are electroporated (Section 2.3.2.1) to permeate the membrane, and
spectra are re-recorded. The specific method used with each indicator explored is

outlined below (Figure 2.4).

2.4.1 CARBOXYFLUORESCEIN

Carboxyfluoresceintss is a fluorescent dye which seljuenches at high concentration,
jlpmm | - Q8 5wdpermdatbrAdE dlectfopojation) the dye is diluted and
the fluorescence signal should increase. Vesicles are rehydrated with
carboxyfluorescein (100 mM) at a 10 % v/v carboxyfluorescein:lipid/polymer ratio

and stirred for 12-16 hours.
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Vesicles are then cleaned up b$EC (Section 2.4.2) and fluorescence measurements are
taken using both a fluorimeter (Section 2.6.2.2)and using fluorescence microscopy

(Section 2.6.1.5). Leakage from the vesicles is monitored using fluorimetry.
Electroporation is used to facilitate le&kage, and change in fluorescence signal

measured.

2.4.2 FERENE

Ferene is an iron chelator which undergoes a colour change from yellow to blue on
chelation of Fé&+1%0 FeCydH,O solution is prepared at various concentrations 00
mM, 50 mM, 25 mMand 10 mM).5 ml aliquots were combined withFerene (LO pl at 15
puM) and U\vis spectra are recorded. 1 ml of the ferrous chelatedFerene (L0 mM) is
added to 3ml of NaOH (10 mM) and HO separately, and incorporated into
polymersomes This is used to test compatibility with NaOH, chelation affinity and

detection of the solution in the vesicle core.

2.4.3 PRUSSIANBLUE

A 0.1 mM solution (prepared by serial dilution) of Prussian Blue potassium
ferrocyanide (Ks[Fe(CN)]3H:0) is prepared. 10 pl of the 0.1 mMKs[Fe(CN)]3H20is
then added to FELO 1.Q solution prepared ata range of concentrations appropriate to
prepare a standard curve from the UWis spectrum, the U\vis spectrum at each
concentration is then recordedto obtain a standard curve. 1 ml oKsFe(CN)]3H.O
(10 mM) is added to NaOH(10 mM) during polymersome formation. This is again to
detect compatibility with NaOH, chelation affinity and visibility of the solution in the
vesicle coreVesiclesare then ckaned upvia SEC (Section 2.4.2) and recording of the

UV-vis spectrum is repeated.’°
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2.4.1 RESAZURIN

Resazurin is a redox sensing dye which changes colotrom pink to clear upon
oxidation.17t Solutions of HFCOONa (0.2 Mand CHCOOH (0.2 Mare used to obtain
pHs between 3.8 and 6.8, the solutions were prepared at pH intervals of 0.2. TheH
was then measured using a Mettler Toledo PHE1204 pH metdResazurinsolution (10
mM) is prepared. 10 L of Resazurinis added to10 ml of each pH solutionand the UV
vis spectraare recorded.For incorporation into vesicles, 1 ml oResazurinsolution (10
mM) is also added to Fe€HAH,O (L0 mM), which is then used to rehydrate golymer
film. The resulting polymersomeswere cleaned up using SEC (Section 2.4.2) and-\i¥

spectra are recorded.

2.5 CONTROL OF PARTICLEGRMATION

Polymer films are rehydrated according to the method described in Section 2.2.2.1,
with 10 mM NaOH to a concentration of 10 mg ml During rehydration, the relevant
biological transporter (protein or scaffold) is added to the rehydration solution at a
concentration of 10 ug mtt. This is then left to stir for 1216 hours. The vesicles are
then exchanged into PBS buffer using SEC (Section 2.2.4), aledteoporated according
to the method described in section 2.3.2.1 to facilitate iron transport. The resulting
biomineralisation reaction is analysed using TEM (Section 2.6.1.1) and elemental
analysis (Section 2.6.2.4) to see if iron oxide solids form with the polymersome

structures.
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2.6 PROTEIN CLONING ANDBRIFICATIONMETHODS

2.6.1 GENECLONING

2.6.1.1 POLYMERASECHAIN REACTION(PCR)

A Polymerase chain reaction (PCR) is used to efficiently select and exponentially
replicate a chosen nucleotide sequence from tentggte DNA (Figure 25).172 During this
process DNA is heated, which causes its denaturation and the formation of 2 single
strands of DNA. To carry out the replication, the DNA template (0.5 pl, 50 ngtuis
combined with DNA polymerase (1 pg #,1ul) and a supply of deoxynucleotide
OOEDPEI PEAOAO | A. 4eésiyr@dfordards and reverBe(pimeB (LA, 10
pm). These primers attach to the DNA template on different strands at the beginning
and endof the sequence to be amplified, and importantly at a temperature below the
melting temperature of the primer sequences. The temperature of the reaction is
increased to the optimum for the activity of the polymerase (7672°C). The polymerase
then extends he primers for a specific amount of time determined by the number of

base pairs to be replicated (Table 5.1).

ﬁ (

Attachment of >
primers
———
Y — &
y w—q
—_— € { «—
— r— S ¢
—<

Figure 2.5: Polymerase Chain Reaction: To amplify a specific sequence of DNA, the DNA product is first
denatured by heating. Predesigned primers then attach to the DNA strands and read along the strand,
replicating the sequence by sequential addition of dNTPs. This process is repeated multiple times with the
accuracy of the replicate strand increasing with each round.
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During this time the polymerase (1 pl) attaches to the template DNA and reads along
the sequence. The polymerase constructs a complimentary copy from dNTP building
blocks during a second heating step to duplicate the template DNAhese steps are
repeated during the extensionperiod to exponentially amplify the required gene, with
the precision of the replication improving in each round due to the position at which
the primers reattach (Figure 2.5. Accuracy can then be further increased by running
the final product through aPCR clearup kit.

2.6.1.2 RESTRICTION DIGEST

4EA CAT A OANOEOAA A the PER DNABIoduct BSéctio ALY 1 006
using restriction enzymes to isolate the specific sequence which codes for the atgal

protein target (Figure 2.6).172 The PCR product (approx. 10 pl) is added to an enzyme
compatible buffer (Table 2.3 and adjusted to the correct concentration by dilution

with sterile water. The appropriate restriction enzyme (1 pl), dependent on the

restriction sites designed into the gene sequence, is added to the reaction mixture and
incubated at the corresponding active temperature for approximately one hour.

a) b)

WD D ——> WO ‘}Qﬂﬂl"(

d) c) \ <

©<_

Figure 2.6: DNA Digestion a) The required DNA sequence is isolated using digestion enzymes which

recognise the beginning and end codon in the required gene b) During incubation with the enzymes, the

desired sequence is cut out of the DNA product. Ligation: c) This sectiofi DNA is then ligated into a

AEOAOI AO $.! OAAOI O AU A1 OGAI AT O1I U OUEPPEI ¢ OP6 OEA Al A
a circular piece of DNA which is now suitable for cloning.
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During this incubation period, the enzymes digest; or cuthe PCR DNA at specific
recognition sites. These sites are generally at the beginning and end of the DNA
sequence required for cloning, and are incorporated in the primer sequences used in
the PCR. During this time th@olymerase (1 ul)attaches to the tenplate DNA and reads
along the sequence. The polymerase constructs a complimentary copy from dNTP
building blocks during a second heating step to duplicate the template DNAhe
reaction is then cleaned upvia a PCR clean up kibr gel extraction (Section2.5.1.6) to

improve the purity of the digested sequence for ligation.

2.6.1.3 DNALIGATION

The insert; or gene sequence required for cloning? isolated during the restriction

digest process, (Section 2.8.2) is now ligated; or covalently linked into linearised

plasmid DNA (pPRIBA1). The insert (approximately 10 ng) and the corresponding

vector (pPR) " ! ph um 1CQ AOA AT [ AEIAEAN ARITIAl d E-CAGROE1. d
England Biolabs) (5 pl 400 units per pl). The mixture is subsequently incubated at

ambient temperature for 510 minutes. During this time the overhang sequences on

OEA OAAOI O A QA codri BinRalel to ® domplimentary eerhang

sequence designed into the insert DNA (Figure &. This creates a complete circular

DNA plasmid suitable for cloning.

2.6.1.4 VECTOR TRANSFORMATIOKXL10 GOLD)

DNA ligated into the appropriate vector to form circular DNA is subsequently
introduced into XL10 GoldE. Colicells (Agilent) 173 Ligated plasmid DNA (5 pl) is added
to 100 pl of cells on ice. These are then heat shocked at 42°C &@ seconds, which
causes the formation of pores in the cell membrane allowing for uptake of the DNA

vector by the cells for amplification.
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After further chilling on ice for 5 minutes, the cells are combined with 300 pl of LB
growth media and agitatedat 37°C for approximately 1 hour to allow the cells to
recover from the heatshock. After this time, the cells are deposited on to an LB Agar
plate containing the antibiotic carbenicillin (100 ug mtt). The addition of the antibiotic
ensures that only cel$ containing the pPRIBA1 DNA are able to grow on the plates due
to the presence of an ampicillin resistance gene. Plates are incubated at 37°C for up to
16 hours to allow colonies of cells to form.

2.6.1.5 CoLoNnYPCR

Individual cell colonies can be picked andraplified via a PCR reaction to confirm the
presence of the inserted vector, and more importantly the gene of interest. In this case,
specific individual colonies are picked and resuspended in 100 pl of water. PCR
reactions are prepared according to the mod outlined in section 2.4.1.1, but with the
addition of 1 pl of the colony solution in place of the genomic DNA. The resulting PCR
products are analysed using gel electrophoresis (see section 2.6.4.1) to determine if the
target gene has been successfuylincorporated into the plasmid. The remaining colony
suspension is added to LB and carbenicillin for culturing at 3 with shaking before

extraction of the plasmidvia mini prep kit (Qiagen).

2.6.1.6 DNA SEQUENCING

In DNA products which appear to be of the exgeted size (kDa) in gel electrophoresis
analysis (Section 2.6.4.1) the plasmid is extracted fror.Coli by with a mini prep kit
(Qiagen). The extract is sequenced by Beckman Genomics. A 15 pl sample of the
plasmid solution at 100 ng pt is sent for sequecing by PCR analysig4
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Method Buffer/Solution Component Volume
Sodium Chloride 80g
Potassium Chloride 29
Gereral Use  Phosphate buffered Sodium Phosphate 14.49
Saline (1L) PBS) dibasic
Potassium 2.49g
Phosphate dibasic
Distilled water Make up to 1L
Yeast extract 59
Cell grow up LB Media Sodium Chloride 10g
Yeast extract 59
Sodium Chloride 109
Pl LB Agar
ate grow up Agar 15 g
Deionised water Made up to 1 litre
10 x blocking buffer 4 ml
(Sigma)
Blocking buffer
Wets)grﬁﬁots J PBS Tween 16 ml
Total Volume 20 ml
Tris buffer 1.5¢9
Glycine 7.29
Dot and Towbin transfer buffer
Western blots Methanol 100 ml
MilliQ Water 500 ml

Table 2.1: Components of protein cloning and expression recipes, buffewere made to pH 7.4, and
autoclaved before use.
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2.6.1 PROTEINPREPARATION

2.6.1.1 VECTORTRANSFORMATION(BL21)

As outlined in section 2.4.1.4, a DNA vector (1 pl) is transformed intg. ColiBL21
(DE3) RP (Stratagene) cells (100 plusing heat-shock (42 °C for 30 secondsy3 LB
growth media (300 pl) is added to the transformed cells and incubated at 37°C for one
hour to allow the cells to recover. Recovered cells are spread on to an LB agar plate
containing the antibiotics, carbenidlin (100 pg ml-t) and chloramphenicol (35 pug mt),

and incubated at 37°C for about 16 hours to allow colonies of cells to form.

2.6.1.2 EXPRESSIONSRIALS

To ensure maximum efficiency in protein production, a number ofiuto-induction
growth media were trialled to determine the optimum expression conditions for a
maximum yield for each protein under analysis. For the expression trial, four media of
increasing nutrient content (LB, 2YT (2 x), TB (4 x), and SB (8 x) in 400 ml volumes are
inoculated with a starter culture (containing the appropriate antibiotics) of the colony

of interest and incubated at 37 °CExpression occurs spontaneously at a specific cell
density. Protein expression levels are checked at three time points (24, 40 and 48
hours). At harvested tme points, the protein cell pellets are resuspended in lysis
buffer (Table 2.2, 500 pl of culture is lysed in 125 pl lysis buffer). The lysate is then
analysed using a dot blot to assess protein expression levels (Section 2.6.4.3).

2.6.1.3 CeELLCULTURING

Transformed BL21 (DE3) RP cells are grown up over a period of@thours in 5 ml of LB
supplemented with carbenicillin and chloramphenicol as before. After this time, an
aliquot is taken (1 ml) and added to 400 ml of the appropriate media containing both
Carbentillin (100 pg mlt) and Chloronphenecol (35 pg mi); (Section 2.2.5.2).
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Cultures are grown under the optimised conditions (time and temperatureysing auto-
induction media for maximum protein production as determined by expression trial
(Section 26.1.2).175

2.6.1.4 PURIFICATION

The 400 ml cultures are harvested by centrifugation (3000 rpm for 20 minutes in a
Megafuge 40R (Thermo Scientific) using swinging bucket rotor (75003607) to pellet
cells. The pellet is resuspended in 3 ml of PBS (0.1 M phosphate) and tip sonicated (70
% amplitude, 6 x 20 second sonication (Vibracell Sonicator, Sonics) to lyse cells; and
the solution is centrifuged again(12,000 rpm for 45 minutes) to pellet cell debris. The
soluble protein in the supernatant can then be isolated by affinity chromatography.
This works by passing the solution through a column containing a resin which will bind
protein depending on its fusian tag; Streptactin resin (IBA) for a strep tag and Nickel
resin (Expedeon) for a His tag. The bound protein is then eluted using the appropriate
buffer; 300 mM imidazole in PBS for a His tag and 5 mMd#sthiobiotin in PBS for a

strep tagi76
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Method Component Volume
Sterile water
3ml
4 x stacking buffert
1.25 mi
SDSPage Stacking Gel
Acrylamide (30 % w/v)* 0.7 ml
10 % Ammonium Persulphate (APS)
25 ul
Tetramethylethylenediamine(TEMED) 20 ul
Deionised water 3.4 ml
Acrylamide (30 % w/v)* 4 ml
4 x ConcResolving Gel Buffer 25ml
SDSPage Resolving Gel
10 % APS 60 pl
TEMED 12l
Milli Q (autoclaved) 33.5ul
10 xKOD Bufér (Merck) 5ul
MgSQ (25 mM) 3ul
PCR reaction Template DNA(50 ng ptt)** 0.5 pl
Forward Primer (10 pmpl-1) 1l
Reverse Primer(10 pm pit) 1l
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KOD Hot Start Polymerasél ug pl-t) 1l
10 x Enzyme Reaction BuffefNEB) 5u
Restriction Enzyme (NEB) 1l

Restriction digest

_ Make up to 20
Sterile Water

ul
Vector (50 ng pk)** 25 ul
Vector Ligation DNA Insert(50 ng ptt)** 2.5 ul
Instant Ligase* (NEB) 5l
GoTaqg greerDNA polymerasé
0u
(Promega)
Cell suspension 1l
Colony PCR _
Forwards primer (10 pmpl-2) 1l
Reverse primer(10 um ptt) 1l
MillQ water 7 ul

Table 2.2: Buffers and solution in biology protocols*Acrylamide composition is equalto

37.5:1Acrylamide tobis-acrylamide** Typical concentration*Used aD A O | AT OEAAODOOA OB O
instructions *"See appendix for recipe
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2.7 CHARACTERISATION ANODNSTRUMENTATION

2.7.1 VESICLECHARACTERISATION

2.7.1.1 TRANSMISSIONELECTRONMICROSCOPYROOMTEMPERATURE

This section is based on the textbooK ransmission electron microscopyteatbook

for materials science. Williams, (1996)

Transmission electron micrascopy (TEM) was used tovisually assess iron oxide,
protein and vesicle samples;high resolution (as low as 0.2 nm) state allowdor
visualisation of objects in the nanoscale size rangé&igure 2.7). The higher resolution
achieved by using electron microsopy is the result of using an electron beamat 100-
200 keV. This provides wavelengths able to observe and image samples that are
smaller than the diffraction limit of light. This beam is generated from an electron gun
at the top of the microscope column, Wth the electron source usually being in the form
of either a tungsten filament or a lanthanum hexaboride (Lad} crystal. Condenser
lenses, which consist of magnetic coils, are used to concentrate and focus the beam
onto the sample A high level of detailis resolved by the interactions of the electronsas
they are transmitted through the specimen interacting with electrons in the sample,
hence offering information about the internal structure. Imaging is carried out under
very high vacuum. This removes th propensity for the beam to interact with anything
other than the sample. The ion getter pump (IGP) further improveshe vacuum by
ionisation of the gas in the vessel and application of an electric potential. This causes
acceleration of ions into an eleabde which are then consequently immobilised,
thereby creating a very high vacuuni?? Both continuous film and holey caon coated
TEM grids(Agar Scientific)were used to visualisesamples.The sample (5t )is gpplied

to a grid and left to stand for approximately 1 minute, after which time the excess
liquid is blotted off. Grids are then dried, either slowly at ambient temperature or by
vacuum. &mplesassumed not to contain dense iron mineralsra also gained prior to
TEMimaging. This is a common procedure in electron microscopy for many samples;

particularly biological specimens.



