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Abstract

Magnetic nanoparticles (MNP) comprised of magnetite are fast gaining interest in the scien-
tific research community due to their vast and widely varied applications in industry. These
applications include waste water treatments, carbon capture, data storage, magnetic inks,
and importantly, the biomedical industry. For biomedical applications, it is important for
particles to be synthesised in a manner that makes them uniform in shape and size, and is

suitable for industrial scale-up.

Currently many synthetic methodologies for magnetite rely on energy intensive processes
and toxic precursors to synthesise high quality magnetic nanoparticles with narrow size dis-
tributions and consistent defined shapes. In an age of increased environmental awareness,
it is critical to address these concerns before the large scale manufacture of magnetite
nanoparticles is further established. Room temperature co-precipitation (RTCP) is a syn-
thetic methodology which does not require environmentally harsh conditions, instead using
water as a solvent and non-toxic iron salts as reagents, with no additional heating costs and
expenditure required in the process. This process however does not currently offer fine con-
trol over the properties of particles formed, with wide variation in shape and size observed

between reactions.

In Nature, the synthesis of sophisticated biominerals is commonplace with the nucleation
and directed assembly of these materials being facilitated and templated by various proteins
and biomolecules. The presence of these biological entities allows for bespoke high quality
biominerals to be formed under ambient conditions, such as neutral pH and low temperature.
The identification and study of how these ‘bioadditives’ function has allowed herein an
investigation into the use of simpler compounds and molecules to aid the mineralisation of

magnetite under greener reaction conditions.

This thesis covers the bioinspired application of additives to producing tailored nanoma-
terials, spanning three different systems of particle synthesis to ascertain the effect of batch

and continuous production, as well as lay the groundwork for the scale-up of MNP produc-
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tion with the addition of additives. The papers within have explored the use of additives,
as well as two fluidic systems to tune the shape and size of MNP in an environmentally

sustainable manner.

A screening study based on the active functionalities from bioadditives was conducted
to search for chemical functional groups which may control the shape and size distribution
of particles formed. A series of ethylenediamine (EDA) based additives capable of tightly
modulating the shape of particles formed were identified, acting as a starting point for
further study. The addition of the longer chain EDA-based additives triethylenetetramine
(TETA), tetraethylenepentamine (TEPA), and pentaethylenehexamine (PEHA) produced
96, 97, and 91 % faceted particles respectively, showcasing the excellent morphological

control these additives display.

This initial screening was built upon, with molecular dynamics modelling (MD) of the
EDA series of amines revealing a preference for adsorption to the [111] crystal facet of
magnetite. This face-specific adsorption enables the formation of primarily octahedral Fe3O4
particles, opening the door to the formation of shape-mediated particles under ambient
conditions. TEPA was identified as the most effective of the EDA series at modulating the
shape of particles formed, with a concentration study showing a 1:62.5 - 1:125 additive to

Fe ratio produces the most highly faceted particles.

An iterative Design of Experiment (DoE) process was then conducted on the effect of
TEPA, investigating the significance of three factors influencing the shape and magnetism
of MNP formed with the addition of TEPA: i) the Fe/additive ratio, ii) the ferric/ferrous
iron ratio, and iii) the timepoint of additive addition. Three rounds of DoE were conducted,
comprised of two factorial designs (FFD), and a path of steepest ascent optimisation (PSA)
The time-point of additive addition was found to be insignificant, suggesting TEPA acts
to interact with forming magnetite particles rather than with aqueous Fe ions. Further
FD narrowed down the ideal ferric and iron to additive ratios which produce MNP with
the highest proportion of faceted particles and saturation magnetisation. The use of a
PSA optimisation design allowed a compromise to be found between percentage of faceted

particles formed and the saturation magnetisation, with ideal conditions found at a 1:50 and
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1:59 additive to Fe ratio to produce near homogeneously faceted MNP.

A co-axial macrofluidic system was investigated for its potential to produce highly re-
producible particles utilising highly controlled laminar flow. The biomineralisation protein
Mms6 was found to be unable to exert control over the size of particles formed within this
system. The millifluidic system however, allows for the tuning of particle size between a
20.5 and 6.5 nm range via simple adjustment of the ferric ion ratio. This millifluidic system
was then used alongside the the EDA series of additives (EDA-PEHA) finding particle shape
morphology was controllable, with a 1:100 ratio of TEPA to iron producing 58 % faceted

particles.

Furthermore, a continuous flow static mixer was designed capable of producing 311 g
day! (where day covers a 24 hour period) of MNP under co-precipitation conditions, five
times higher than previously reported for MNP synthesis. The EDA series of additives was
found to be highly effective within this system, producing 84 % faceted particles on addition
of a 1:100 ratio of TEPA to iron. Optimisation was conducted on the continuous flow static
mixer, varying the Fe and NaOH feed concentrations, and ferric ratio to tune the size of
particles produced. TEPA was used as an additive across a 0.4 - 0.6 ferric range, and was
found to consistently produce a high proportion of faceted particles (73 - 81 %), showcasing

the robustness of TEPA as an additive across multiple systems and ferric ranges.

As this thesis is presented in paper format, the introductions to each paper may be
similar and use the same references due to the need to present each paper as a stand alone

body of work for publication.
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This chapter is a scientific introduction to this thesis, and consists of a systematic review
of the literature, the overall project aims and overview, and a project map of the work

conducted alongside their chapter numbers.
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1.1 Overview

Magnetism is a unique phenomenon that has seen many industrial applications throughout
history. From its humble beginnings as lodestone in navigational compasses, the use of mag-
netism in industrial fields has risen, with magnetic nanoparticles offering not only a possible
bespoke method of data-storage in the form of bit-patterned media on the nanoscale,! but
also a potential cancer treatment,? diagnostic tool,3 or targeted drug delivery system.* The
biomedical industry is investing heavily into the use of nanomaterials due to their compat-
ibility with the human body and similar sizing to cells, proteins, and genes, allowing them
to get close to biological entities and effectively interact with them.* The unique magnetic
properties of magnetite nanoparticles (MNPs) offer advantages over conventional medical

treatments which will be later discussed.