Page|76

This is because low electron density elements (e.g. hydrogen, carbon, and oxygen) have
poor contrast in the electron beamas they are less able to interact with the transmitted
electron beam. The stain is made up of a heavy metal salt. The electrons in the heavy
metal interact and deflect the beam to a much greater extent than the sample. Hence
the stain provides a better cotrast between the stained sample and the background.
The sampleis added to a grid as described above. This is théollowed by the heavy
metal stain 2 % uranyl acetateor 0.75 % uranyl formate), which is blotted offafter a

12 second staining periodTheinstruments used included a Phillips CM200 and CM100
and a TecnaiF20 andFEIG2 Spirit.

Electron source

N .
n (gun/filament)

Electron beamI

Condenser lenses

Condenser &=\ 7

aperture .ﬁq Specimen

| L———Objectivelens

Objective ¢ il € ]
aperture

Projector lenses

Phosphorescent

viewing screen

Figure 2.7: Schematic of a transmission electron microscope as described in Sectioi.2.1.
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2.7.1.2 CRYOGENICIT RANSMISSION ELECTROMICROSCOPY

Greater detail and accuracy with regards to vesicle structure can be achieved by
cryogenically freezing the sample before electron microscopic analysis. Freezing the
sample conserves its structure which is often lost when dried on to a conventional TEM
grid. For a vesicle, this is analogous to popping a balloon or deflating a beach ball, and
then attempting to analyse it structure. Samples are prepared for cryo TEM by freezing
in liquid ethane. Essential to cryo TEM is the absence of cubic water ice, for this reason
instrumentation involved in grid preparation must be kept under liquid Ny, cooled and
dried before introducing the grid 177

Cubic ice can absorb the electron beameaving the grid obsolete as the beam can no
longer penetrate the sample. Liquid ethane is used for sample freezing due to it having
a higher boiling point at-188°C when compared to-195°C of liquid nitrogen. Liquid
ethane is cold enough to freeze the agous solution on the grid without the formation

of cubic ice and without being so cold that it will boil upon the introduction of the grid;
as in the case of liquid nitrogen. Samples are prepared for cryo EM using a Vitrobot
(Series 2 and 3). The sample itvaded on to a holey carbon grid (=5 pl), unlike
conventional TEM there is no need for dilution. The Vitrobot automatically blots the
sample (36 seconds at blot force 3) to remove excess sample and achieve an optimum
thickness of ice for imaging. The gd is then plunged into the liquid ethane and stored
under liquid nitrogen until use. Gridsare loaded into the microscope (in this case a
Phillips CM200 or a Tecnai F20) animaged in low dose mode, to avoid damaging the
solvent ice. In addition to this, here are three separate modes which must be used to
obtain the final image: 1) search mode is used at low magnification to move around the
grid and identify areas of interest. The microscope is then switched into 2) focus mode,
these are two areas on eitheside of the region of interest, each area is adjusted to
absolute focus, which in turn should bring in to focus the area to be imaged, an element
of defocus is then applied ( ~-1 um) to enhance contrast. Finally the microscope is
switched to 3) exposuremode and the image is taken, this can be taken only once as

the effect of exposing an area essentially melts it.
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2.7.1.3 DYNAMICLIGHT SCATTERING

Dynamic light scattering (DLS)was utilised to explore vesicle size distribution and

aggregation properties.t’® DLSis the measurement offluctuations observed in light

scattered from a vesicle or particle sampleThese fluctuationsare relatedto diffusion

within the sample, and used to calculate particle size, the intensity of light scattered is

measured with respect to timel’® Due to Brownian motion occurring within the

sample, there § constructive and destructive interference which has an effect on the

light intensity and scattering over time; called the translational diffusion coefficientD)

(Equation 2108 4EEO OAEAO ET O AAAT 61 6 O1I1 OOEI 1T OEOAI
absolute temperature (kT), and the hydrodynamic diameter (B) of the particle; which

assumes that all of the particles are solid spherggs

o — (2.1)

Smaller particles diffuse faster throudp the solution causing more fluctuations than
bigger particles that have slower diffusionThe technique worksby way of apolarised
beam which is scattered by densityand concentration fluctuations in the sample. A
detector picks up speckihg caused by sattered light interfering with the sample. The
time dependence of this scattering at a specified angle is used to forman
autocorrelation function, which describes the spot intensity over time For
monodisperse samples this comes from the exponential deca arising from the
diffusion within the sample. This in turnis related to the hydrodynamic diameter of the
particle. If a sample ispolydispersed, the correlation function is based upon a

distribution of decay rates, due to the variation in particle motia in the sample.

For vesicle samplesa dilution of 400 pl in 1 ml was analysedin a disposable DLS

cuvette with a scattering angle of 173n a Zetasiazer Nano (Malvern Instruments)
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Sampleswere scannedthree times at a standard temperatue of 25°Cwith each scan
having 10-14 runs, the sampleis scanned using the refractive index and viscosity
settings for a sample of liposomes in water, as these most closely match the sample
properties. Datais analysed using Malvern Zetasizer softwareand reploted using
GraphPad Prismlt is also possible to estimate the polydispersity index (Pdl) (Equation

2.2) of the sample which relates to the standarddéaOET 1 j A qQ T £ A ' AOOOGEA
applied to the data (£?).

0 QO— 2.2)

2.7.1.4 GELPERMEATIONCHROMATOGRAPHY

To determine polymer concentration following dilution during clean up, gel
permeation chromatography (GC) is employed. GC separates compounds in a
solution by size An aqueous column is used to analyse the polymemnolecular weight,
size and concentration The system is first pumped with PBS buffer; which also acts as
a baseline for polymer samples. Samples of gmher (1ml) at known concentrations, in
PBS bufferare then injected into the column. A constant supply of fresh buffer is
pumped along the columnAs the polymer sample moves along the column it interacts
with porous beads in the column akin to SEC (sectid2.2.4), the samples retention time
in the column is dependent on its size and molecular weight, as bigger/heavier particle
move down the column faster resulting in a shorter retention time. For this reason
different polymer sizes and weights have differat retention times. A detector analyses
the solution leaving the column, giving rise to a chromatogram, displaying &species
present at a given retention time. In the case of the polymer, two peaks were observed
(one peak representing each polymer block)The peak areagan beintegrated give an
approximate polymer concentration, therefore each peaks integrated to create a
standard curve for polymer concentration(from samples with a known concentration)
Polymer samples of unknown concentration are the injected, and the peak area is
again integrated. These values are then extrapolated against the standard curve to

estimate polymer concentration.
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2.7.1.5 FLUORESCENCMICROSCOPY

Vesicles with the addition of fluorescently tagged lipids are analysed using a
fluorescence microscopé?® Excitation of electrons inthe fluorescenty taggedlipids by
radiation of light at a specific wavelength causs emission of light by the fluorophore
upon electron relaxation. Vesicles are labelled withthe fluorescent lipophilic dye
"TAEDPU |, EAEAn ORAA EJI1I dmCTHIA &idws fbr initial analysis onthe
formation of vesicles, and measurement of theapproximate size (to a resolution of

approximately 500 nm).

2.7.2 SPECTROGRAPHIJ ECHNIQUES

2.7.2.1 UV-VISIBLE SPECTRGCOF

An electrons transition from the highest occupied molecular orbital (HOMO) to the

lowest unoccupied molecular orbital (LUMO) can have an energy which corresponds to

the UV/visible region of the electromagnetic spectrum (206000 nm) depending on the

orbital structure of the molecule. This HOMO/LUMO transition occurs when light

energy (3E) is absorbed by the molecule. A broad absorption is observed due to a range

of aEvalues, which correspond to the multiple vibration and rotation states within the

moleculel”® The expected absorbance of a material is given by the Bdemmbert law

(Equation 2.8). This relates the absorbance of a molecul8) to either the relationship

between the incident light () and transmitted light (I), or its molar extinction

Al AEEEAEAT O j rQh GCEOAT AU OEA 171 AAOI AO AOOAT OA

sample concentration (c) and the path length of the light through the sample (l).

~
¥

0 a€£€Q -wd (23

A sample is exposed to a light source of known wavelength in a spectroscope (Cary

50 probe).
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Before hitting the sample, wavelengths in the light are then separated by either a
monochromator, whichises diffraction grating for the sepaoaij or splitting with a
prism. The absorbance by the sample is the detected. Standard curves of each sample
analysed by UWis spectroscopy are first compiled $grial dilution of a sample of
known concentration. Spectra of samples are then recordezbatentration below

the saturation concentration, as determined by calibrafibae. UV-Vis spectra of
relevant vesicle samples warellected using &ambda 35 (Perkin Elmer) or a 50

probe (Cary) UMVis Spectrometer. Samples concentrations were optimisedylserial

dilution of the initial vesicle concentration (generally unknown), 1 ml of sample at the
appropriate dilution were measured in disposable UWis cuvettes with a path length

of 0.45 cm. Spectra were run between 200 and 900 nm initially for detectin of an
absorbance peak and analysis of the ovalt sample. Secondary measurements were

then taken to obtain spectra of the specific absorbance of the UV active reaal

present, whichweDA AO A&l 11 1T xdn h& 2DCAGAROBATE AlubhA xEOE .
xtm 11 ATA AAOOEA EXWQG B( Kt dg H ivom AIGAUOOETA
nm.

2.7.2.2 FLUORIMETRY

A fluorimeter can offer quantitative analysis on the fluorescence emitted from a
sample. Two electron beams pass through twomonochromators, one each for
excitation and emissiont’® The signal then hits a detector and is outputted graphically.
Fluorimetry was used to confirm encapsulation of a fluorescent dye within a vesicle,
which subsequently confirmed the presene of the vesicledollowing clean upvia SEC
(Section 2.2.4) to remove background fluorescence A LS55 Fluorscence
spectrometer @kin Elmer MA, USA for the detection of fluorescently labelled
vesicles A maximum sample volume of 1 ml was added tospasable fluorimetry
cuvette. Spectra were collected for both excitation and emission of the fluorescent
dye carboxyfluorescein appropriate scanning wavelengths were chosen to ensure that
amo0 f 49 2 poiblanmdereaollected.Samples were diluted 10 fold (for a

1 mg/m vesicle sample) to avoid saturation.
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2.7.2.3 ENERGYDISPERSIVEX-RAY SPECTROSCOPY

Energy Dispersive X-ray (EDX) elemental analysisis carried out on vesicle samples
which appear to have a dark crystalline encapsularduring TEM imaging in order to
determine the elemental composition of the vesicle contents.In EDX, the incident
electron beamfocussed on the sample ejects electrons from the core of the elements
encountered. A higher energy electron fills this vacancy, emitting an-rdy of a
characteristic wavelength to allow it to fill this lower energy level Therefore, the
energy of the emited Xray can be used to identify the element it came from. Every
element has unique Xray emission pattern, the intensities of which are detected by a
spectrometer. Plotting the spectrum allows peaks to be identified that correlate to the
element(s) that emitted the X-rays. Fitting of the peaks in thespectrum includes a
correction factor based on the intensity of the Xay from that element. In general,
heavier elements are easier to detect. Thus, fitting of the spectrum allows the uder
guantitatively confirm the relative elemental composition of thespecimen.i80 EDX
analysisis performed on the whole samples (i.e. the vesicle containing nanopatrticles)
in addition to individual particles within the vesicle. The spectra are recorded using a
UWT Oxford Instruments EDXS detector and processed using the ISIS software dgrin
TEM analysis (Section 2.6.1.1) by focusing of the beam on to a sample after insertion of

an Xray emission detector mounted on to the side of the microscope.

2.7.2.4 INDUCTIVELYCOUPLEDPLASMAMASSSPECTROMETRY

Inductively coupled plasma mass spectrometry, (IEMS) is used to determine iron
concentrations in magnetavesicle samples. ICP uses ionisation of samples followed by
mass spectrometry to detect the presence of specific elements down to a concentration
of part per billion (PPB)17 The sample is nebulised into an argon gas phase to form
electrically condudive plasma, by heating with an electromagnetic coil. Heating the
plasma causes the formation of positive ions; by loss of an electron. The plasma is then
introduced to a mass spectrometer and ions are separated based in their mass/charge
ratio by accelerdion in an electric or magnetic field. The mass/charge ratio causes a
certain amount of deflection in the spectrometer, and it is this deflection that is

detected.
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A quadrupole mass spectrometer scans the mass ranges present in the sample, and
only allows samples with a specific mass/charge ratio to hit the detector. The detected
intensity is then compared to a standard curve for that element, to determine the
concentration of a specific element in the sample. ICP samples are prepared for
detection of the iron concentration, by dissolving a known volume of magnetgesicle
sample into nitric acid (concentrated) to a total volume of 5 ml (4 parts water to 1 part
acid). This was done to dissolve magnetgesicles so that any iron ions present are in
solution. Samples were analysed usinga SpecteCiros-Vision Inductively Coupled
Plasma Optical Emission Spectrometer, in which the iron content was detected by
measurement at optical emission lines (usually at least 2 per element) this is then
compared to a previosly measured calibration standards of known concentrations
which the instrument uses to calculate a calibration graph for each line and

subsequently displays the calculated element concentration in the sample.

2.7.2.5 RAMAN SPECTROSCOPY

Raman spectroscopy agsés the vibrational andbtationalmodes of a molecule

which causes inelastic scattering and can be detected spectroscopically to determine
the identity of a molecule, by analysis of its chemical fingerprint. Raman
spectroscopy ware carried out on ari#ficmagnetosome samples to identify a
chemical fingerprint for both magnetite and the surround bilaigaman spectra

were obtained with a confoeBRlaman spectrometefJobin Yvon LABRAM)
equipped with a NVYAG laser (100 mW, 532.2 nm) and diffraction gngs of 1800
grooves mrh! Detection was performed using a Peltepled, slowscan, CCD

matrix detector
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2.7.3 MAGNETICMEASUREMENTS

2.7.3.1 SUPERQUANTUM INTERFERENCECONDUCTIONDEVICE(SQUID) SAMPLE

PREPARATION

A SQUID is an extremely sensitive magnetometer, able to detect magndima
between 1 x10-17 and 5 Tesla. A SQUID measures the voltage from a sample when it is

placed in a magnetic field

At a critical electric current, a voltage will be given out; this voltage is affected by the
applied magnetic field. The SQUID consistd two superconductors separated by an
insulator, which form a Josephson junction. When this is exposed a magnetic field,
current flows through the superconductor loop. Any change in the magnetic field
induced by the sample has a direct effect on the cuméand the overall flux in the coil.
This change in flux is then translated into magnetisation of the samplét Hysteresis
loops of the magnetevesicle samples are recorded by applying and reversing a field
between 1000 and-1000 Oe at 300 K to create an M/H curve (Section 1.3.1, Figure 1.2).
These measurements were performed by either Miss Wala Dizayee (Depadnt of
Physics) or Dr Paul Southern {CL Healthcare Biomagnetics Laboratojy Samples are
prepared for analysis by drying a known volume or weight of solution into a small
eppendorf under vacuum. Data are analysed by first plotting the paramagnetic
contribution from the eppendorf. The paramagnetic signal is then subtracted from the

sample data and the M/H curve plotted.
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2.7.4 PROTEINCHARACTERISATION

2.7.4.1 GELELECTROPHORESIS

The success of gene cloning can be assessed by gel electrophofésiRunning the
purified DNA through gel separates the DNA by size.1A% agarosegel is made up by
dissolving 0.5 g of agarose into 50 ml of TAE conducting buffemdble 2.2). The

dissolved gelispouR A ET 01T A 1T O01 A ATA o Al T &£ 39"260

01 OEA 111 0AT cAi 8 39"20AZAA EO AT AOII
product viaa-n OOAAEET Ch ETT xT AO ET OAOAAI AOEI
under UV light83 For this reason, the dye can be incorporated into the agarose gel, but
is only visible after intercalation with DNA. The negative charges on the phosphate
backbone ofthe DNA; due to the structure of the nucleotide building blocks (Figure
2.8) are the basis of DNA gel electrophoresig? These negative charges cause the DNA
products to move towards the positive electrode once a potential difference is applied.

The distance the DNA migrates is dependent on its size; the larger the DNA product the
less distance it will travel towards the positive electrode compared to a smaller DNA
molecule. Each DN sample is combined with loading dye (Mass Ruler) to a total
volume of 6 pl (5 parts DNA to 1 part dye), a voltage of 200 V is applied and the sample
is electrophoresed for 20 minutes. Once separated, the gel is visualised under UV Light
and compared to aDNA ladder with bands of a known size (kDa) (Mass Ruler, Life
Technologies).

2.7.4.2 SoDIUM DODECYLSULPHATE-POLY-ACRYLAMIDEGEL ELECTROPHORESIS
(SDSPAGE)

Gels were prepared according to the recipes in table 2.2, with the resolving gel below
the stacking gel @d a comb to provide appropriately sized gels. The rsuspended cell
pellet and/or the purified protein is combined with sodium dodecyl sulphate (SDS)

loading dye in a 1:1 ratio (20 pl total volume) which is heated to 95°C.

A
E

FE

= A

X
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This denatures the protein inb a linear peptide chain so that movement through the
gel is dependent on molecular weight alone. The protein is also coated in SDS
detergent, which provides an S@-charge. This negative charge allows the protein to
travel through the poly-acrylamide gelmatrix in response to an applied electric field. 5

ul of the protein/loading dye solution is loaded into the gel along with a molecular
weight ladder (Page Ruler, Life Technologies); the gel is then electrophoresed at 200 V
for 40 minutes (Figure 2.8). The gel consists of a stacking gel on top of a resolving gel
(Table 2.2). These gels are at different pH depending on whether the glycine is
protonated or not. The stacking gel maintains the denatured protein as a tight band.
This band then enters the resoling gel and each protein migrates depending on its
molecular, with smaller molecular weight species travelling further(Figure 2.8). The
proteins can be visualised by addition of Coomassie blue staining or subsequent
electro-blotting (Sedion 2.7 4.3).

2.7.4.3 BLOTTING

Specific proteins analysed bySDSPAGEcan be visualised using dechnique termed
Western blotting.182 This involves electrophoretically transferring the protein contents

of a gel to a nitrocellulose membrane. The membrane is then incubated with a protein
which blocks nonspecific binding of antibodies to the membrane surface. The protein
of interest is detected by incubation with a primary antibody which can bind
specifically to the target protein (usually the antibody is for an affinity tag, such as the
His tag or strepll tag used in this study) The antibody is also conjugated to a
Horseradish peroxidase enzyme (HRP) which can break down hydrogen peroxide and

is also able tainteract with luminol.
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Figure 2.8: Gel Electrophoresis ai) DNA gels are run using the DNA product as a whole mixed with mass
ruler loading dye to visualise the DNA bands. The P@n the backbone of the DNA drags the DNA through

a 1 % a@arose gel towards the positive electrode. ii) The products in the DNA separate by size as they
move toward the positive electrode; with bigger products travelling slower and so producing bands higher
up the gel. b) SD®AGE protein gels work in similar wg, i) proteins are first denatured with SDS to
produce long chain peptide so that proteins are compared by molecular weight alone. The SDS also coats
the peptide with charge in the form of S@ions. ii) This charge then forces the peptide to move towards
the positive electrode during the electrophoresis. iii) An SD8BAGE gel is made of a stacking gel and a
resolving gel. The protein first moves through the stacking gel as a tightly stacked band, a pH change in the
resolving gel then separates bands by szin the same way as DNA gelectrophoresis (aii).

The HRP oxidises the luminol, which emits light a425 nm in this excited state. As the
HRP is affixed to the antibody, which is attached to the protein of interest on the
nitrocellulose membrane, the clemo-luminescence is localised to only those areas that
contain the protein of interest. The gel, nitrocellulose membraneand filter papers are
soaked in transfer buffer (Table2.2) for 5 minutes and then assembled into a stack
before loading into a Transblot Turbo (Bio-rad). Semidry electroblotting for 30
minutes transfers the protein bands from the gel onto the nitrocellulose membrane
The membrane is then blocked for one hour using 45 ml of PBST (Table 2.1) and 5 ml

of 10 x concentrated blocking buffe(Sigma) to prevent nonspecific antibody binding.
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The primary antibody (Strep-Mab classic HRP) is added at a ratio of 1:4000 and left to
bind to Strepll tag containing protein sites for one hour. The membrane is then washed
three times for ten minutes with PBST. Finally, a detection reagent (Clarity Western
ECL, Bierad) is added to the membrane which was visualised using the Biad Chemi
doc. Dot blotting of expression trial time points are prepared using the same method,
however protein samples are doted directly on the nitrocellulose membrane before
the blocking of nonspecific binding sites.

2.7.4.4 CQRCULARDICHROISM

Circular dichroism (CD) was used to analyse the secondary structure of protein
samples to ensure successful protein folding upon purificati. CD measures the
difference between left and right circularly polarised light. In the case of optically
active protein samples (due to the presence of chiral centres in the protein structure),
the secondary structure can be analyseds® E A D O A GRAA IARA A gheefshave [
distinctive CD spectrum tracesPurified protein samples were diluted with ultrapure
water to give a concentration of 0.1 mg/mL based on thé at 280 nm. A Jasco J810 CD
instrument was used to acquire spectra using a-thm path-length cuvette.Wavelength
scans of 260 nm to 190 nm were collected using arim slit width and 1-s intervals.
Each sample wasanalysedthree times, and datawere averaged before subtracting a
blank water spectrum. For thermal stability, the A at 222 nm (a marker of helical
content) was monitored as thetemperature of the sample was ramped from 2085 °C.

Data analysis wagperformed using DichroWeb (20)3

2.7.5 MAGNETICHYPERTHERMIAMEASUREMENTS

Magnetic nanoparticles can induce a temperature increase in an alternating magnetic
field (Section 1.2.2). Magnetevesicle samples were tested for their ability to induce
similar effects. Samples are tested onMagnetherm (Nanotherics). The heating abiliy

of samples in a predefined alternating field was tested.
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The magnetherm consists of a coil (with 9 or 17 turns) around which a specified
current flows to generate a magnetic field. This coil is connected to a recirculating
water bath set at 10 °C to pevent nonspecific heating from the coil. The sample is
placed in the centre of the coil to experience an even magnetic field, and a temperature
probe is then placed into the sample (fiype thermocouple). Once the temperature of
the sample has equilibrated the voltage is turned up to the maximum resonant peak
to-peak voltage for the coil/capacitor combination being used.

This generates a magnetic field (of strength H) alternating at a specific frequency. The
voltage must first be tuned to resonance for th coil/capacitor combination to prevent
excess heatingOnce the current is flowing and the sample is exposed to the alternating
magnetic field, the temperature is recorded every one second over a 30 minute period.
Control samples of the sample buffer sotion are also measured over a 30 minute
period. The control sample measurements are then subtracted from magnet@sicle
sample to obtain the heating from the vesicles alone. Data is plotted of the change in
temperature over time, and an intrinsic loss paameter (ILP) (Equation 24) for the
sample is extracted. The ILP is calculated from the specific absorption rate (SAR)
(Equation 2.5) of the sample at a specific magnetic field @ and frequency (f), after
normalisation, so the ILP value is independent ofample vessel, magnetic field and
alternating frequency. The specific absorption rate of the system measures the initial
EAAOET ¢ T £/ OEA OAI PI A j324730Qq xEOE OAOPAAOD

(c) and its concentration (Mk).

000 —  (24)

YO'Y ——  (25)
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3.1 INTRODUCTION

In order to use a vesicle as a nanoaetor as outlined in section 1 the reaction that the
vesicle encapsulates must first be optimised.df this system, the intended purpose is
the incorporation of a magnetite precipitation reaction into the core of the vesicle. The
vesicle itself must of course be optimised; in terms of both size and chemical
composition, before consideration of the vesi@ optimisation, an appropriate
magnetite precipitation route must be chosen and optimised.

Many published routes for magnetite precipitation were disregarded due to the nature
of methodology (see section 1.3.3). For example, if the method requires harsheafical
solvents?og or high temperatures?0t.203 such conditions could degrade the nanoreactor
vesicles, either before or during mineralisation Also, extremely tight control over the
reaction conditions is required for the precipitation reaction to yield magnetite rather
than other iron oxide or oxyhydroxide species. This is particularly crueil in the case of
room temperature reaction routes, in which small changes in reaction condition can
alter the product(s) formed. These changesan include altering the iron salt used,or
variations in the strength of the alkali,and the rate of addition of the baseused (Section
1.2, figure 1.5) However, perhaps the most difficult to control is thepotential for
oxidation from external sources which could significantly shift the redox potential of
the system away from the formation of magnetite A changein any one of these
parameters ould divert the course of the reactioraway from the intended route to the
precipitation of magnetite. Thesedeviations, particularly in pH or Eh,would result in
changes in the iron oxide formed. For this reason all solutions used have been
deoxygenated and reactions were carried out under an inert atmosphere whereer
possible. Three synthesis routes to magnetite precipitation were exploredasoutlined
below. These synthesis routes were chosen from a range of publishedtnods?ob. 20d-f
based on their suitability for eventual incorporation into a vesicle nanoreactor foin
situ magndite precipitation reactions. Three routes were selected for vesicular
incorporation (Section 3.2) due to their expected suitability for integration into a lipid

or polymer vesicle.
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It is important to be able to monitor and quantify intra and intervesicle activity,
particularly with respect to mimicking iron transport across the vesicle membrane. In
an attempt to extract more information from the process of magnetite precipitation,
and the consequent iron ion crossnembrane transport, a number of assaysere
designed and tested on the bulk magnetite syntheses described in this chapter. These
have later been adapted to assay the efficiency of iron transport across vesicle
membranes. The success of the assays both as a general method and their effectivenes
in the core of a vesicle are also outlined (Section 3.3). The three most appropriate
routes to magnetite synthesis identified in the literature were explored for their
effectiveness in producing good quality MNPs of a narrow polydispersity and the
ability of the synthesis route to translate to a liposome or polymersome nanoreactor
platform. The results were analysed with the pretext of being able to carry out the

reaction in the core of a vesicle.

3.2 ROUTES TO MAGNETITIEORMATION

The general mechanism fothe formation of magnetite is the combination of ferric and
ferrous ions at the stoichiometric ratio for the formation of magnetite; namely 2 Fe: 1
Fe2+. The pH of this solution is then raised by the addition oNaOH or thermal
decomposition to create ahydroxyl ion source. This leads to the formation of iron oxy
hydroxide intermediates3.20f A further increase of the pH by slow addition of the OH
ion source, or as the result of oxidation, results in precipitation of magnetite

nanoparticles with a water by-product (Equation 3.1)20f

&A c&A wil ©° &I T (I (3.1)

The mechanism by which the magnetite formis by conversion of ferric iron salts into
magnetite (and other iron oxides) by the introduction of hydroxyl ions (or oxidation).
This in turn raises the reaction pH causing therecipitation of magnetite (or other iron

oxides) (Figure 3.1).
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There is a balance between the levels of ferric ions and the increasing pH, which is
demonstrated in figure 3.1 a). The mass/balance diagram shows how the species in a
magnetite reaction @n be predicted as the reaction progresses. For example in the
absence of ferric iron and at a OH/Fe ratio of 2 the reaction would contain 100 %
ferrous hydroxide. As the ferric ion concentration in the reaction then begins to
increase, the percentage ofefrous hydroxide present drops as it is converted, until
100 % green rust (Fe(OH)1.SQ, XHO) is obtained of a ratio 0.33 ferric to total iron in

the reaction3

OH/Fe

Fe;04
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Ferricsolids Greenrust Magnetite
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Figure 3.1: a) Shows the relationship between magnetite and its iron oxide species (k€y) as formed a
varying ferric to total iron ratios, with the increased addition of the hydroxyl ion source. b) A pH profil
shows the relationship between magnetite formatiorand pH as a function of total iron: OHR). The point a
which these intermediates are formed can be controlled as demonstrated in c) by variation of the ferri
total iron ratio (x). 10 Figure adapted from unpublished data collected by J. Bramble.
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Figure 3.1 a) shows that magnetite forms at an iron ratio of 0.66 ferric iron and an
OH/Fe ratio of approximately 2.6:1. If either of these parameters then changes, i.e. the
addition of excess hydroxyl and ferric iron (until the ratio is 1) magnetite is further
converted to the entirely ferric iron oxide Goethitel0

There are multiple routes that this reaction can takelepending on the type of reaction
and the iron salts used(Section 1.33). More generally the magnetite formation
pathway first goesvia formation of green rust intermediates, which form at a 1:1 ratio
of OH/Fe (R). The pH profile then plateaus, (Figure 3.1 b) indicating that additional OH
can be added and these intermediates remain stable until a critical point (R ~ 2) at

which point the green rusts are converted to magnetite.

The formation of both the intermediate(s) and the eventual magnetite crystal can occur
earlier by fine adjustment of the ferric to total iron ratio (Figure 3.1 c). The
intermediates can form at a lower OHo iron ratio. This means that they are essentially
forming at a slightly lower pH when the amount of ferric iron to total iron is decreased.
For example, figure 3.1 ¢) shows that at a ratio of 0.2 ferric iron to 0.8 total iron in
solution, the green cobured magnetite precursor/intermediate is made at a much
lower concentration of OH compared to a ratio of 0.5 ferric iron to 0.5 total iron, due to
the higher acidity of Fé+ These slight changes can have a huge impact on the final
species formed. Whilethis makes conversion between iron oxides easy, this easy
interconversion also resultsin mixed heterogeneous assemldis forming, when a single
species (magnetit¢ is required. This interchange is the reason all magnetite
precipitation must be performed under an inert atmosphere, with slow hydroxyl
addition, as uncontrolled oxidation can result in the precipitation of mixed iron
oxides10 The optimum ratio of ferric and ferrous iron has been determined by previous
group members$2 who used a 2:1 ratio of ferrous to ferric iron respectively, to account
for uncontrolled oxidation during the reaction. This exces ferrous ratio was suitable
for magnetite formation when using just chloride salts, and when using a combination
of iron sulphate and chloride. Despite this, it was decided that the best ratio to use for
intra-vesicular precipitation would be to use thestoichiometric ratio of ferrous to
ferric iron for magnetite formation. It is unlikely that the same level of oxidation would
be experienced upon precipitation within a vesicle, as the interior of the vesicle itself is

a controlled environment.
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Therefore; it would be more beneficial to begin with the stoichiometric ratio of iron for
magnetite formation, thus increasing the probability of eventually forming magnetite

within a vesicle nanoreactor.