For a product to be approved in the biomedical industry by the U.S. Food and Drug
Administration (FDA) or European Medicines Agency (EMA) it must meet rigorous criteria
on specifications and safety.> As such it is favourable to be able to select the properties
desired for particles to be used in medical applications, and synthesise particles to meet the
individual demands of each application. The synthesis of complicated structures via chemical
methods however remains a challenge to be addressed. As chemists persevere at formu-
lating synthetic methodologies capable of producing high quality nanomaterials, reliance on
highly energy intensive processes has remained. The current synthesis techniques of mag-
netite are often reliant on the use of high temperatures, organic solvents, toxic pre-cursors,
and extensive vacuum use with these practices becoming standard for the manufacture of

monodisperse MNPs as discussed in detail in section 1.6.°

The global market for inorganic nanomaterials was estimated at approximately $8.5 bil-
lion in 2019, and expected to grow to over $9.5 billion in 2020.” Current nanomaterial
synthesis techniques are notoriously wasteful, with up to 100,000 kg of waste being pro-
duced in the synthesis of 1 kg of nanomaterial product.® For MNPs to become viable as a
widespread therapeutic treatment it is critical to not only be able to scale-up the synthe-

sis of nanoparticles, but also address the key issues negatively affecting the environmental
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impact of the synthetic methods. For this, we can look to Nature for inspiration. Com-
plex and hierarchical displays of mineralisation are seen throughout Nature, from skeletons
and teeth in the animal kingdom, to complex silica structures in the cell walls of diatoms,
and finally defined nanoparticles in water-dwelling bacteria, each occurring via complicated

protein-mediated processes known as biomineralisation.®

Biomineralisation in Nature shows that it is possible for high quality nanomaterials to
be formed at ambient conditions, with many cases of biomineralisation occurring at low
temperatures and milder pH. By drawing inspiration from the proteins and chemical moieties
identified through extensive research to enable the formation of these nanomaterials, it may
be possible to utilise simpler compounds displaying the most important functionalities for
use as ‘additives’ to aid in structure-direction under milder conditions which are deemed

more suitable for scale-up.1°

The purpose of this thesis it to build upon the past body of work and research delving
into the biomineralisation processes enabling the formation of uniform MNPs in Nature, and
apply these principles to lab synthesised particles with the addition of additives inspired by
the function of proteins found to be effective for tailoring MNPs in Nature. When additives
are identified that can influence the properties of forming nanomaterials, these processes

must then be optimised in the path toward industrial use and scale-up.

1.2 The Nanoscale, Nanoparticles, and the
Nanoindustry

In 1959 the now renown lecture by Richard Feynman “There's Plenty of Room at the
Bottom” opened discussion on the development of nanotechnology, and the advantages of
working on a smaller scale to create denser electronics and microscopes capable of resolutions
much higher than that which was possible with current microscope technology.!’ While
this talk had little influence on the development of nanotechnology over the following two
decades, interest in his speech rose in the late 1900s, when the term ‘nanotechnology’ began

to garner greater attention.!? Feynman's status as a Nobel laureate is believed to have aided
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in the increased funding seen in the nanotechnology industry from the early 2000s, when

the US National Nanotechnology Initiative worth $500 million was established.

Whilst nanotechnology is a relatively new field in the history of chemistry, its primary
growth and development can be traced to the development of electron microscopy, with
Max Knoll and Ernst Ruska developing the first transmission electron microscope (TEM)
capable of a higher resolution than the wavelength of light in 1933.1* The development of
a microscope capable of giving structural and morphological information on the nanoscale
was of great importance for the progression of nanomaterials, allowing these newly devel-
oping materials to be imaged and characterised. In 1937 Manfred von Ardenne invented a
microscope that scanned samples in a small raster pattern using a finely focused electron

beam in an attempt to improve upon the current resolution achievable via TEM.1®

Whereas TEM microscopes operate by using transmitted electrons that have passed
through a sample to generate an image, scanning electron microscopes (SEM) produce im-
ages of the surface topography of samples by detecting secondary reflected or back-scattered
electrons. Assuch, TEM can reveal internal crystallographic information of samples, whereas
SEM cannot. TEM offers a higher resolution than that afforded by SEM,° and is typically
the preferred method of imaging nanoparticles of smaller dimensions. Figure 1.1 shows an
example of the variation in resolution and image type between the two most used methods

of visualising nanoparticles, TEM and SEM.

SEM
Higher resolution, shape, Lower resolution, shape,
size, crystallinity size, topography

Figure 1.1: a) Example TEM image and b) SEM image of magnetite (Fe3O,4) nanoparticles
(SEM image from Staniland group).
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For a material to be classed as a nanomaterial it must fit the definition of one or more of
its dimensions being in the nanoscale (1 nm = 1 x 10° m).1” From the classification of the
nanoscale, a nanoparticle is a type of particle typically smaller than 100 nm in diameter.!8
Nanoparticles come in many forms, both amorphous or crystalline, with different structures
and composition resulting in the formation of diverse types of nanomaterials with various
practical purposes depending on their properties.!® The dimensions of a particle (shape and
size) have a significant influence on the range of applications they are suitable for, i.e. a
needle shaped particle is less suitable in biomedical applications due to increased cytotoxicity

as a result of cell perforation.?°

There are challenges associated with work at this scale due to the interplay of properties
of a material as it goes from majority bulk effects to surface effects having the largest
influence as the surface area to volume ratio rapidly increases with decreasing material size.
These surface effects place greater importance on Van der Waals forces,?! electrostatic
interactions,?? aggregation,?® and quantum effects.>* A direct result of increased surface
area is the degree to which nanomaterials can be functionalised is also greatly increased,
which makes nanomaterials promising for industrial purposes where surface functionalisation