3.2.1 THERMAL DECOMPOSITIONF UREA

Magnetite precipitation wascarried out using the thermal decomposition of urea as the
alkali source (method in section 2.1.2). Figure 3.2 shows a representative TEM image of
the nanoparticles formedvia this route. The TEM image shows that the particles have
an aspect ratio of abou 1, and the particles are euhedral (i.e. have sharp, well defined
edges), and appear hexagonal in shape in these transmission images. The grainsize
analysis (Figure 3.1 b) shows the particles have an average size of 83 nm + 6 nm, which
is a very uniform dze distribution. A uniform size distribution is desirable because this
should mean that the particles also have a uniform magnetic behaviour (see section

1.1.1 for more information on magnetic nanoparticle size and magnetic behaviour).

b)
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Figure 3.2: a) TEM micrograph of magnetite nanoparticles synthesised by thermal decomposition of uree
Particle grainsizing from TEMmicrographs confirmed that the method produced the biggest nanoparticle
with Gaussian distribution analysis giving an average particle size of 65 + 11.17 nm with respect to
spherical particles only.
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Coprecipitation using urea maintains a neutral pH until the decomposition of
CO(NH)2 to NH; (Equation 3.2) at temperatures greater than85°C This release of
ammonia to solution induces a pH rise (pH 2 up to 6 or 7)as aqueous ammonium

hydroxide is formed. As a result minimal byproduct oxidation occurs.

( #10 . ( (#.1 (3.2)

Particles of this size are within the size range of ferrimagnetic nanoparticles as
opposed to superparamagnetic for the room temperature c@recipitation route (see
section 1.1.1 for theory on magnetism of MNPs)The experiments which utilised
precipitation with urea (Figure 3.2 @ show higher purity with respect to particles size
and morphology when compared to other magnetite precipitation reactionsThis is
likely to be because of the greater control over oxidation when using these

precipitants, which consequently provides improved magnetite crystallisation.

These ferrimagnetic particles are within the single domain size range, and they closely
resemble the particles synthesised within magnetosomes of MTB. The main
disadvantage of this method is that heating to 90°C for four hours is required. This
limits the composition of the vesicé in which the reaction couldbe incorporated, due
to most vesicle forming Ipids and polymers being unlikely to be able to withstand
these extreme temperature conditions. Therefore, whilst this method will be tested for
incorporation into vesicles (Chapter4),t is likely that the disadvantages of using the

method will outweigh the superior quality of the patrticles it produces.

3.2.2 CoMBINED UREA/A MMONIA DECOMPOSITION

A secondmethod of magnetite formationwas explored with the intention of decreasing
the heating period needed for magnetite precipitation. It was hoped that introductin

of ammonia into the reaction may decrease the volume of urea needed to decompose to
initiate magnetite precipitation. This should lead tothe reaction reachng completion

earlier (i.e. with less heating necessary as less decomposition of urea is needed)
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In turn, this should make the method moreappropriate for incorporation into a vesicle
interior. This method was adapted from Jeonget al.2% as they find that improved
particles are as the result of tight pH controlTo explore the effect of the addition of
ammonia on particle formation, with the intention of creating superior particles using
shorter heating times, the ratio of weato ammonia was variedstarting from 100 % v/v
urea; needing four hours heating for thermal decomposition, up to 100 % ammonia
which is closer in mechanism to a roontemperature co-precipitation (i.e. no heating
should be required). Multiple iron salts were tested using ferric and ferrous iron
chloride (10 mM) and iron sulphate (10 mM) and a combination of both. The reaction
volume (8 ml), heating temperature (86100°C) and the iron to hydroxide ratio (2:1)
were kept constant. Some of the precipitate® ETA¥OE CT O 1 & oh seiadath® E O
with a magnet;this did not follow a particular trend. Furthermore all samples appeared
much browner in colour than those producedby other methods the brown colour of
the majority of the samples produced suggests that the reaction was lacking ferrous
ion, instead forming ferric oxyhydroxide FeO(OHJhis is likely to be due to oxidation
of the ferrous ion present in the sample, efter due to oxidation by undesiredinflux of
air, or fast addition of the high pH ammonia solution, based on the visual quality of the
sample following clearup, no further measurements were carried out. lIrconclusion it
was determined that to incorporate this into a vesicle would be an ovecomplication

of an already successful method (Section 3.2)1 and so was not taken forward for

testing as a compartmentalised vesicle reaction.

3.2.3 ROOMTEMPERATURECO-PRECIPITATION OFMAGNETITE

Magnetic nanoparticles wee synthesised using room temperature c@recipitation
from ferrous and ferric iron ions (in a 1:2 ratio respectively) as described in section
2.1.1, using slow addition of NaOHria syringe driver (20 pl min-1) as shown by

equation 3.3.

&A  c&A wi Ooc¢gA/IT &A ¢ (/I ¢l ©° &/ T (/ (3.3)
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The resulting precipitate was washed3-5 times before imaging using TEM. The TEM
micrographs show relatively monodisperse nanoparticles of an average size of 10 + 2
nm (Figure 3.3) Partide morphology was extremely consistent, with the particles
appearing pseudoespherical. It is envisioned that the incorporation of this method
within a vesicle will result in rapid nucleation of magnetite as iron ions cross the
vesicle membrane. This coulchave both advantages and disadvantages. For example,
faster nucleation may result in higher quality crystals without allowing time for a)
oxidation or b) unwanted intermediates. Rapid nucleation may also lead to the
formation of many small magnetite nanopdicles within the vesicle, rather than a
magnetosomemimetic single MNP. Conversely this fast nucleation may also have huge
disadvantages, in that successful precipitation of magnetite would depend on the
kinetics of the diffusion across the membrane, i.avhether a high enough concentration
of iron ions are able to cross the membrane fast enough for all the desired precipitation

mechanisms to occur.
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Figure 3.3: a) TEM micrographs of room temperatue coprecipitated nanoparticles with 10 mM NaOt
shows particles relatively spherical in shape, this is observed across the entire sample b) with
relatively monodisperse in size and shape. c) Particle grainsizing from TEM micrographs confirmed t
particles had low polydispersity with Gaussian distribution analysis giving an average particle size
10.1 £ 2.8 nm.
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The reaction was repeated at three different NaOH concentrations to determine the
optimum concentration for the encapsulated nanoreactor precipitation reaction. Each
sample was prepared from a single batch of ferrous and ferric iron chloride salt
solution at the stoichiometric ratio for magnetite formation. NaOH was added at a rate
of 50 ul min-1 in which the only variable was increasing NaOH concentration. It was
found, that as the concentration was increased from 1 mM to 5 mM, 10 mM and finally
50 mM a visible colour changefrom brown to black in the reaction solution was
observed. After magetic separation and washing with MilliQ water 35 times, each
nanoparticle sample wasanalysedusing TEM. The particulate samples with the lowest
base concentration appeared dark orange to brown in colour indicative of the
formation ferric -oxy-hydroxide. It is likely that the pH was not raised high enough to
drive the reaction to completion, with the most likely product in this case being
goethite3 As the concentration of hydroxyl ions in solution increases t&0 mM, the
solution becomes brown green in colour, suggesting the presence ofegn rusts in the
solution. After aging for 1216 hours, this sample turned brown suggesting

uncontrolled oxidation as a result of post formation aging.

Increasing NaOH concentration

—_—
100 nm

>

Amorphousiron oxide Crystalline iron oxide

Figure 3.4: Optimisation of hydroxide concentration: TEM micrographs of iron oxide formation ¢
increasing NaOH concentrations added to a oon temperature coprecipitation reaction (a-d). The iron
oxide products produced changed from an amorphous to crystalline phase. The crossover point of
transition is at around 5 mM where more structure is observed in the images. Fully crystalline pacte are
observed at 10 mM and above. Adapted from Baét al.’”
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At NaOH concentrationsof 10 mM and above the presence of magnetic nanopatrticles is
obseved. The TEM analysis confirmed this; figure 3.4 {d) shows TEM micrographs of
particles synthesised at the four different alkali concentrationsFigure 3.4 a) made at 1
mM NaOH clearly shows thepresence of amorphous material; most likely to be
Fe(OH) based on the colour of the precipitateand correlation with the Eh/pH phase
diagram for iron oxide precipitation (Figure 1.5). Figue 3.4 b) could be described as
being in an intermediate phase;20f whilst still largely amorphous there is a noted
difference between 1mM and 5 mM, with the formation of some ate-like material;
marked difference in the particle quality, with 50 mM NaOH producing larger more
monodisperse nanoparticles than 10 mM NaOH. Although the 50 mM sample was
clearly superior in the quality of the particles produced, in terms of eventuain vivo
application, the lower the concentration of base that can be used the more
biocompatible the end vesicle is likelyto be. Therefore, there needs to be a tradeff
between particle quality and minimising potential toxicity. With this in mind, the
optimum concentration was chosen to be 10 mM, as it was deemed to be relatively low
toxicity (as confirmed in section 6.2.2) but also resulted in the successful precipitation
of MNPs. It is also hoped that anloss of quality with respect to the particle
morphology due to this lower base concentration would be compensated for during
compartmentalisation of the reaction and the eventual incorporation of MTB

biomineralisation proteins.

3.3 MAGNETITE FORMATION SMMARY AND
FURTHER WORK

There were multiple synthesesthat could have been explored in determining the best
magnetite precipitation route (Table 3.1). Not all methods could be tested either for
practical reasons (temperatures required too high) or lack of tire. This means that
only the most promising methods were picked to be carried out, the resulting
precipitate was analysed with respect to particle size, morphology angolydispersity

of the population.
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Reaction Average )
_ Fe2+ Fes+ _ ) Vesicular
Synthesis Route _ temper ature particle size _
ratio used . Incorporation
°C) (nm)
Room
20-25
Temperature 2:1 _ 1042 Yes
(Ambient)
Co-precipitation
Thermal
N 2:1 90 83 +6 Yes
Decomposition
Urea/Ammonia )
N 2:1 80-100 Not Measured Unsuitable
decomposition

Table 3.1 Summary of magetite precipitation routes tested

Three methods have been tested and the results presented above, (summarised in
table 3.1) precipitation of magnetite. Summary of magnetite precipitation routevia
partial oxidation had been previously tested by Laysierakowski (previous student in
the Staniland group) and the particles using this method were inferior to the particle
produced using thermal decomposition of urea. Therefore the high temperatures and
harsh conditions needed to make these particles did not fify its use and thus it was
deemed unsuitable for incorporation into a vesicle. Similarly precipitation using a
combination of urea and ammonia was judged to be an oweopmplication of the
standard urea precipitation route. The samples produced were ofgor quality visually,
appearing brown in colour and with very little magnetism. Therefore no further
experiments were performed using this method. For the two methods which produced
suitable particles Xray diffraction (XRD) was performed (again by LGierakowski).The
diffraction pattern (Figure 3.5 ) for both thermal decomposition of urea and room
temperature NaOH ceprecipitated particles confirmed the presence of magnetite
nanoparticles, by the presence of peaks representative of the faces that are fdun the
magnetite crystal structure, particularly the 111, 311, 511 and 440 miller indices. The

ease with which these particles are made is a huge advantage for this system.
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Figure 3.5: X-ray diffraction patterns of magnetic nanoparticles producedsia a) thermal decompositior
of urea and b) roan temperature co-precipitation by NaOH. Experimental data (traces in black) have be
compared to a literature profile for pure magnetite (red trace). Noise in the trace decreases from a) to
which corresponds with TEM micrographs of the samples (Data ected and plotted by L.Gierakowski.
adapted for this thesis).

For incorporation into a vesicle, both ceprecipitation routes could be considered
superior to other routes explored, largely due to the ambient conditions (NaOH) and
delayed pH increase (urea) make these interesting routes to explore when
compartmentalised within a vesicle core.Thermal decomposition of urea isperhaps
the most suitable route for ironion encapsulation and crystalli@tion of magnetite
inside a vesicle asti prevents magnetite formation pior to the encapsulation of
reagents. This means that membrane transport of the iron ions can be completed
before the heating stage to induce precipitation. Furthermoreheating the sample to
induce precipitation on the whole produced larger magnetite nanoparticles with an
average diameter of 83 + 6 nm compared to the room temperature qarecipitation

which produced particles with an average size of 10 £ 2 nm.

There is a wealth of further work which could be carried out on optimisation of an
appropriate route if time permitted. This could include further variation of the ferric to
ferrous ratio used, although this would thenhave to be translated to measurements on
the intra-vesicular ratio to ensure that the ratio added to the extravesicular media is

effectively transported into the vesicle core.
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This is highly unlikely, and therefore fine tuning of the ratio (outside othe vesicle)
would likely be required to achieve an optimum intravesicle ratio. Similarly, oxidation
could be more closely monitored. The stoichiometric ratio of ferric to ferrous iron in
magnetite has also been used in the solutions as it seems the tmdiplace to begin for
the compartmentalisation of the precipitation of magnetite on the assumption that
oxidation will be negligible in the vesicle core. However, this has not yet been tested
and should oxidation occur within the vesicle, it may be neceasy for the ratios to be

adjusted accordingly for optimisation of magnetite formation.

3.4 MEMBRANE TRANSPORT AB\YS

The results of membrane transport for the formation of magnetite can qualitatively
analysed visually (ideally the intravesicular precipitation of magnetite should yield a
black/brown precipitate) and using electron microscopy. This is both time consuming
and expensive. Furthermore, TEM alone cannot provide any quantitative analysis of, a)
how much of the iron ion solution is crossing the memiane, b) whether one iron
species is preferentially crossing the membrane over the other and c) what effect this is
having on the internal pH. Therefore, the design of an assay is required to be able to
quantify this transmembrane activity. This assay waslesigned so that encapsulation of

a detection agent (for the detection of changes in pH, redox potential, iron ion chelation

or vesicle leakage) was incorporated into the vesicle core.

The transmembrane transport of iron ions can then be both detected arglhantified by
measurement of changes to the UVis absorption or fluorescence spectrum due to
changes in the encapsulated indicator. In each case, the solutions of the detection
agents were made up at varying concentrations and the absorption or fluorestee
spectra of standard nonrencapsulated solutions were recorded to create a calibration
curve. This could then be used to quantify the concentration of the detection agent
inside the vesicle. Background spectra of blank vesicles were also recorded so any
contribution from the lipid or polymer can be subtracted. In each case, the solution at

maximum concentration (i.e. 100 % iron chelation) was encapsulated.
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3.4.1 MEASUREMENT OF INTER/ESICULAR

REDOX POTENTIAL

An assay was designed to detect changes in thedox potential of the system. As iron
crosses the vesicle bilayer, there will be an increase in acidity which in turn will reduce
the pH. This is because, as the reaction proceeds, the hydroxyl ions will be used up by
reacting with the iron, further increasing the internal vesicular pH. This will change the
redox potential of the solution in the vesicle interior. In an attempt to detect these
changes, and consequently quantify iron ion membrane transport, a redox sensing dye
was encapsulated along with the &sic solution in the vesicle core. The dye used is the
aromatic complex Resazurin (7-hydroxy-3H-phenoxazin-3-one 10-oxide). Due to its
aromaticity, the dye is both UVactive and weakly fluorescent. A colour change is
observed from blue to pink as the arom@c nitrogen in the complex is reducedFigure
2.5). In the vesicular system, this reduction will occur as a consequence of iron ions
entering the vesicle core and reducing the internal pH. The colour change that
corresponds to decreasing pH can be seenfigure 3.6 a), with solution changing from
blue to pink as the pH decreases from six to three. The WXs spectra for these
solutions at decreasing pH are plotted in figure 3.6 b). This shows an overall shift from
500 nm to 600 nm as the solution changeom pH 3.8 to 6.8. A calibration curve was
constructed from the maximum absorbance in the UVis spectrum of each sample
(Figure 3.6 c). Measurements ofhe emission were taken at 5 nm intervals; and a
biphasic calibration curve was obtained, which jumps between phases at
approximately pH 5.4. This corresponds to the point at which the solution becomes
distinctly blue; it is assumed that this switch corresponds with the reduction of the

Resazurincomplex.

While this is useful in measuring the increase ipH from 4 to 5 or vice versa (which
would indicate incorporation of iron ions), it cannot give an accurate measurement of
the specific pH at a given point as iron ions cross the membrane. HowevBEsazurin
can also be monitored visually by a change fromink to blue, therefore rendering these
measurements obsolete After obtaining the necessary control data, the assay was
incorporated into polymer vesicles (as optimised in chapter 4) for determination of

trans-membrane iron ion transport.
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Figure 3.6: a) Shows the colour change observed as the pH of the solution is decreased. b)MVi8
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curve of Resazurin absorbance as a function of solution pH, experimental data is shown in black.

On incorporation into the vesicles, the absorption signal of thResazurinwas lost. This
test was repeated multiple times at increasing concentrations of indicator before
incorporation, and on each occasion the spectrum saturated. For the control sample,
the signal was lost each time it was incorporated into the vesicle. There are a number
of explanations as to why no absorbance was observesljch as the internal volume of
the vesiclesact to limit the ability to encapsulate volumes and concentrations of
Resazurin that can be detected. Conversely, this may mean that tisenall molecule
Resazurin is able to leak out of the vesicle interior and be subsequently removed
during cleanup. Furthermore, the vesicle interior is so small compared to the volume
of the bulk solution that the amount of Resazurinremaining in the sample posiclean

up may be too low to detect even if it were successfully encapsulated. Although highly
unlikely, it cannot be ruled out that the Resazurinwas never encapsulated to begin
with. It is more likely that scattering from the surrounding polymer/lipid is preventing

detection of the absorbance oResazurin
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Scattering from the polymer; which is visible in solution, is likely to impede the ability
to measure the absorbance of the encaplated indicator.

3.4.2 QUANTIFICATION OF FERIC/ FERROUSON TRANSPORT

Two further approaches to quantify of trans-membrane iron ion transport were
explored. These routes focussed not on change in internal vesicle condition (i.e. redox
and pH), but instead onmeasurement of the ferrous iron concentration within the
vesicle core. Again, calibration curves for each assay were obtained, to aid irtesicle

iron ion concentration measurements.

3.4.2.1 FERENE

Focussing on the ferrous ion concentration within the vesiclecontrol of ferrous iron
ions chelated to the ferene complekx v H3s(2ePyridyl)-1,2,4triazine-5,6-diyl]difuran -
2-sulfonic acid disodium salt) upon chelation of the ferroudons a colour change from
clear to deep blue is observedSamples were measuredy U\-vis spectroscopy, and
again these control samples showed a maximum absorbance at around 520 nm, the

intensity of which decreased as a function of concentration (Figure 3.7 a).

These data were plotted (Figure 3.7 b) for the determination of the interal vesicle iron
concentration; with a darker blue solution and higher intensity of absorbance being
related to increased transmembrane movement of ferrous iron.This plot revealed a
step-wise change when ferrous ion became chelated to the ferene moleculghich as
with Resazurinis detectable by eyelt did not reveal any information with regard to the
concentration of the ferene, from which the ferrous ion concentration could then be
determined. Moreover, as in section 3.3.1, the absorption of the fererspecies could

not be detected following incorporation into a vesicle (Figure 3.7 c).
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Figure 3.7: a) U\Vis absorption of ferrous chelated ferene as a function of ferrous iron concentratic
showing a maximum absorbance at 520 nmb) Calibration curve of absorption vs. ferrous irol
concentration. ¢) UWis spectrum of ferrous chelated ferene after encapsulation in vesicles showing
absorption.

UV-Vis spectra taken of vesicles which should have the chelated ferene encapsulated
showed no characteristic absorbance profile as observed in atol, uencapsulated
samples. The possible reasons for this are multiple, and relate to encapsulated
volume/concentration of indicator and scattering from the polymer shielding

preventing detection of the ferene complex.
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3.4.2.2 PRUSSIAN BLUE

To determine whether leakage causd the failure of the ferene assaya larger complex
that can indicate the presence of iron in solution was investigatedPotassium
ferrocynaidg(Prussian bluewas deemed to be more suitable; particularly due to its
wide-spread use as a etection agent of cellviability and cell death. On this basisthe
same experiments(unencapsulated calibration curve determination and detection post
encapsulation of known concentrations)were performed using the Prussian blue
ligand complex. As beforgPrussian blue was chelated to iron ions, although in this case
ferric ions were used for the chelation. On introduction to a ferric ion solutionan
extremely deep blue colouris observed due to the chelation of the ferric ions by
Prussian blue,which after serially diluting multiple times still resulted in saturation

when the UM-Vis spectrum wasmeasured.

a) 15-
— 100mMm
— 50mM
E— — 10mM
o — bmM
uy
£ 05 2.5mM
1TmM
0.0

| | 1 | T Ll | )
400 450 500 550 600 650 700 750 800
Wavelength (nm)

b) 154 c) 15
-§ 1.04 s 1.04
o =
| = ﬂ_
2 o
8 8
<< 0.54 < 0.5-

00 T T | 1 D_D

0 25 50 75 100 400 450 500 550 600 650 700 750 800

Concentration Fe(ll) (mM) Wavelength (nm)

Figure 3.8: a) U\LVis absorption of ferrous chelated potassium ferrocyanide as a furioh of ferrous iron
concentration showing a maximum absorbance at 730 nm. b) Calibration curve of absorption vs. ferr
iron concentration. c) UMVis spectrum of ferrous chelated potassium ferrocyanide after encapsulation

vesicles showing no absorption



Page|109

To alleviate these issuesthe control experiments were repeated with a ferrous ion
solution, which formed a less intense red solutiompon chelation. Each solution gave a
maximum absorbance at 730 nmwith the intensity changing as a function of
concentration; (Figure 3.8 a). When the absorption with ferrous iron chelated was
plotted as a function of iron concentration, it is again nopossible to estimate iron
concentration as required. Instead, a stevise change is observed upon chelation of
iron ions, which can be detected by eyélowever, on encapsulation of both the ferrous
and ferric chelated solutions within a vesicle corgit was not possible to detect the
absorbance of either specieslt is unlikely that the Prussian blue chelated complex
could leak across the vesicle bilayer, based on the complex size; therefore it is more
likely that issues with scattering are responsible forthe failure of this colourimetric
assay.

3.4.3 VESICLE4_EAKAGE ASSAY

Carboxyfluorescein is a fluorescent dye which is setfuenching at concentrations of
100 uM and aboves$® Therefore, it can be used to monitor leakage from vesicles, by
encapsulation at high (quenched) concentrations. Upon poration of a membrane
(leakage) the dye will be diluted, and the fluorescence wilRA OOx EQAEAA
fluorescence intensity can then be quantified, and related to the concentration that has
leaked from the vesicle. PBEIPEO polymersomeswere prepared that encapsulaed
carboxyfluorescein (10 % w/v at 100 uM), with the excess dye ouigle the vesicles
being removed by SECEncapsulation of the dye in the core of the vesicles was
confirmed by fluorescence microscopy (Figure 3.9 aJ.he resolution of this microscope

is not high enough to allow us to seéndividual vesicles directly, but the discrete
fluorescence observed can be attributed to the presence of the vesicl€uorescence
spectroscopy was performed before and after electroporation. It was anticipated that
electroporation would aid leakage and correspond to an increase in theuffrescent
signal. The polymersomes were electroporated at increasing applied voltages (in
parallel) to porate the membrane and aid leakage. It is expected that increased voltage
will yield increase leakage, and therefore an increase in the fluorescence ensity
(Figure 3.9 b).
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Figure 3.9: a) Fluorescence microscopy image of PBBEO polymersomes containing 10 % w/v 100 i
Carboxyfluorescein. Scale bar is equal to 1 pmb) Fluorimetery data on the carboxyfluoresceil
encapsulated polymersomes, electroporated at different voltage®1 AAOAAO A&l O O.
following poration.

On poration of the polymer membrane, no change in the fluorescence signal intensity
was observed. This is likely to be because the fluorescence signal was saturated before
electroporation, and therefore any changewvas undetectable. Serial dilutions of the
sample were unsuccessful. It is probable that there was a problem with the
carboxyfluorescein concentration, as the microscopy image shows relatively strong
fluorescence when the fluorophore should have been at a el§quenching
concentration. The experiment was repeated at both lower (1 um) and higher
concentrations (100 um) of carboxyfluorescein with the same result. Therefore it was

not possible to optimise the method to obtain useable data.

3.5 WAYSFORWARDAND CONCLUSIONS

It was found that, in choosing an appropriate route to magnetite precipitation, there is
a trade-off. This is between achieving high quality nanoparticles, while avoiding harsh
reaction conditions and complicated synthesis routes which cannot beesasily

incorporated into a vesicle.
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This is demonstrated by direct comparison between the room temperature eo
precipitation and co-precipitation from the thermal decomposition of urea.While the
particles produced by oxidation as a result of decomposin of urea appear to be of a
better quality; as they show increased monodispersity and producing particles of a size
which are comfortably in the region of a single domain ferrimagnetic nanoparticldt
can be argued that the urea based method is less falite than ceprecipitation at room
temperature with NaOH method. This is because the urea method requires a long
period of heating, which the vesicle may not withstand. Therefore, it may not be
prudent to use the method which produces the most monodisperseanopatrticles, as
the synthesis process may destroy the nanoreactor. Instead, it seems logical to choose a
method which, although it produces nanoparticles of a lower size, distribution and
quality, is more amenable for vesicular incorporation. It may ats be that
compartmentalisation of the room temperature reaction is able to control the size and
morphology of the encapsulated precipitate. The urea/ammonia decomposition
(Section 3.2.4) method was not selected for further study either. This is because nyan
of the reaction attempts were unsuccessful, and the combined encapsulation of both
urea and ammonia was overcomplicating the precipitation. Unfortunately, if only urea

was encapsulated as the reactive base inferior particles were also produced.

Two methods were used for incorporation into a vesicle (Section 4.4); these are the
decomposition of urea (Section 3.2.1) room temperature cprecipitation, (Section
3.2.3). Room temperature ceprecipitation was chosen for encapsulation due to both
the simplicity of the method and the ambient temperature at which the reaction occurs.
The thermal decomposition of urea appeals mainly due to the delayed introduction of
the high pH environment. This allows external control over the point at which
precipitation occurs by altering the temperature. This means that the pH increase can
be induced at an optimum time in the reaction, either during or post transnembrane
transport of iron ions (Section 3.2.1). The factor determining the quality of the particles
in each case apears to be control of the rate of the pH increase, which induces
precipitation. In the cases where high quality particles were produced, the introduction

of the OHwas done in a gradual and controlled manner.
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This control was exerted either by using ateady rate of addition controlled by syringe
driver (NaOH), or by controlling the point at which precipitation can occur induced by
heating the sample (CO(NE)2). In the cases were magnetite was not formed (combined
urea/ammonia route), the high pH soluton was addeden masset the beginning of the
reaction. This rapid addition results in the formation of brown, nommagnetic
nanoparticles (presumed to beFeOQOH)). Each of these routes to magnetite synthesis
was tested for its effectiveness in both the fiid and polymer vesicles, and the

optimisation is discussed in chapter 4.

Unfortunately, efforts to quantify the iron ion transport across both a lipid and polymer
membrane were unsuccessful. Each iron and redox potential quantification assay was
only able to indicate the point at which there was colour/pH switch, causing a change
in the absorption spectra. This is ineffective, as each of these changes can be detected
by visual inspection of the sample. Confirmation of successful encapsulation within a
vesicle was also ot achieved. As discussed aboyehis could be due to a number of
reasons (Section 3.3). One reason being the low volume/concentration of the
encapsulated assay reagent, this is unlikely as the concentration in each case was
increased and tke sample concentrated with no improvement in the ability to detect
the encapsulated solution. The encapsulated volume is extremely small, but the
absorption should still be detectable; as it saturated the spectrum in each case when
measuring the control sdution. Therefore the most likely reason for the undetectable
emission/absorption from the vesicle contents is scattering from the polymer/lipid
shielding the solution. This scattering would therefore make any change undiscernible,
both by eye and in UWis absorption analysis. Across all assays explored, it was not
possible to determine whether scattering was the reason for failure in vesicles. In all
cases the vesicle solution was cloudy before W¥is detection due to the scattering of
light. It is therefore likely that this scattering effect, due to the vesicle bilayer, masks
any absorbance from the dye, rendering encapsulated assay solution undetectailee
outcomes of this chapter have formed the basis for all other experiments throughout
this work. The now optimised precipitation reactions were applied throughout all of
the proceeding chapters to create a vesicle nanoreactor and eventually a fully artificial
magnetosome. The failure to establish an effective assay has resulted in the iron
transport in all subsequent experiments being estimated from TEM, elemental and

magnetic measurements.
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CHAPTER4:

VESICLEFORMATION
OPTIMISATION OF THE
FORMATION OR.IPOSOMES AND
POLYMERSOMES
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4.1 INTRODUCTION TOVESICLEFORMATION

The simultaneous iron uptale and pH increase for magnetite formation inside an
artificial magnetosome requires an optimised composition of the nanoreactor vesicle. A
pH gradient is required for successful magnetite precipitation, and this must be
established and maintained across th membrane. The lipid or polymer system must
therefore be able to remain assembled in the presence of this pH gradient. The
magnetite precipitation route must also be considered, due to the possibility of
sustained periods at high temperatures as this isrequired as part of some magnetite
precipitation reactions.2%e 20f Precipitation routes of this nature are krown to make
more homogeneous hanoparticles when compared to room temperature
precipitation, 2°.3.20f but are not necessarily suitable to be carried out within a vesicle
core. Therefore, following the results presented in chapter 3, it was decided, that only
two magnetite precipitation routes would be incorporaed into vesicles. The room
temperature co-precipitation route with NaOH, due to the mild synthesis conditions
used, and the thermal decomposition of CO(Nbt. Although thermal decomposition
does require high temperatures (90 °C), the advantage of beinglatio remotely induce
precipitation (using heating) may outweigh the drawback of needing to use elevated
temperatures. This is providing a suitable vesicle can be found to withstand the
temperature and pH conditions. With this in mind, the vesicle itself st of course be
optimised; in terms of both size and chemical composition. The vesicle must be an
appropriate size to contain the formation of an MNP of an appropriate size for
application. The internal environment of the vesicle must also have suitable@rditions
for the reaction to be able to occur successfully. It is not feasible to develop a working
vesicle nanoreactor without first knowing the reaction requirements; such as the pH

and temperature range that the vesicle will have to withstand.

This chapter documents the formation of vesiclestriallin g both phospholipids and
amphiphilic di- and tri-block copolymers as artificial magnetosome nanoreactors.
Multiple formation routes, such assimple film rehydration, sonication techniques,

extrusion and preparation of asymmetric liposomeswere investigated
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These techniques wereassessed with reference to their ability toencapsubte a
solution of high pH, and the vesicle monodispersity, to ensure uniform particle
precipitation within the core. Monodisperse vesicle samples were taken forward for
further study as the candidate nanoreactor vesicle for incorporation of magnetite eo
precipitation optimised in chapter 3. Throughout this chapter TEM of negatively
stained vesicles shows the morphology, dege of aggregation, and sample
homogeneity. However, staining and drying artefacts can result in distortions and an
apparent shrinkage of the vesiclesDynamic light scattering OLS was used to
characterize both thevesicle size and the sample size distdution. While DLS offers
analysis of the sample population, the measurement is based on the particles
hydrodynamic size, which presumes a spherical, solid material. This can contribute to
vesicles appearing larger than their true sizeas they are not soti, may also not be
perfectly spherical, and will also have a shell of water/solution around the exterior, all
contributing to increasing the size measured in DLSTherefore, it should be noted that
there is a discrepancy (approximately twefold) between the DLS and TEM sizing, but

importantly the population distribution is in agreement.

This chapter is a summary of optimisation of vesicles formation therefore sections
4.2.1 and 4.3.lare a discussion of the different properties of the lipids and polymers
studied with respect to their applicability to use in a vesicle nanoreactor, and sections
4.2.2 and 4.3.2xplore the data that tests them.

4.2 LIPOSOMES

4.2.1 PHOSPHOLIPID SELECTIN

Naturally occurring phospholipids are an integral component of cell membranes;
therefore making them well suited for use inin vivo biomedical applications The
properties of the phospholipids need particular consideration for functionality when
designing a nanoreactor. Whstanding the pH gradient needed for magnetite
precipitation is essential, butthis has to be balanced with a@apability for incorporation
of biological components (e.g. transporter proteins) or for synthetic poration, to
facilitate iron transport across the bilayer, and thus enablethe magnetite precipitation

reaction to proceed within the core
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The lipid properties that have been varied includeyariations in charge (+/-) (which

can affect vesicle formation), various hydrocarbon chainlengths, and degrees of
hydrocarbon chain saturation, which dictates theflexibility, permeability and melting
temperature (Tg) of the lipids within a bilayer. The properties of the phospholipids

selectedare outlined in Table 4.1.