is key.?>

1.2.1 The Developing Nanomaterials Industry

t,20:27.28 with novel

Research into nanoparticles and nanomaterials is of increasing interes
nanomaterials and technology being developed at a rapid rate.?® The global market for
these materials is significant, with a conservative estimate valued at ~$4.1 billion in 2015,
and expected to rise to more than $9.5 billion by 2020.” An inventory conducted in 2015
has documented more than 1800 consumer products containing nanomaterials from 622
companies,3® whereas a Danish inventory of products containing nanomaterials accessed in
November 2020 contains approximately 5000 products, showing the growth and normalisa-
tion of nanomaterials in everyday life.3! The climb in industry value and rise of products

containing nanomaterials is highly indicative of the need to develop methods of synthesising

these materials in an affordable and environmentally friendly manner if demand is to be met
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without negative environmental repercussions.

Nanoparticles offer properties that bulk materials are incapable of offering in consumer
goods, with their smaller size allowing them to be easily utilised in fluidic products, allowing
for a diverse range of products to be developed.’® Nanoparticles improved surface area is
a governing factor in the industrial importance of nanomaterials, due to the highly eco-
nomical ratio of material to functional surface area.3? This increased surface area allows
nanomaterials to offer superior surface activity in the fields of gas storage, catalysis, and
wastewater treatment.? As such, synthetic nanomaterials are already commercially viable

and are present in a range of industries from nanoparticulate titanium,33

amorphous nanosil-
ica as both anti-caking agents in food and a rheology additive designed to improve flow of
powders,'® to carbon nanotubes for increasing the durability of concrete.?’” This type of
material is classed as the ‘first generation’ of nanomaterials, focused on the enhancement

of material properties.3*

More developed nanomaterial systems are being investigated and developed often known

as ‘second generation’ nanomaterials, comprised of targeted drug delivery systems,®

nanopar-
ticle actuators capable of converting chemical energy into mechanical energy,3® and the
use of peptide tagged nanoparticles encapsulated with photodynamic sensitisers and imag-
ing agents to target tumour vasculature.3” The ‘third’ and ‘fourth’ generation systems are

predicted to be the future pathway of nanotechnology, and are comprised of ‘systems of

nanosystems' and ‘molecular nanosystems’ as outlined in Figure 1.2,
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N

15t Generation

Passive nanostructures:
a. Dispersed and contact nanostructures. E.g. aerosols, colloids

b. Products incorporating nanostructures. E.g. Coatings, nanoparticle
N\ reinforced composites, nanostructured metals, polymers, ceramics.

N

2nd Generation

Active nanostructures:

a. Bio-active, health effects. E.g. targeted drugs, bio devices

b. Physico-chemically active E.g. 3D transistors, amplifiers, actuators,
\ adaptive structures

N Systems of nanosystems:

d .
3'Y Generation Guided assembly; 3D networking and new hierarchical architectures,
robotics, complex systems, evolutionary systems

AN

N

4th Generation

Molecular nanosystems:

Molecular devices ‘by design’, atomic design, emerging functions

N

Figure 1.2: The four generations of nanotechnology as outlined by the United States

National Nanotechnology Initiative. (Redrawn from Roco et al.3*)

Some more lucrative uses of nanoparticles in industry are bio-imaging,3® carbon capture,
and ultra-high density data storage.*® For industrial purposes homogeneous particle size
and quality is strongly favoured, and in many cases such as drug delivery, essential for

functionality.!

1.2.2 The Sustainability of Nanomaterials

Whilst the properties of nanomaterials have opened the door to many interesting chemical
developments, it is also key to consider how they may affect the world around us. Many
studies into the sustainability of nanomaterials have focused primarily on the impact of
nanomaterials post-production,*? such as the impact of nanowaste and how these materials
interact and even react with humans and the environment.*3:44:45 As nanomaterials become
increasingly commonplace in both consumer products and bespoke medical treatments,
it is also crucial to consider how the production and synthetic methodologies of these

materials impacts the environment and begin to consider both long term implications and

7
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sustainability.*°

When it comes to the manufacture of nanomaterials, two key process pathways can be
established.*” Top-down processes entail either the milling of larger bulk material into smaller
bodies of nanomaterial or lithography and etching to create nanoscale patterns. The top-
down approach is fast reaching its resolution limit in the field of lithography, whereas milling
processes are sub-optimal for producing particles of uniform size.*® Bottom up approaches
focus on synthesis from starting reagents to selectively develop tailored nanomaterials with
smaller and more complicated geometries than those currently achievable via top-down
processing. The bottom-up approach is seen in Nature,*® with many biological entities
mineralising complex and intricate materials within from chemical starting blocks such as

aqueous ions.>0:51

Many current nanomaterial synthesis techniques have recurring issues relating to sus-
tainability.>? To create high quality materials, expensive conditions are often required such
as high temperature and heavy vacuum usage, raising both costs and energy expenditure in
the synthesis of these materials. Toxic pre-cursors and by-products are yet another issue, re-
quiring either proper disposal at extra cost or running the risk of pollution and environmental

irresponsibility.*°

An environmental impact and sustainability analysis based on the waste to product ratio
in six nanomaterial syntheses found that between 1000-100,000 kg of undesired material may
be produced while synthesising 1 kg of desired nanomaterial, up to 1000 times higher than
the production of fine, bulk, or pharmaceutical chemicals.® To address these sustainability
issues it is instead possible to look toward altering the synthetic methodologies, choosing
less toxic starting materials and energy intensive techniques. By refining these greener
techniques over time, the aim of this area of research is the production of high quality

nanomaterials that no longer exhibit a substantially negative environmental profile.

However, green nanomaterials and nanotechnologies still face challenges, namely a slow
progression from lab discovery and synthesis to commercial scale synthesis and applica-
tion.>3 Getting nanomaterials approved is a costly process, which is impeded by the unclear

toxicological implications of many of these materials, as well as time-consuming regulatory
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barriers involved in changing the methods of production of materials.>* As many less envi-
ronmentally friendly synthetic methodologies have already been approved and commercial
infrastructure designed around these processes, it is expensive and therefore less lucrative
to adapt these or design new mechanisms by which to synthesise the same product, albeit

in a greener manner.

For this financial hurdle to be overcome, the collaboration of both academic research
and private sector will be key.5® Government subsidies for green nanomaterial research and
regulations for greener production of nanomaterials may also aid in the pathway to attainable

and sustainable nanomaterials.

1.2.3 Bioinspired Nanomaterials

An effective approach to improving the sustainability of nanomaterial synthesis is to look to
Nature and its effective production of nanomaterials under mild conditions. One example

of inspiration and further research is the production of silica nanomaterials, SiO,.3%:%°

Finely controlled silica materials are seen in multiple species of aquatic single-celled or-
ganisms known as diatoms, a type of microalgae.>® Investigation of these diatoms found
specific proteins and biomolecules played a key role, with silicatein, an enzyme which catal-
yses the formation of biosilica, and sillafins, a protein rich in a series of the cationic basic
amino acids, serine and lysine appearing crucial to the mineralisation process.>’*>® These
biomolecules were further studied with amine analogues being discovered which enable the
rapid condensation of silica nanoparticles under ambient conditions.5:%° This directly led to
success in the process of synthesising bioinspired silica which can be synthesised under mild

conditions, with water as a solvent, neutral pH, and a reaction time of only 5 minutes.®!

This highly developed bioinspired silica process is further along the developmental pipeline
than the synthesis of magnetite, but allows us to observe the process and apply these prin-
ciples to the magnetite pipeline. As will be further detailed in this chapter, while magnetite
is behind in the development process, biomolecules and proteins found within a bacteria
that produces MNPs natively have been extensively studied.!® Research into the design of

additives is now a key priority to push for greener MNPs and is the next step required to
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move along the development pipeline of green MNP production which is further discussed

in section 1.7.

Figure 1.3 shows the planned development pipeline for magnetite nanomaterials, from
i) observing the formation of magnetite nanomaterials in Nature, ii) studying their func-
tion (proteins, templating, etc.), iii) understanding their mechanism of biomineralisation,
iv) designing additives incorporating the active chemical functionalities from biominerali-
sation mechanisms, v), producing custom bespoke NP (low polydispersity, specific shapes,
enhanced properties, etc.), vi) scale-up of said particles, and vii) the large scale manufacture

of custom nanoparticles.

Basic amino acid: Basic peptides
Fe;0, Protein shape idi i dustrial
trofled: o F ] Acidic Peptides Industria
Crystalline C0nrored: Acidic amino acid: Scaffolds feedback
. ‘ internal nucleation
N\ R Other molecules

-

N

Custom
) Scale-up
anoparticle:

v

Figure 1.3: SynBio overview of the planned development process for industrial magnetite

nanoparticle production.

1.3 Magnetism

After considering the industrial perspective of MNPs, it is time to focus on the properties
which make these particles desirable. Magnetism is defined as an attractive or repulsive
force generated in matter by the motion of electrons within its atoms. Simply, a magnetic

field is generated by the movement of electric charges.

1.3.1 Background of Magnetism

The effect of magnetism is a principle that society has been familiar with for thousands of
years. The ancient Greeks were among the first to utilise magnetism, with the uncommon

naturally magnetised form of the magnetic iron ore magnetite, Fe3O4, being used as the first

10
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magnetic compasses. Their importance to navigation is reflected in the moniker lodestone,
meaning ‘course stone’. By suspending an elongated piece of magnetite so it could rotate,
the stone would align itself as a pointer to magnetic North. It was found that this naturally
magnetised mineral not only attracted iron but could also magnetise it via gentle rubbing.
William Gilbert, an English physician and scientist was the first to publish research on the
properties of magnetite in ‘De Magnete' published in 1600, suggesting magnetism was the
root of the Earth's rotation on its axis, and that the Earth itself is magnetic, hence compasses

pointing North.%2

1.3.2 Magnetic Ordering

Magnetism is an inherent property of all materials, due to the presence of electrons in their
substituent atoms. Electrons have a property known as spin angular momentum, where
an electron can either be ‘spin-up’ or ‘spin-down’, hence cancelling out their magnetic
moment when in a pair. When a magnetic field is applied to atoms, the electrons within the
atoms orient themselves to align directionally parallel or antiparallel to this magnetic field,
with magnetism itself being determined by the susceptibility of a material to this external

magnetic field.

The different orientation of electrons in response to a magnetic field results in different
forms of magnetism. There are four variations of electron arrangement giving rise to the

differing types of magnetism shown in Figure 1.4.

11
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Paramagnetic Ferromagnetic
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Figure 1.4: Magnetic dipole ordering occurring in each type of magnetism, where the
arrows represent the alignment of magnetic moments; a) Paramagnetic: unpaired electron
spins which are attracted in an applied external magnetic field; b) Ferromagnetic: parallel
spins in a lattice-type structure; c) Antiferromagnetic: anti-parallel spins in a lattice-type

structure; d) Ferrimagnetic: unequal anti-parallel spins.

Diamagnetism is an intrinsic property in all substances and occurs when two electrons are
paired in an orbital, resulting in their spins cancelling out and no net magnetic moment.
These electrons are known as diamagnetic electrons, and when subjected to a magnetic
field, there is an insignificant negative magnetisation. If a material contains only atoms

with diamagnetic electrons, the material itself is classified as diamagnetic (non-magnetic).