4.2.1.1 SATURATED PHOSPHGHOLINE(PC) BASED LIPIDS

Phosphaholine (PC) based phospholipids are zwitterionic macules with an overall
neutral charge. They are found in both the MTB bilay&t and in the membranes of
many mammalian cells, makig them inherently biocompatible. PC lipids are also found
in a wide variety of other organisms, includingEscherichiacoli. This should increase
the likelihood of succesful MTB membrane protein incorporation into synthetic

liposomes, as they share similaproperties to the native environment of the protein.

Phospholipids with mid-range 6 © | AU OAPOAOGAT O 1 AOAOEAT O OEAO
nanoreactor formation. This is because they should be able to form a stable vesicle,
which can also withstand the onditions needed for magnetite precipitation (pH 12 and
possibly heating). As the §should not be too high, they should also not be too robust
which would hinder membrane transport with respect to iron ion permeation of the
vesicle membrane For this reasn, two lipids with T,& around 50°C were studied, as
they may offer the ideal balance between stability and permeability requiredfor
magnetite  nanoreactor formation These are 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) andDipalmitoylphosphatidylcholine (DPPC) (Table 4.1). Both
are phosphocholine lipids with entirely saturated hydrocarbon téls, which means
there will be little fluidity in the bilayer. DSPC and DPPC will be in the gel phase at
ambient temperatures, due to their relative 6 O j du4a°C redpectively, and sothey
should form relatively impermeable bilayers (to avoid OH leakagd at room
temperature. The only significant difference between these two lipids is the length of
the stearic acid and palmitic acid nofpolar chains.The stearic acid in DSPGs slightly
longer, which should make DSPCvesicles slightly more robust and less proneto

leakage.

Ac
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The mid-range melting temperatures of DSPC and DPPGre above ambient
temperature but below the temperature of coprecipitation using urea (90°Q. This
meansthat permeability to iron ions could be increased as the lipids are raised above

the Tgyas part of the precipitation reaction.

4.2.1.2 UNSATURATEDPHOSPHOCHOLINEPC) LIPID

EggPC, is as th name suggests, isolated from chicken egg yolk, and is the most cost
effective and widely studied of the PC lipids to be tested. The lipid has a comparable
molecular weight to all of the other lipids investigated (770.12 g mdl) (Table 4.1). The
structure of the lipid is a simple phosphocholine, with a single unsaturated bond on
one of the hydrocarbon. This means that eggC bilayers are relatively fluidic, which
gives rise to its low T (-10 °C) (Table 4.1). If this is effective in encapsulating the
necessary base for magnetite precipitation, it is likely that this lipid will provide a
cheap ($200 per gram, Avanti polar lipids) and easy method for formation of an
artificial magnetosome. In terms of forming easily adapted liposomes, the chemistry of
which does not interfere with its nanoreactor functionality, eggPC may not be a good

candidate.

Offering increased fluidity in a bilayer is 2-dioleoyl-sn-glycero-3-phosphocholine
(DOPGQ, "Ywith a transition temperature of -¢ 1  (T&bM¥ 4.1). This was investigted
due to its easy handling as a result of being in the liquid phase at ambient
temperatures, when compared to other lipids used with much higher gf(DSPC and
DPPC discussed above) which are in the gel phase at low temperatures and therefore
can precipitate easily. The low transition temperature of DOPC is the result of
unsaturation in the hydrocarbon tail. The double bonds cause kinks in the backbone,
which generates disorder in the bilayer upon selassembly, resulting in space between
adjacent phosphoipids. This has a direct effect on both phase behaviour and bilayer
elasticity.63 Therefore, permeation of the bilayer with iron ions may be easier with

DOPC but the flexibility may result in the encapsulated base being lost.
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4.2.1.3 THERMALLYSTABLELIPID

With liposome stability in mind, the more robust phospholipid 1,2Diphytanoyl-sn
glycero-3-phosphocholine (DPhPC) was also investigated. It is the other extreme in
properties when compared to DOPC, offering heightened thermal stability due to g df
200°C. The lipid is known to be extremely robust in high pH environments, which
arises from the methyl groups on the hydrocarbon backbone causing an interlocking
effect when packed into a bilayer, stabilising the vesicle. This means that a higher
temperature is required for DPhPC to transition to a fluid phase, making this lipid ideal
for encapsuating high pH solution and withstanding the high temperatures involved in
the thermal decomposition ceprecipitation discussed in chapter 3. Conversely, it must
not be ignored that the high T, and thus its rigidity, may hinder the transport of iron
across the membrane. It should be noted that this study is novel, with such high
temperature reactions never being compartmentalised within a vesicle, therefore it is
now known yet known which lipids will react in what way during mineralisation.
Furthermore, the high stability also dictates high cost ($1,100 per gram, Avanti polar
lipids), therefore DPhPC may not be @able option for widespread testing and scalaup

of artificial magnetosome synthesis.

4.2.1.4 PHOSPHATIDIC(PA) LIPID

All phospholipids mentioned so fa have phosphocholine head groups. There are other
types of phospholipid that are also available and present in cell membranes, therefore
present viable options for exploration as potential vesicle membranes as part on this
thesis. The effect of changingthe lipids polar headgroup was tested with vesicle
formation using, 1,2-dipalmitoyl -sn-glycero-3-phosphate Nat, (DPPA). DPPA (Table
4.1) has the same iphalmitoyl hydrocarbon backbone asDPPC, but with a smaller PA
headgroup when compared to PC. The PA hiegroup size means that it is much closer
to the backbone than PC lipids, which is likely to affect the packing of a PA bilayer. It
has been shown that the presence of PA lipids in a membrane has an effect on the
curvature of the membraneloed. 153 presumably as result of the smaller head group

leading to closer packing in the bilayer.
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The closer packing may impacthe overall vesicle size and it permeability as bilayer
lipids move closer to one another. It is not yet known whether or not this will be

advantageous in this nanoreactor system.

4.2.1.5 PHOSPHATIDYLETHANOLANNE (PE) LIPID

On the other handa larger head groyp may serve to increase fluidity and permeability
across the lipid vesicle Dipalmitoylphosphatidylethanolamine-polyethyleneglycol
5000 (DPPEPEG 5000) has a largephosphatidylethanolamine (PE)head group than
phosphocholine, due to an extra ethyl group étween the phosphorous andhitrogen.
Again, this is likely to affect bilayer packing by increasing space between lipids in the
membrane104.153,184 The increased membrane fluidity may affect both vesicle size and
membrane permeability. The DPPE lipid investigated also has a large polyethylene
glycol (PEG) chain attaleed to the polar head group, with a molecular weight of 5000 g
mol-1. The presence of this PEG group may have both advantages and disadvantages, on
the properties of the resulting vesicle. The PEG could add potentially useful properties
for in vivo application, such as prolonging the vesicle vivo lifetime.7ic On the other
hand, the size of the PEG molecule on the inner leaflet will significantly reduce the
inner diameter of the vesicle. On the outer leaflet; the size of the PEG molecule could

sterically hinder the transport of ions across the membrane.

4.2.1.6 CHARGEDLIPIDS

Using a charged lipid for bilayer formation may help to prevent aggregation, essential
for in vivo application, and possibly increase stability through entropic effectis
Charged lipids include the cationic lipid1,2-dioleoyl-3-trimethylammonium -propane
(chloride salt) (DOTAP) or the anionic lipidl,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) Na+ (DOPG), (Table 4.1). These lipids may also improve drug lifetimes
through electrostatic bonding of the drug to the lipidisé although charged Ipids can
also increase vesicle toxicitylc A charge on the outer leaflet of the vesicle may also
affect ion uptake”ic Cationic lipids will likely lead to the repulsion of iron ions, whereas

with anionic DOPG, uptake of the cationic iron could be improveeg 187
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Although one potential problem of using anionic lipids is electrostatic binding of the

positively charged iron ions to the anionic par heads.

4.2.2 LIPOSOME FORMATION

The nine phospholipids outlined in table 4.1 were previously investigated as part of
undergraduate projects in the Staniland group. They were screened using DLS for a
high throughput approach to analyg the ability of each Ipid to encapsulate basic
solution (both NaOH and CO(NkJ, were tested), vesicle size and sample polydispersity
following formation via bath sonication. The bath sonicated liposomes were then
sequentially subjected toeither tip sonication or extrusion to investigate their effect on
sample polydispersity (again using DLS). The high throughput nature of the
experiments meant that lipids which did not show a suitable peak in the DLS spectrum
(i.e. a relatively monodisperse population in the region of 1 um) wer not taken
forward. The results of this screening are shown in table 4.2. Here, lipid(s) e,
DPPA, DOTAP and DOPG are shown to be the least suitable for further study, as a
vesicle population could not be detected in DLS analysisipid (s) DSPC, DPPOPhPC,
DOPC and DPREBEG 5000 were found to have a vesicle population in the nanometer

range (as measured by DLS), so were deemed suitable for further investigation.

The lipids revealed to be the most suitable in the screening were then optimised with
respect to vesicle formation for the creation of a synthetic magnetosome nanoreactor.
As NaOH represents the highest pH solution that would need to be encapsulateédyas
assumed with respect to pH that if the vesicle was capable of encapsulating NaOH (pH
12) then encapsulation of CO(Nb. would also be possible.For each of the tiree
formation methods (bath sonication, tip sonication and extrusion) bath sonication was
used to rehydrate the lipid film followed by parallel studies of either tip sonication or

extrusion beingapplied to the vesicle sampls.
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Selected Formation method
Phospholipid
(Yes/No) chosen
Egg PC No N/A
DSPC Yes Tip sonication
DPPC Yes Tip sonication
DPhPC Yes Bath sonication
DOPC Yes Extrusion
DPPA No N/A
DPPEPEG 5000 Yes Tip sonication
DOTAP No N/A
DOPG No N/A

Table 4.2: Outcomes of highthroughput screening of phospholipids, which identifies the best vesicle

formation method for each lipid tested.

The methods offer differing degrees of size and population controlwith control

increasing from bath sonication, to tip sonication,and the most control exerted by

extrusion. TEM imaging was performed on the sample for each lipid which gave the

best results in DLS screening to check vesicle morphology. Bath sonication was

performed for approximately 30 minutes from a lipid film rehydrated with NaOH (10

mM). Tip sonication was then applied for 30 minutes at 70 % amplitudeThis was

carried out at 4°C during the high throughput test, however in cases where thg Was

above 4°Cthe lipid precipitated. Thus, to avoid this all subsequent tip sonication was

performed at temperatures above the lipid T (Table 4.1). Using this combination of

bath and tip sonication successively should give a higher propensity to produce

unilamellar vesicles whenAT | PAOAA OI

AEI I OAEUAOAOQEI I

O



Pagel|1l24

In parallel to this samples werealso extruded through a polycarbonate membrane with
100 nm pores, which should exert extremely tight control over the vesicle population
size. Sizing was obtained rbm DLS measurements, which was compared to TEM
grainsizing distributions. All concentrations used were determined from the high
throughput screening which were based on literature values for successful vesicle

formation above the lipid CMC.

4.2.2.1 DSPC

For DSPC, the high throughput screening suggested that the most suitable vesicles
were prepared by bath sonication followed by tip sonication. When this test was
repeated, the results were again promising producing an average vesicle size of 192 +
39 nm (Figure4.1). This is a huge improvement in the sample vesicle size distribution
when compared to the two other vesicle formation methods which were applied. The
samples produced by bath sonication were entirely unsuitable, with bath sonication
generating speciesin the um range (1.28 + 325 um). Extrusion does not appear to

produce vesicles, due to the absence of a peak in the DLS spectrum (Figure 4.1).

The reason for the success of the tip sonication in comparison to the other two
methods is likely to be due to e Ty of the lipid. Bath sonication may have a limited
effect on the vesicle size, as the lipid will be in the gel phase. Therefore, the low
frequency sonication of the water bath i 8likely to affect the DSPC assembly. This
suggests relatively low stablity of the DSPC lipid with which bath sonication is
sufficient. However, when a more localised higher frequency is applied (in the case of
tip sonication), a large change is observed in the DLS spectrum, which confirms a large

decrease in vesicle size t@92 + 39 nm (Figure 4.1).

This higher frequency is expected to be more detrimental to the vesicles, and therefore
the lipid Ty will not be an issue in the same way. The DSPC vesices presumed to be
lost when extruded through a 100 nm membrangafter bath sonication), as no peak

was observed in DLS analysis.
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Figure 4.1: a) Plot of the average vesicle size (from DLS analysis) for the vesicle sample produced with
each formation method (bath soniation, tip sonication and extrusion).

Again, due to the lipid being in the gel state, forcing 1.28 um liposomes through a 100
nm polycarbonate membrane in the gel state is unlikely to be effective. The reason for
the loss of the peak in the DLS spectrunis probably due to precipitation of the lipid

which then sediments in the cuvette during DLS scanning. This precipitation is visible

when the lipid is below the transition temperature.

TEM imaging of DSPC vesicles produced using tip sonication at 60 °Cthwi
encapsulation of NaOH revealed a dual population (Figure 4.2 c). The images show
vesicles at 309 = 187 nmThe bigger vesicles are not requiredand the two populations
can be separated using SEC, due to the large difference in size. The vesicles da sho
consistently spherical morphology, with no sign of aggregation. However, this lipid was
difficult to work with. For example, precipitation of the lipid below the Ty raised

particular problems with extrusion and DLS analysis.
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Therefore DSPC may ndbe a suitable for nanoreactor functionality, particularly with
the room temperature coprecipitation. But the lipid does have greater potential with
the higher temperature thermal decomposition method, and so was taken forward for

further testing.

4.2.2.2 DPPC

DPPC gave very similar results to DSPC (Figure 4.1), withtb sonication producing
vesicles in the micrometre range (3um) and extruded samples showing no apparent
vesicle structures in the DLS spectrumAgain, this is likely due to the § of the lipid
hindering the effectiveness of these methods. The application of the higher frequency
tip sonication produced vesicles with an average hydrodynamic radius 59 + 17 nm.
This suggests that, as with DSPC, the localised higher frequency is enough to reduce the
average vesicle size considerably. Subseque®EM analysis (Figure 4.2 b) confirmed
that vesicles formed in the presence NaOH were had a good average size of 83 + 18 nm,
but also revealed a large amount of lipid residue in the sample. It is possible that tlgs

the result of degradation of the lipid during the tip sonication, which could be
optimised (in terms of applied amplitude and sonication time) to avoid the destruction

of the liposomes.

4.2.2.3 DPHPC

DPhPC produced the most monodisperse liposomes by bath soation alone. The DLS

of the bath sonicated sample showed the average vesicle size to be 124 + 12 nm. This
corresponds well to the TEM micrograph shown in figure 4.2 ) in which liposomes
are had an average size of 7735 nm. TEM also reveals consistenesicle morphology
throughout the sample, with all vesicles appearing highly spherical with a constant
bilayer thickness of 34 nm. No further size control measures were performed on the
DPhPC liposomes, as the sample produced by bath sonication was @oad enough
standard. The major disadvantage of using this lipid for large scale artificial

magnetosome synthesis is the high cost ($1,100 per gram, Avanti polar lipids).
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Whilst the liposomes produced were of a suitable size and morphology when
comparedto the other lipids tested, more of the cost effective lipids screened produced
suitable vesicles than was expected (although perhaps with the addition of tip
sonication/extrusion). Therefore the good monodispersity of DPhPC samples did not

justify the high cost of using the lipid for large scale testing and synthesis.

Therefore this particular lipid was only used when the requirement for extremely
stable vesicles with minimal processing is the case. This is the case when vesicles were
required to incorporate proteins, where high quality vesicles are required with
minimal post-formation modification to avoid displacing the bilayer proteins, or if

other lipids fail in permeation of soluble iron.
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Figure 4.2: TEM micrograph of each liposome sample following formation with thdest method a:
determined via the high throughput screeningand the corresponding TEM grainsize analysis)) DOP
liposomes via extrusion, b) DPPC liposomesia tip sonication ¢) DSPC d) DPhPC liposomeg bath
sonication e) DPPEPEG 5000 liposomesia tip sonication.
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4.2.2.4 DOPC

DLS analysis of DOPC vesislédormed using extrusionshowed an average size 090 +

13 nm, which is the most suitable vesicle size of alif the lipids tested. DOPC showed
consistency in size of the species formed across all three formation methodsmth and

tip sonication producing vesicle sizes 068 + 6 nm and 38 + 7 nm respectively (Figure
4.1). DOPC may form vesicles more easily with all three methods, due to the high
fluidity of the lipid bilayer. DOPCdow T4 proved much easier to work with overall, and

it likely that this amenability made modification of the vesicle size with each technique
easier. Whereas the higher Jlipids, such as DSPGvere less responsive at ambient
temperature, with a noticeable precipitate developing. TEM of the DOPC vesicles after
extrusion showed a elatively monodisperse population with most vesicles betweei39

+ 17 nm (Figure 4.2 a). The vesicle morphology was highly consistent across the
samplesimaged, showing consistently spherical vesicles, particularly when compared
to other lipids screened sut as DPPC (Figure 4.2 b).

4.2.2.5 DPPEPEG5000

DPPEPEG 5000vesiclesformed via tip sonication gave the largest average vesicle size
(as measured by DLS) to be 252 + 27 nm. This is not surprising, due to tuached
PEG moleculewhich will affect bilayer packing and increase the overall vesicle
diameter. As with DPPC and DSPC, bath sonication and extrusion had a detrimental
effect on the vesicle sizewith both showing much larger vesicle species, a8.7 £ 0.9

t fandv M mr@spectivdly. The PEGnoiety is expected to be responsible for this,
with bath sonication again not being a high enough frequency to affect the natural
assembly size of thalecoratedlipid. Extrusion with a 100 nm membrane was probably
not appropriate for such large vesiclesand appearsto havehad a detrimental effect on
the vesicle size with DLS analysis suggesting vesicles have increased in siklis peak

in DLS spectrum is likely to be caused by large aggregations of lipid, as extrusion would
not increase the overall vesicle sizeTEM imaging of DPPEPEG 5000 liposomes,

revealed the formation of a lipid network (Figure 4.2 e).
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if the sonication temperature could affect the formation of this network, DPPE wadip
sonicated at a temperature of 6%C. TEM and DLS analyses indicate thaésicles were
formed, suggesting that creation of vesicles at temperatures above thgi3 sufficient to

prevent network formation.

4.2.3 LIPOSOMEFORMATIONDISCUSSION

All the lipids on which the formation and size contol tests were repeatedwith NaOH as
the encapsulantfollowing the high throughput screen were successful to a relative
degree. Each size control methodlefined as the most appropriate in these data
presented in this section correlates with previous data otained in the undergraduate
project (see contributions page XV). Vesicles of a relatively monodisperse size
distribution were obtained with all lipids, except for DPPEPEG 5000. It was
unexpected that TEM imaging would reveal such a high number of useablesicle
materials, therefore the DPhPC, which was predicted to be the most appropriate
material was not cost effective enough to be used in in high throughput testing and
high yield production of artificial magnetosomesFor the phospholipids, the majorityof
the DLS spectra indicated the presence of species at around the desired 100 nm size.
There were a number of more cost effective materials to take forward, particularly
with respect to high throughput synthesis.All lipids with the exception of DPhPC wee
further explored (in chapter 6) for their appropriateness as a nanoreactor for the

precipitation of magnetite within the vesicle core.
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4.3 POLYMERSOMES

Work in this section is taken from the publication Bairet al’

4.3.1 POLYMERPROPERTIES

Section 1.4.3 describes how the use of polymers for vesicle engineering allows the
incorporation of a wider range of properties appropriate for use in diverse
applications. To address some of thissues encountered with lipids in section 4.2, such
as robustness and stability, particularly with the DPPC and DSPC lipids which proved
difficult to work with, a variety of polymers with a range of molecular weights,

structures and functional groups wereinvestigated.

These polymers are outlined in Table 4.3, with their selection explained throughout
this section. Further reasoning includes the point that most of the polymers have their
own distinct functionality to explore such as diblock versus tri-block structure,

carboxylic acid end groups, and large variations in the polymer molecular weight.

The first polymer to be investigated was the amphiphilic A-B block copolymer,
synthesised by the polymerization of ethylene oxide (PEO) and butadiene (PBD)
monomers in separate block length of 2500 g mel and 1300 g moit respectively (low
molecular weight) or 35,000 (PBD) and 15,000 (PEO) at high molecular weighH?BD
PEO was chosen as previous studies had shown the production of monodisperse
unilamellar vesides within the desired size range (50-200 nm) for this polymer
system?eb. 108,188 PBD-PEO is a relatively simple polymer, with an unreactive nepolar

block, which is unlikely to interfere with the transport of iron ions.

The polar block in the polymer is ideally suited for use in biomedical applications,
where it could double up as a stealth coating, as it is already widely used in liposome
engineering, delaying recognitionin vivo’ic without the need for functionalisation post
formation. Two versions of this polymer were tested, each with varying block lengths.
Block lengths has a direct effect on the overall packing factor of the polymer and the
subsequent vesicle architecture (Section 1.4.3). Therefore, two e&tes of both high
(35,000-b-15,000) and low (2500-b-1300) molecular weight were investigated.
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The packing factor of the low molecular weight polymer is othe theoretical boundary
between the formation of vesicles and tubegFigure 1.10). Therefore, by lengthening
the hydrophobic block in particular, it is predicted that selfassembly will be driven
towards the exclusive formation of vesicles. Another factor affecting the packing of the
amphiphilic block co-polymers in the head group size (Section 1.4.1),therefore
increasing the polar block of polyethylene oxide to polybutylene oxide (PBO) should
affect polymersome size and possibly morphology. Thus, a PBIBO polymer was also
selected for comparison. The PBD polymers testeglere chosen following the work of
Professors Antony Ryan, Stephen Armes arigiuseppeBattagliawho have extensively

studied the chemistry, assembly and morphological behaviours of these polymei%:.

119

The other polymers were chosen because of their differing structures and specific
functionalities, particularly the A-b-B-b-A tri-block polymer poly(2-methyloxazoline)-
poly(dimethylsiloxane)-poly(2-methyloxazoline) (PMOXAPDMS-PMOXA) This
polymer has been extensively studiedlargely by the group of WolfgangMeier 9.89%. 100

due to its tri-block (A-b-B-b-A) composition. They haveassesed polymersome

Al O AGET T h OEA bl 1 Ubhherdzaionpbgeites /SAvEdl udies AT A
have provided proof of concept data for the use of the PMOXADMSPMOXA
polymersomes as nanoreactors? 8% 100, 189 The discrete PMOXAPDMSPMOXA
polymersomes has proven tdbe biocompatible and are thus the focus of research for
exploitation in biomedical applicatiors? making them excellent vehicles for future

theranostic applications.

70% PEG13-PHPMAw/30% PMPGs-PHPMAG polymersomes offers a different
polymer assembly system for investigation. This polymer isproduced through
reversible addition fragmentation chain transfer (RAFT) synthesis, which is
polymerisation induced by self-assembly (PISA) This work was performed in
collaboration with Prof. StevenArmes group (University of Sheffield).The polymer
system has been chosen to incorporate carboxylacid groupsexclusively on the inside
of polymersomes (Figure 4.3). This actsas a mimic for the carboxylic acid rich
magnetosome membrane pratein Mms6 from magnetotactic bacteriaét which is

believed tobiotemplate magnetite nucleation and/or growth.
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This system was designed so that the carboxylic acids would be preferentially
displayed on the inside of the vesicle by control of the polymer lengths, with the
smaller length acidic PMPE&?HPMA chains favoung the inner bilayer leaflet (Figure
4.3).

Again, two variations of the polymersomes were investigatedyith and without the

addition of an ethylene glycol dimethylacrylate (EGDMA)Xross-linker. Crosslinking
should prevent transbilayer rearrangement (OileZAlI JINP6AOOAT GEAT T U OI1 1 /

chains in place to keegCOOH groups on the imer leaflet of the polymersome

Figure 4.3: Schematic of the 70% PEfzs-PHPMA0o/30% PMPCGs-PHPMAg system designed to mimic
the nucleation of iron ions by Mms6 in the MIB magnetosome. The 70% PEG-PHPMAw00/30% PMPGCs-
PHPMAwo polymersomes have been crostinked with ethylene glycol dimethylacrylate (EGDMA) to
promote the assembly of carboxylic acid terminated PMRPBHPMA exclusively on the inside of the
polymersome. This assemblyshould then act as a mimic foracidic amino acids in Mms6 which are
believed tobind ferrous iron and nucleate the controlled precipitation of magnetite.

4.3.2 POLYMERSOMEORMATION

A similar methodology to the lipid vesicle formation was applied &s described in
section 4.2.9. Here generationof polymersomes encapsulatindirst neutral PBS and
then secondly NaOH was used to test the formation method and then subsequently the

ability to encapsulate high pH solution.
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NaOH represents the highespH that would need to be initially encapsulated, and
therefore the most extreme conditions vesicle formation would have to withstandAs
with the phospholipids, each of these polymer samples are formed using extrusion,

bath and tip sonication. The outcomef this screeningis outlined below (Figure 4.4).

4.3.2.1 DI-BLOCKPOLYMERSOMES

The di-block polymersomes were produced by rehydration and swelling of a polymer
film. Although likely to have already formed, the polymersomes were then subjected to
tip sonication to explore vesicle size control. For the three polymersomes; PBigh-
PEQ300, PBDRs,000-PEQs 000, and PBRs-PBQ», polymer films were rehydrated with 10
mM NaOH, and initially stirred for 12 hours.
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Figure 4.4: TEM micrographs for a) PB2s00-PEQs00, b) PBDRso000-PEQseo0 and c) PBRs-PBQ2
polymersomes formed by tip sonication and the corresponding DLS population analysis taken before (red)
and after (black) modification by tip sonication.
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Following stirring , the polymersome sampleswvere tip sonicated at 70 % amplitude for
30 minutes. The DLS analysis before and after sonicaticend TEMimages of the tip
sonicated polymersomes are shown in figure 4.4. The low molecular weight PBTEO,
produced the most discree, monodisperse polymersmes with an average size of 203
+ 55 nm (Figure 4.4 a). The sonication of the polymer sample had very little effect on
the size of the polymersomes, with the only difference being a slight decrease in
polydispersity, with an average size of 203 + 45 nmiThis was not the case with the high
molecular weight PBDPEO, in which the tip sonication failed to produce discrete
vesicles, instead forming a mixture ofubesand conjoined vesicles/micelles (Figure 4.4
b) These mixed morphologies are reflected in the [& spectrum with multiple species
being detected giving a average size 1.3 + 0.6 unirhe effect of tip sonication on the
population was a general decrease in the size of the assemblies, but little improvement;
or perhaps anincrease ofthe population dispersity (Figure 4.3 b) but giving an average
size of 1.7 = 0.9 pm Similarly, the third and final diblock polymer showed little
improvement, although the TEM confirms the presence of only vesicle morphology
(Figure 4.4 c¢). The DLS also showed multiple sgdes are present with high
polydispersity. The general populations in both the TEM and DLS analysis are much
larger than desired, withan average size of 893 + 353 nimDue to the poor quality of
the high molecular weight PBBPEO and PBHPBOvesicles (Figure 4.3 b) and c), no
further investigation was carried out on these polymers. Instead PBBo-PEQ3soowas
taken forward, due toits ability to form uniform, monodisperse vesicles, within the

desired sizerange produced by the simple film swelling and tip soication techniques.

PBDysoo-PEQs00 polymersomes formed by film rehydration/swelling were compared to
samples which had been further modified by extrusion through a 100 nm
polycarbonate membrane. It was found that while extrusion produced a close to
homogeneous population of 41 £ 6 nm showiby TEM figure 45 a), and 123 £ 26 nm by
DLS (Figure 4.4b). However, as thisdoes require an extra processing step, which may
not be necessary as simple stirring yields two populations of polymersomedhis first
population is of 100 + 9 nm by TEM (Figure 4 a) and 203 + 55 nm by DLSwith the
secondpopulation around 43+ 4nm by TEM and 58 6 nm by DLS (Figure 4.5 b).
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Figure 4.5: a) TEM micrograph of PBD2500PEO1300 polymersomes after extrusion b) theorresponding
DLS size analysis comparing the polymersome population difference between the stirred and extruded
samples c¢) Polymersome bilayer measurement. Greyscale measurement of polymersome bilayer showing
a thickness of 45nm, as measured on a cry&M image of the stirred polymersome sample.

The similar vesicle distribution achieved by stirring alone is indicative of the ease of
processing possible with PBRsoo-PEQ300. TO fully confirm the PBDPEO polymersome
size, cryoEM was also performed (Figure4.5 c). This analysis dods 8génerate the
same deformations from staining and drying, showing a preserved membrane bilayer
and a true size slightly larger than the corresponding stained TEM. However, craM
is not a routine analysis due to the time cosuming and expensive nature required to
prepare samples for this method. Therefore, cry®&M cannot be performed on a large
number of samples to produce accurate size distributions. Importantly, this analysis
also revealed a polymer bilayer thickness of % nm (Figure 4.5 ¢) comparable to a
naturally occurring lipid bilayers (approximately 5 nm).84 Encapsulation of CO(Nb)2
was also testedwhich also produced polymersomes of an appropriate size distribution

in the 100-200 nm range as shownn figure 4.6.
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As PBDsgo-PEQan performed the best in the above experimentsll further tests on di-
block polymersomes throughout this thesis were performed on PBlho-PEQs00, and
this polymer was the diblock example taken forward for further studyand the main

focus for the creation of a polymeric synthetic magnetosome.

Figure 4.6: Negative stained TEM image oPBDrsoo-PEQso0 polymersomes following
encapsulation of CO(NH2)

4.3.2.2 TRI-BLOCKPOLYMERSOMES

Initially, PMOXAPDMSPMOXA polymersome formation wasdevised from the
published method by Meier et al®. 8% |n this method, the polymer is dissolved in
ethanol at a concentration of 17 % by weight, followed by dilution to the riical

aggregation concentration CAG. Low solubility of the polymer and low volumes of the
solvent made this method difficult to replicate Therefore, the published method was
adapted by dissolving the polymer irchloroform at a final concentration aboe the CAC
of 0.15 x 103g mttin water.® Addition of aqueous solution at a rate of 5 pmin-t

yielded phase separation between the aqueous solution aratiginal solvent.
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Isolation of the aqueous layewia centrifugation yielded a polymersome solution with
an average size of 4% 6 nm as imaged by TEM(Figure 4.7 a) with the presence of
some tubular structures (ot included in the TEM grainsizing). The corresponding DLS
data shows an average size of33t 8nm and a polydispersity index of 0.5Figure 4.7 b)

in agreement with the TEM data and yielded a narrower dispersity than those

previously published 2b
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Figure 4.7: a) TEM of PMOXADMSPMOXA polymersomes sample producedia the adapted slow
aqueous addition method. b) TEM of PMOXRDMSPMOXA polymersomes producetlia the previously
published metho® shows the presence of polymer networks c) Comparison of TEM (Grey be
grainsizing and DLS (Red bars) sizing data show an average size of 45 nm compared to 3:
respectively and a polydispersity index of 0.5. d) the coesponding TEM (Grey bars) and DLS (R
Bars) grainsizing showing an average size of 1.8 um and 800nm respectively

When polymersomes were produced using method published by Nardit,(in which 17
% wi/v polymer was dissolved in ethanol and which is the added dropwise to water
whilst stirring) TEM analysisreveals large networks of interconnected polymer of

approximately 1800 nm in length (Figure 4.7 b) or 800 nm as measured by DLE-igure
4.7 d).
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It is possible that the narrower dispersity obtained bythe adapted formation route
presented in this work, is a result of the slow addition of the aqueous solutiant is
evident from figure 4.7 b) that the original synthesis route shows anextensive

polymerisation of the polymer into a network.