Paramagnetism (Figure 1.4a) is the result of unpaired electrons which impart a magnetic
dipole moment upon the material. Hence, when an external magnetic field is applied, the
spin of this unpaired electron will align with the field, and the paramagnetic material will

be attracted.

Ferromagnetism (Figure 1.4b) and antiferromagnetism (Figure 1.4c) are cases of para-

12
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magnetism where the system can be considered magnetically concentrated and each para-
magnetic atom is in close proximity, such as in an atomic lattice. Consequently, they can
interact and in the case of ferromagnetism the magnetic moments align in the same direc-
tion and a net magnetic moment is observed in the absence of an external magnetic field.

These areas of aligned long-range ordering are known as magnetic domains.

In the case of anti-ferromagnetic materials, the spins align in an antiparallel configura-
tion, decreasing the magnetic susceptibility of the substance as there is no net magnetic
moment. These forms of atomic ordering only occur below the material-specific Curie tem-
perature, the temperature at which the permanent magnetic properties are lost, and they

can be considered effectively paramagnetic.

Ferrimagnetism (Figure 1.4d) is a special case of antiferromagnetism, where the spins still
align in an antiparallel fashion, however due to the difference in magnitude of the magnetic
moments on adjacent atoms there is still remnant magnetism without the presence of an

external magnetic field.

1.3.3 Magnetic Hysteresis

An MH curve (Figure 1.5) is used to show the relationship between magnetisation, M, and
magnetic field strength, H. When H is increased linearly, the resulting relationship between
M and H is not linear, instead being sigmoidal (s-shaped). The magnetic susceptibility of
a material, x, is a dimensionless proportionality constant that is indicative of the degree of

magnetisation of a substance when a magnetic field is applied (eq 1.1).%3

M = xH (1.1)

In the case of ferromagnetic materials, when they are magnetised in one direction they do
not return to zero magnetisation when the external magnetic field is removed, with this
phenomenon being known as hysteresis. The cause of hysteresis is due to the presence
of magnetic domains aligning under a magnetic field. A hysteresis loop is developed by

increasing the magnetic field strength until the material reaches saturisation magnetisation

13
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(when all domains are aligned and magnetisation is no longer increasing), and then reversing
the magnetic field, to align the magnetic moments in the opposite orientation. This reversal
of the magnetic field from positive to negative allows the hysteresis loop to be generated,

with the saturation magnetism being located at the tips of the loop.%3

M (emu)

A

Magnetic saturation

Remnant magnetism

‘\b

Coercivity

\
C f — > H (Oe)
Magnetising force in Magnetising force
opposite direction

Magnetic saturation in
opposite direction

Figure 1.5: Diagram of a magnetic hysteresis loop of a ferromagnetic material, showing
the saturation magnetisation (a, d), coercivity (c, f), and remnant magnetism (b, e).

(Adapted from a diagram by the Florida State University High Energy Physics Group.®*)

Coercivity is a measure of the resistance of a ferromagnetic material to being demagnetised
from a fully magnetised state. When a ferromagnetic material is magnetised in one direction,
removing the external magnetic field does not demagnetise the material, and a reverse
magnetic field must be applied to coerce the materials magnetism back to zero. Coercivity
can be found from a materials hysteresis loop by observing the the magnetic field strength
when magnetism is at zero (point ¢ and f on Figure 1.5). In the case of MNPs, the size of
the particles has a significant effect on their coercivity, with the coercivity increasing to a

maximum as the particle size decreases due to the disappearance of domain walls.®®

14
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1.3.4 Magnetic Domains

As previously touched upon, a magnetic domain is a region inside an overall ferromagnetic
structure in which the individual magnetic moments within the material align in a uniform
direction. Whilst each domain points in a certain direction, the different domains will
point in varying directions and counteract each other, with magnetic domains acting to
minimise the internal energy of a particle. A single large domain with constant magnetisation
must maintain a large amount of magnetostatic energy (magnetic potential energy), which
past a certain size becomes unstable. Domains form to lower this internal energy, with
opposing magnetisation in each domain.®® The formation of multi-domain structures and

their alignment with external magnetic fields is represented schematically in Figure 1.6.

. . ‘ o

Single domain Multi domain: Multi domain:
Domains randomly aligned Domains aligned with external
Magnetic field

Figure 1.6: Spin ordering of ferromagnetic materials showing domain alignment when

exposed to an external magnetic field.

Superparamagnetism is a property that occurs when a particles diameter is sufficiently small
enough that the particle both contains only a single domain, and is small enough that the
magnetisation can spontaneously flip alignment under the influence of temperature. The
time between these relaxations is known as the Néel relaxation time and is highly temperature
dependent as higher temperatures provide more thermal energy for magnetic fluctuation.
The blocking temperature Ty, is the temperature below which these magnetic fluctuations do
not occur and the material has similar magnetic properties as its bulk material.®® Particles

below this critical size (~25 nm®’) are often referred to as superparamagnetic iron oxide

15
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nanoparticles (SPIONs), and are said to be magnetically unstable at room temperature as
ambient thermal energy alone is sufficient to change their magnetic alignment, making them
appear to be paramagnetic.®® When an external magnetic field is applied to SPIONs, they

align with this field and behave in a ferromagnetic/ferrimagnetic manner.%®

Multi-domain particles have lower coercivity due to the domains counteracting each
other, with coercivity increasing as particle size decreases and the particles become single
domain. At the superparamagnetic region the thermal agitation energy is larger than the
magnetic energy of the sample and coercivity falls to zero (Figure 1.7). This also allows
for the interesting potential for SPIONs to be introduced into the body as superparamag-
netic, and then later magnetised utilising an external field. Consequently, the size of MNPs
influences and controls their physicochemical properties and is therefore a crucial factor to

consider and control in synthesis.

OOO@@@@

Single domain Multi-domain
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paramagnetic
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D, D, Particle diameter

Figure 1.7: Schematic showing the development of multiple domains in magnetic nanopar-

ticles, and coercivity behaviour as a function of particle diameter. (Redrawn from Lee et

al.%%)
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1.4 Magnetite: Properties and Applications

1.4.1 Magnetite

Magnetite, Fe3Qy, or ferrous-ferric oxide, is a naturally occurring abundant iron oxide com-
prised of ferric (Fe>) and ferrous (Fe?") ions in a 2:1 stoichiometric ratio. The material is
ferrimagnetic due to its inverse spinel structure, with the O ions within its crystal struc-
ture forming a face-centred cubic lattice, with iron cations at the interstices between these
oxygen ions. As shown in Figure 1.8, there are two types of interstices the iron ions can fill,

octahedral (red) or tetrahedral (yellow), with twice the number of octahedral sites available.

Figure 1.8: Crystal structure of magnetite (face-centered cubic spinel) with oxygen atoms
shown in green, octahedral iron sites in red, and tetrahedral iron sites in yellow. (Reproduced

from Friak et al.”)

All tetrahedral sites are occupied by Fe3* (ferric) ions, and half the octahedral sites occu-
pied by Fe3* with the other half occupied by Fe?" (ferrous) ions.”! The tetrahedral and
octahedral sites can be considered to form two magnetic sublattices with anti-parallel mag-

72,73 3 strong antiferromagnetic coupling which occurs

netic moments due to superexchange,
between ferric ions in the octahedral lattice and is facilitated by the presence of the anionic

O?% which allows for the long-range interaction shown in Figure 1.9.
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Figure 1.9: Diagram of the superexchange interaction between octahedral (red) and

tetrahedral (yellow) ferric iron.

The hybridised orbitals are oriented anti-parallel following the Pauli exclusion principle, re-
sulting in the antiparallel coupling between the octahedral and tetrahedral Fe3* ions, thus

leaving the only overall contribution to the magnetic moment as the octahedral Fe?* ions.

Table 1.1: Physicochemical properties of magnetite at room temperature.

Property Value

Chemical formula Fe?tFe3t,0,

Crystal structure Inverse spinel /face-centered cubic
Unit cell 8.3963 A

Density 5.175 g cm~3

Magnetism state Ferrimagnetic

Curie temperature 858 K

The magnetic properties of magnetite crystals are highly dependent on both the shape and
size of the crystalline particles, with coercivity and blocking temperature being heavily influ-
enced. Saturisation magnetisation is influenced by several features, including the crystallite
size, with larger crystallites having smaller spin disorder layers.”* " Imperfectly crystallised
magnetite, irregular morphologies,”® and the agglomeration of MNPs via magnetostatic

interactions each negatively influence saturation magnetisation.”’
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1.4.2 Industrial Application of Magnetite Nanoparticles

Whilst magnetic nanoparticles have found applications across a range of industries such as
catalysis,”® water purification,” data storage,’ and ferrofluids,®® the primary applications
explored for the future usage of magnetic nanoparticles have centred around the biomedical

industry, which will be expanded on within this section.

The internal use of magnetite for medical purposes have been reported as far back as
the 10th Century A.D, when Egyptian physician and philosopher Avicenna recommended
the use of a singular magnetite grain as an antidote for the ingestion of rust.®! In modern
times, magnetite is seeing a wider range of applications, due to the improved understanding

of the medical use of magnetism.

1.4.2.1 Biomedical Applications

Biomedical research is highly funded compared to many fields and industries, with a high
margin of profit available for successful research breakthroughs. In 2012 alone 268.4 billion
dollars of biomedical research and development expenditures accrued worldwide, showing the
vast scale of this sector.®? Inorganic nanomaterials offer several advantages over classical or-
ganic compounds; i) the ability to modify nanomaterial surfaces with various functionalities
makes them highly versatile,® ii) their capability to adsorb and deliver drug compounds,3*
and iii) nanomaterials may offer additional properties not exhibited by organic compounds
such as magnetism, and energy absorption. Nanomaterials also have the additional advan-
tage of being on a similar size-scale to biological entities, facilitating interactions with cells

and their constituents.?®

One already utilised application for MNPs in biomedicine is their use as Magnetic Reso-
nance Imaging (MRI) contrast agents, with multiple FDA approved iron oxide nanoparticles
in active use as of 2011.3 For use as contrast agents it is key for particles to exhibit high re-
laxivity, the degree by which a magnetic compound can enhance the relaxation rate of nearby
water proton spins. MNPs have been synthesised for MRI purposes in both biocompatible

and biodegradable manners.8°:87
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Another biomedical application for MNPs currently being explored is the possibility of
magnetic hyperthermia to treat malignant tumours without damaging healthy tissue.85-88:2
In magnetic hyperthermia, MNPs are exposed to an alternating current (AC) magnetic
field, which results in the generation of heat through either hysteresis loss in ferrimagnetic

89.90) Heating as a result of hysteresis loss occurs

particles, or Néel relaxation in SPIONs.
when domain walls are displaced and hence occurs only in larger particles,®* whereas heating
loss due to relaxation occurs in superparamagnetic nanoparticles as a result of the particles
doing work against the applied magnetic field, leading to the loss of energy as heat. The
particles are then introduced to the tumour site, often by injection, at which point thermal
ablation of the tumour can occur (Figure 1.10). There are however still safety concerns
that if the particles are exceptionally small they may be capable of diffusing through cell

membranes and damaging intracellular organelles, or distribute widely around the body

through the blood to undesired locations.??