This network formation is not observed with my novel method of PMOXAPDMS
PMOXA polymersome formation, as the TEM images clearly show the presence of
discrete vesicles(Figure 4.7 a). The biggest difference betweenthe two synthesis
routes was: firstly, the choice and volume ofsolvent used and secondly the rate of
addition of the aqueous solution. Vith a rate as slow as 5 pyl mit it is possible that
vesicles are forming ancbeing stabilised in dilute solutions, and soavoiding the further
polymerisation or aggregation effectsVariation of the rate of addition from 5to 50 pl
min-1 made very little difference to the overall quality of polymersomes. Heever,
when the aqueous solutionis addedas one volume torapidly dilute the sample,the
large scale networksT AOAOOA A x EpDitfished A€ol &ré &hain present.
(Figure 4.7 c) 8 The PMOXAPDMSPMOXAconcentration was variedfrom 5 mg to 10

mg but this did not appear toaffect polymersome assembly.

4.3.2.3 RAFT SYNTHESISEDPOLYMERSOMES

70% PEG13-PHPMA/30% PMPGs-PHPMA polymersomes were produced using
RAFT polymerisation (reaction scheme in figure 4.8). This is the polymerisation of 2
EUAOT gUPOT BUI | AOEAA OUdzdbi® Mcypnppentandt adilfi\&1 C
501) initiator and a 4-cyanopentanoic acid dithiobenzanoate (CADB) chain transfer
agent? The synthesis was carried out in water at 70 °C, with the HPMA bloékrther
polymerised by 2-(methacryloyloxy) ethylphosphorylcholine (PMPC). PMPC acts as
both a macro chain transfer agent in the second polymerisation step and the
zwitterionic, solvated hydrophilic block 2

A

T
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Figure 4.8: Synthesis route for the reversible addition fragmentation chain transfer (RAF
polymerisation of PMPC28PHPMA400 in water aty 1J # O O EakoBis (Acyandpentanoic acid) (V
501) initiator and 4-cyanopentanoic acid dithiobenzanoate (CADB) chain transfer ageht

It is this chain extension with PMPC that drives the selssembly of the polymer, with

0(0-!'680 AACOAA T &£ PiIiTUIi AOEOGAOETT AEAOAOET ¢ OEA
this synthesis, in which pdymersomes are formed directly in the reaction, means the

scheme is not open to modification, making it overall less flexible than other

approaches. Therefore, polymersome size and quality is controlled by adaptation of the

polymer synthesis conditions. Toexplore changes in morphology, two different PMPC

polymers with varying degrees of polymerisation with respect to the PMPC blocks,

were investigated. After formation both PMPg and PMPG: polymersomes were

soaked in NaOH to account for any shrinkage/swihg that may occur, so that the size

can be accurately assessed.

The overall appearance of the vesicles with the PMBQlisplays a more monodisperse
size and consistent morphology (Figure 4.9 a). Whilst PMBRgtill forms vesicles, there

is a mixed popuation with the obvious presence of both vesicles and tubes of varying
size (Figure 4.9 a). This is reflected in grainsize analysis of the polymersomes, giving
high polydispersity with sizes ranging from 246 + 137 nm, compared to a narrow size

distribution of 79 + 24 nm observed with PMP£ polymersomes (Figure 4.9 b).
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Figure 4.9: a) Compaison of the effect of variation of PMPC block length iREGi3-PHPMA0o/30%
PMPGs-PHPMAo polymersomes between PMP@ and PMPG.. b) The corresponding TEM grainsiz
analysis of polymersomes at the different block lengths. ¢) Highlight of the difference bilayer thickness
as a result of changing the PMPC block length.

However, when the structure of the polymersomes formed with both block lengths are
more closely analysed with respect to bilayer thickness, the PMBMlock appears less
suitable. Measurement of the thickness of the polymersome bilayer membrane reveals
PMPGs is approximately 10 nm, two times thicker than a traditional lipid bilayer.
Nevertheless, it is still comparative, having a similar hydrophobic/hydrophilic
composition (Figure 4.9 c). The boundary layer of the PMRBLis a much wider, at 25
nm (Figure 4.9 c). This is likely to have a profound effect on iron ion transmembrane
transport, decreasing the likelihood of full bilayer penetration by the iron ions. It is
likely that the thicker the boundary layer, the less successful full penetration is likely to
be. Furthermore, the increased thickness of thbilayer has the direct effect of reducing

the inner core diameter.
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This smaller core would result in a smalleMNP forming, even if the core is filled in the
case of PMP&. Therefore, although the appearance of the PMBMlock appears to
make vesicles with the desired size and morphological characteristics, itsilayer
thickness could hinder membrane transport, viiich is a major limitation for the
creation of the nanoreactor. All subsequent investigations were carried out exclusively
on polymersomes with a PMPg& block length, particularly as modification of the
vesicle size and morphology is easier to control thabilayer thickness.

Synthesis of PEG13-PHPMAw/30% PMPGs-PHPMAG polymersomes is generally
carried out at a pH of 3.5. As encapsulation of NaOH (pH 12) is required, polymersome
synthesis was also carried out at pH 6.5, to minimise the impact of a pH itsh by
uptake of NaOH. Another alteration to the polymer synthesis was the introduction of an
ethylene glycol dimethylacrylate (EGDMA) crosslinker, with the aim of locking the
COOH end groups on the inner leaflet of the polymersome, to aid magnetite
mineralisation. Finally, the samples prepared under each condition were tip sonicated,
with the aim of further narrowing the dispersity of the sample population. The TEM
micrographs of vesicles formed under each condition are shown in figure 4.10,
negatively siained TEM images were analysed qualitatively to establish which methods
are likely to produce vesicles with the most promising vesicle size and size
distributions. Under the usual pH 3.5 polymersome formation conditions, tip
sonication has a detrimental efect on the polymersomes, both with and without cross
linker. In this case, a network is formed, or polymerisation with the loss of discrete
vesicles. On addition of the cros$inker at pH 3.5, the vesicle population is marginally
improved with a decreasein the presence of tubes. Negatively stained TEM images
were analysed qualitatively to establish which methods are likely to produce vesicles

with the most promising vesicle size and size distributions (see figure 4.10).
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Figure 4.10: TEM micrographs of PEGs-PHPMAwo/30% PMPGs-PHPMAwoe produced under different
conditions. Top; pH 3.5 and bottompH 6.5. Under each pH condition polymersome morphology w
compared between tip sonicated (Top row) and nottip sonicated (Bottom row) samples The
polymersomes at each pH without (left column) and with (right column) the addition of a croséinker are
also compared.

In the absence of crossdlinker, tip sonication significantly reduces the vesicle size; and
again the presence of the EGDMA cre$eker changes the vesicle size, seemingly
producing larger vesicles. This suggests that the crodimker has a stabilising effect on

the vesicles, allowing it to withstand the high frequency applied during tip sonication.
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When the crosslinker is not present, the vesicles appear to be more easily broken up.
This leads to a reduction in size upon r@ssembly after sonication due the high
frequency applied. Interestingly, the tip sonication does not seem to affect the presence
of polymeric worms in the sample, as their formation arises from the hydrophobic/
hydrophilic ratio in the polymer composition. Therefore, avoidance of tube formation
would require further optimisation of the block lengths, rather than the formation
method. Overall, the vesicles produced at pH 6.5 were much higher quality, particularly

with the presence of the crosdinker.

At pH 6.5, discrete vesicles are observed ithe TEM micrographs under each set of
conditions (Figure 4.10). This was not the case for polymersomes synthesised at pH
3.5. Although, discrete vesicles can be seen in the unmodified polymer when tip
sonication is applied, polymerisation or aggregation othe vesicles occurs. At low pH,
the carboxylic acid groups on the end of the polymer will be protonated. This lack of
charge repulsion may now promote polymer aggregation, which is further encouraged
by the disassembly and reassembly of polymersomes dung tip sonication. Whereas,
in the polymersome sample produced at pH 6.5, the carboxylic acids will be
deprotonated, and so electrostatic repulsion between polymers occurs. Therefore all
future experiments with respect to exploring membrane transport werecarried out
with polymersomes synthesised at pH 6.5, both with and without the EGDMA cress

linker.

4.3.3 POLYMERSOMH-ORMATIONDISCUSSION

A wide variety of potential phospholipids and polymers are available. Thus, a
systematic approach was taken to trial aange of polymer and lipid materials to assess
their suitability for use as magnetite nanoreactors. Vesicle size, polydispersity and
morphology were assessed at each stage, and materials were disregarded based on
their results at each stage. The challengingature of the magnetite precipitation
reaction in addition to an ability to encapsulate basic solution and permit
transmembrane transport of iron ions, either synthetically orvia incorporation of MTB

transporter proteins into its membrane is essential.
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This means that a wide range of materials with varying composition, chemical
properties (i.e. pH tolerance, §) and molecular weight were investigated to obtain a

suitable composition for design of a synthetic magnetosome.

All polymers tested were succesful in that they are able to form polymersomes,
although certain samples simultaneously formed worrdike tubular structures. The
three di-block polymers tested formed polymersomes by basic film rehydration and
further modification by tip sonication, to obtain low vesicle dispersion, without too
much modification. Of the three diblock polymers tested, the low molecular weight
PBD-PEO formed superior vesicles, of a much more appropriate size and polydispersity
range101 £ 9 nm (TEM) and 203 £ 55 nm(DL9, with the secondpopulation around 43

+ 4nm by TEM and 58 6 nm by DLS (Figure 4.5 b)The other two diblock polymers
formed mixed morphologies and vesicles in the um range, (1.7 = 0.9 um for high Mw
PBDPEO and 893 + 353 nm for PBIPBO) which are too lage for the artificial

magnetosome system.

The tri-block polymersome synthesis initially proved much more difficult to use to
make appropriate polymersones for nanoreactor formation. However, adaptation of
the method produced appropriately sized vesicles #h promising properties for use as

a nanoreactor, particularly with respect to the mechanisms of transmembrane
transport. The PEGi3-PHPMA0/30% PMPGs-PHPMAG, system proved extremely
promising, particularly when synthesised at the higher pH of 6.5. Taisynthesis also
provides less of a pH jump during the subsequent encapsulation of a basic solution.
Therefore, only certain polymers were selected for further investigation, these being
the low molecular weight PBDBPEO diblock polymer, as it formed robus
monodisperse vesicles, with inherent biocompatibility (for the PEG molecule). The #ri
block polymer also has potential following the development of an adapted formation
method. It will be of particular interest to see how this polymer transports solubléron,
when compared to the more typical diblock bilayer compositions. Finally PEGis-
PHPMA0/30% PMPGs-PHPMA polymers, form well defined discrete vesicles of a
good size and morphology under optimised conditions (formation at pH 6.5). These are
alsoof particular interest due to their carboxylic acid functionality which should mimic
the nucleation properties of biomineralisation proteins found within the MTB

magnetosomes.
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CHAPTERD:

BIOMIMETIC TRANSPORIYSTEMS
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5.1 INTRODUCTION TABIOMIMETIC TRANSPORTSYSTEMS

The proteins encoded in the Magnetosome Island (MAI) are pivotal to the successful
formation of the MTB magnetosome (Section 1.3.2.13.47.19 These proteins control
each step of magnetosome formation: their size, shape, arrangement, the recruitment
of iron, and the subsequent cotmolled precipitation of magnetite.4” This chapter
focuses on the proteins whose function is believed to be to the transpoof iron across
the magnetosome membrane and into the magnetosome lumen. The nucleatiointloe
particle is controlled by proteins encoded within a specific gene clustef. 19 These
proteins are responsible for the high levels of homogeneity andistinct morphology of
the particles, these proteins and their effects will be investigated in chapter 43.47.190
The transport proteins outlined in table 5.1 are believed to act as antiporters,
transporting ferrous ions into the core of the magnetosme, while pumping protons
back out. As the protons are transported out of the core, the internal pH slowly
increases. This increase facilitates the precipitation of a single magnetite crystal, which

is mimicked in the artificial system by the encapsulatio of solution at pH 10.

The functions of these proteins have been investigated by gene deletion experiments.
Uebe et alF2 discovered, by gene deletion oimamB and mamM genes, that cross
membrane transport of iron is by way of a complex dimer. They believe that the
transport protein MamB can only function in the presence of another protein, MamM.
Deletion of both thee genes together caused themamB-3mamM double mutant to
exhibit a phenotypic loss of the magnetosome vesicle. This study is an excellent
example of the control exerted by the proteins genetically encoded in the MAIL. The
structures of many of these proteins have been predicted fromeguence analysig; or
the structure of soluble portions of the proteins have been determined by -Kay

crystallography 47

As yet, the purification of these intact membrae proteins has not been achieved, which
is probably due to their hydrophobic and water insoluble nature making the synthesis
and purification of these membrane proteins extremely challenging. Membrane
proteins require purification into detergent micelles, before reconstitution into a

synthetic membrane, i.e. a vesicle.
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The success rate of membrane protein purification in general is relatively low, due to
the difficulty isolating the proteins from their native membranes and problems relating
to protein mis-folding and low yields173 The successful cloning and expression of these
genes will be invaluable for both the experimental confirmationof their predicted
function and the formation of a fully mimetic artificial magnetosome. Incorporation of
these proteins into the bilayers of the vesicles optimised in chapter 4 will confirm their
function and allow for the selective and continuous transprt of iron ions into the
vesicle core. Due to the difficulty of their purification, it was decided that to investigate
proteins exclusively from the magnetosome would further limit the experiments
success. Therefore, this chapter looks at both MTB protainbelieved to act as
transporters in the magnetosome, but also homologues of these proteins from

elsewhere in the MTB genome believed to have iron transporting function (Table 5.1).

5.2 BACTERIALIRONTRANSPORTERS

Seven membrane proteins were chosen for ingtigation, (table 5.1) as previous
studies have identified these proteins as potential iron transporterg?.52.53 Antiporters
are a group of proteins which generally span a membrane; allowing movement of ions
and protons across the membrane to maintain the osmotic pressure and dissolved ion
concentration. Inthe case of MTB transporters, they are believed to take up iron ion
from the magnetosome exterior and carry them across the membrane, subsequently

collecting a proton and transporting it out of the magnetosomed

In the case of MTB transportes they are believed to take up iron ioa from the
magnetosome exterior and carry them across the membrane, while simultaneously
transporting a proton out of the magnetosome. Mutagenesis studies have been carried
out on some of these genes to determine thefunction. Mutagenesis experiments have
suggested that the proteins act as antiporters, and in the case of MamMB and FeOA/B

functioning as dimer complexe$2 191
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_ Size Isoelectric Transmembrane Effect of gene
Protein ] . _
(aa) point Helices deletion
FeOA 106 9.68 2 No Iron transport
MamB 296 5.35 3 No Magnetosome
MamM 318 5.88 3 No Crystal formed
MamO 637 6.50 8 Empty
magnetosome
MagA 434 9.86 11 Empty
magnetosome
MamN 437 6.59 11 Empty
magnetosome
FeOB 706 5.12 15 No Iron transport

Table 5: Transporters investigated in this chapter and the associated properties of each protéin

With the exception of FeOA and FeOR/hich are found in the cell membrane) all other
transporters investigated here are believed to sit in the magnetosome membrariés3

In all cases however, they show high hydrophobic content and the presence of multiple
transmembrane helices (as shown in the hydropathy platin figure 5.1). The presence
of a high number of transmembrane helices (with proteins MamN, MagA and FeOB
having 11-15 helices)?” will likely make them highly insoluble and a challenge to
successfully purify. It is likely that the high number of transmembrane helices will
mean correct insertion into a synthetic bilayer extremely difficult, relying on both
correct folding of all helices and simultaneous insertion otip to 11 transmembrane

helices into a bilayer in the correct orienation for the protein to function.
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Figure 5.1: Hydropathy plots for each of theseven MTB transporters investigated throughout thi

chapter indicating the number of transmembrane helices and associated insolubility in each membre
protein structure.

Also, the proteins investigated that have been shown to function as heterodimers will
likely need both partners present to be stable and active. MamMB and FeOAB form
dimer complexeg7.52191 gnd so must be ceexpressed. This means that the genes
(which will be cloned in separate PCR reactions) must then be ligated into the same

vector in the correct order and orientation for successful dimer production.










































































































































































































































































































































































































