. Body surface
Magnet - Endothelial cell
Q Skin cell
@ Cancer cell

Figure 1.10: Schematic of magnetic hyperthermia showing the magnetic direction of
injected magnetic nanoparticles to cancerous cells via an external magnet. (Redrawn from

Park et al.®®)

Techniques of coating MNPs in various materials such as silica,’* heavy metals,® and

carbon® have allowed the development of particulate drug delivery systems. These can be
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further functionalised by coating with a biocompatible polymer such as dextran, chitosan,®3

or polyethylene glycol (PEG),°” which then provide a favourable surface for the binding
of biological molecules to the nanoparticles.®? In traditional drug delivery, biodistribution
is uncontrolled with general systemic distribution occurring in most cases,®” which can be
harmful to the organs. The use of magnetic drug delivery systems (MDDS) has the potential
to remedy this, with the idea of an external magnetic field guiding functionalised SPIONs
to their target.

The shape and size of particles employed for MDDS is a crucial factor with the influences

of shape, size, and surface properties summarised in Figure 1.11.%2

« Affects biodistribution
« Effect on cell toxicity

* Determines residual time

Physicochemical

) in blood
properties of * Effect on magnetic
SPIONs properties

Surface
property

* Indicates colloidal stability
* Determines internalisation
into the target cells

Figure 1.11: Physicochemical considerations of SPIONSs for drug delivery. (Redrawn from
Wahajuddin et al.?)

For many of the above proposed applications of MNPs, particles have the highest efficacy
when their size is around 10-20 nm,*® with shape homogeneity and control also being prefer-
able for applications such as MRI and heating. Colloidal nanoparticles offer varying physical
properties dependent on the composition, size, and shape, and as such a homogeneous
solution is preferable for a high degree of control over both the magnetic and surface prop-
erties of the magnetic nanomaterial. Particle size influences the biodistribution of MNPs,

with particles <10 nm in diameter being rapidly cleared via the kidneys, whereas particles
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>200 nm concentrate in the spleen, or are uptaken in phagocytosis, lowering their overall
concentration in the blood plasma.®® Another hazardous effect of exceptionally small (<2
nm) nanoparticles is their potential to diffuse through cell walls and damage the organelles
within resulting in increased cytotoxicity. Particles between 10-100 nm in size appear to
have optimal properties due to their ability to both penetrate through small capillaries and

evade macrophages more effectively than larger particles.1%

Whilst currently less studied than the effect of size, the shape of a nanomaterial has been
reported by researchers to influence the blood circulation time of nanoparticles, with rod-
shaped and non-spherical mesoporous silica particles exhibiting longer circulation times.'%!
In the case of rod-shaped particles, short rods were noted to primarily build-up within the
liver, whereas longer particles spread to the spleen. The excretion of shorter rods was
observed via silica detection in urine and faeces to occur on a significantly faster timescale

101

than long rods,™* with rod-shaped particles in general having been observed to invoke lower

phagocytic activity in macrophages than their spherical counterparts.'%?

Cubic MNPs are reported to perform better as MRI contrast agents compared to their
spherical counterparts with comparable particle diameters due to their higher degree of

crystallinity, increased crystallite size, and higher saturation magnetisation resulting in higher

103,104

relaxivity (Figure 1.12).
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Figure 1.12: TEM images comparing a) spherical and b) cubic SPIONs; c) comparison
of relaxivity of cubic and spherical SPIONs. (Reproduced from Zhen et al.1%4)

Shape was once again observed to enhance the magnetic properties of MNPs with the

synthesis of small (6 - 14 nm) octahedral particles which exhibited higher saturation mag-
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netisation than spherical MNPs of a similar size.1%® Octahedral MNPs were also found to
have enhanced specific absorption rates for magnetic hyperthermia treatment, and improved
relaxivity for MRI applications,% further highlighting the importance of producing shape-
controlled MNPs.

1.5 Crystal Growth and Formation

For crystalline inorganic materials such as MNPs, it is required to understand how crystal
growth occurs and is controlled to replicate conditions synthetically. Nanoparticles are a
kinetically determined product, with reasonably complicated mechanisms of nucleation and

growth that can be difficult to consistently reproduce.

1.5.1 Crystal Nucleation

Crystallisation begins with the formation of presence of nuclei (seed crystals), which act as
the template for further crystal growth. It is the emergence of a distinct thermodynamic
phase via a first-order phase transition from a prior phase with high Gibbs free energy to form
a highly ordered crystalline structure with reduced free energy.’®” Homogeneous nucleation
is the phenomenon of nucleation occurring uniformly throughout the parent phase without
a set nucleation site, whereas heterogeneous nucleation typically occurs on a surface within
the system such as added seed crystals or impurities, and occurs comparatively easier as the

nucleating surface is already present.1®®

One of the most common theoretical models used to understand nucleation is classical
nucleation theory (CNT). CNT when applied to the nucleation of nanoparticles considers
the change in free energy of a system during homogeneous nucleation of a spherical nu-
cleus/particle. The free energy of a nanoparticle is defined as the sum of the particles surface
free energy and the bulk free energy.1% For a spherical particle with radius r, the surface

energy v, and the crystal free energy AG,, gives the total free energy AG (eq 1.3).108

The crystal free energy AG,, is defined by the temperature T, Boltzmann's constant

kg, the supersaturation of the solution S, and its molar volume, v (eq 1.4).
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Surface free energy is always positive due to surfaces not having all bonding possibilities
satisfied, and are hence energetically unfavourable, whereas crystal free energy is negative
due to the high stability afforded by the bond saturation in a crystalline structure. There
is a maximum free energy AG.; (eq 1.5), which a nucleus must pass through to be stable
in solution that occurs at the critical radius (eq 1.6); the minimum size at which a particle

can exist in solution without bring redissolved, shown on Figure 1.13 below.
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Figure 1.13: A free energy diagram of classical nucleation theory, explaining the existence

of a ‘critical nucleus’. (Reproduced from Thanh et al.)!0®

2
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24



Bioinspired Synthesis and Scale-up of Magnetite

CNT makes the simplifying assumptions that i) the formed nucleus has the same macro-
scopic properties (density, structure, and composition) as the stable phase, ii) the nucleus
is spherical and the interface between the nucleus and solution is a distinct boundary, iii)
surface tension is isotropic.1%’

When considering the growth of nanocrystals, a widely accepted model which has built
upon CNT is the LaMer theory of burst nucleation followed by a period of particle growth.%
LaMer has previously described a reaction system in terms of monomer concentration versus
time, where a monomer is defined as a species that is dissolved in solution, unstable, and

able to form particles without a significant energy barrier.1%

The LaMer mechanism (Figure 1.14) considers the nucleation and growth of nanoparti-
cles with time as a function of monomer concentration. Three distinct stages occur in the
nucleation and growth of nanoparticles; i) monomer concentration increases until the critical
supersaturation concentration required for nucleation is achieved (Cpyi), ii) monomer con-
centration lowers after the nucleation event as some monomer has been consumed, and iii)
monomer concentration is too low for further nucleation to be energetically favourable, at
which point particle growth occurs via addition of the remaining monomer to the nucleated
particle surfaces. As the concentration of monomer lowers past the lower solubility limit
(the lowest concentration at which nucleation can occur, C;), additional growth occurs via

Ostwald ripening, resulting in wide size distributions.*?
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Figure 1.14: A diagram of the classic LaMer mechanism of nanoparticle growth. (Redrawn

from Vreeland et al.)*?

1.5.2 Crystal Growth Mechanisms

As the LaMer model suggests for the synthesis of monodisperse particles that nucleation and
growth must be separate processes, then models for the growth of particles are required to
predict final size distributions. Crystal growth is considered a secondary nucleation process
due to it entailing the clustering of ions at the crystal surface in a comparable manner to

primary heterogeneous nucleation.!!

The primary mechanism of particle growth is by diffusion of monomers to the particle
surface, and their subsequent integration into lattice sites in a layer-by-layer fashion (Figure
1.15).112 The crystal growth is driven by higher energy active sites on the crystal surface,
which are favourably filled by binding ions. These sites enable the growth of crystals at
relatively low supersaturations, with the highest energy sites being kinks and steps in the
surface of the crystal. As kinks and steps are coordinatively unsaturated compared to the
flat surface of a growing crystal, the surface binding of aqueous ions is higher, and more

energy is released from binding to these growth sites.
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Growth units

Figure 1.15: A three-dimensional crystal surface showing growth units and the three types

of growth sites. (Adapted from Mann, 1993)°

The LaMer mechanism explains how growth is also achieved through Ostwald ripening; A
thermodynamically-driven process in which smaller, less stable particles are dissolved and
re-depositioned onto the surface of larger particles in order to lower the overall energy of
the system (Figure 1.16a).113 The overall effect is a ‘coarsening’ of the particles, where the

size distribution is shifted toward larger particles.

Coalescence can also result in particle growth and is the process of primary particles
aggregating on a crystal and fusing to form larger overall particles (Figure 1.16b). The
crystallinity is often lowered in coalesced particles as no crystallographic alignment is re-

quired.** Both Ostwald ripening and coalescence are reversible reactions.
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a) O

Figure 1.16: Schematics of two mechanisms of particle growth; a) Ostwald ripening, and

b) Coalescence.

Significant research on biomineralisation mechanisms has indicated crystallisation is not only
occurring via the classical crystallisation pathway of ions/monomers to a particle surface
to form a single crystal (Figure 1.17a). Crystallisation is also possible through a non-
classical mechanism via a particle mediated process, where preformed crystalline building
blocks aggregate. This often occurs at the mesoscale (>100 nm), with iso-oriented crystals
(Figure 1.17b) forming from the oriented attachment of primary particles (~3 nm particles).
Crystallographic alignment minimises the highest energy surfaces, while formation of larger
particles lowers the overall energy of the system.115:116 |nternal restructuring and fusion can

then result in the formation of a crystallographically aligned single crystal.}!”

The other non-classical pathway occurs via mesoscale assembly, where the primary par-
ticles are stabilised by the addition of an organic additive. These stabilised nanocrystals
coated in organic ligands self-assemble and undergo aggregation, forming a mesocrystal
which can fuse into a textured mosaic iso-oriented crystal through oriented attachment.!1®

This is the mechanism by which many biominerals are stabilised and formed, and will be

discussed further in section 1.7 and 1.8.
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Figure 1.17: Schematic representation of both classical and non-classical crystallisation:
a) Classical crystallisation pathway, b) Oriented attachment of primary nanoparticles form-
ing an iso-oriented crystal upon fusion, ¢) Mesocrystal formation via self-assembly of primary

nanoparticles covered/stabilised with organics. (Redrawn from Niederberger et al.*°)

1.5.3 Influencing Crystal Growth and Morphology

A growing particle is typically spherical when it is nucleating as a primary particle or small
cluster of atoms, as this shape has the lowest surface energy (lowest surface area for a given

volume).

When an organic molecule adsorbs to and interacts with a crystal surface, it lowers the
surface's interfacial energy and the growth of the face is slowed as a result.® lons and other
molecules can interact with and inhibit the kinks and steps present on a crystalline surface,
drastically lowering their growth rate and changing the morphology of crystals formed, as the

slowest growing crystal faces are more expressed in the final crystal habit. Additive-mediated

crystallisation has been observed across a range of minerals including calcite,1*8:119 silica,'?°,
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121" and magnetite.1?2:123_ By inhibiting different crystallographic axes different

aragonite,
morphologies are expressed, e.g. a crystal with rapid growth along a single axis would afford
a needle shaped crystal, fast growth along two axes would produce plates, and equivalent
growth in all three axes would lead to an isotropic morphology such as cuboid or octahedral.

As such, morphology is determined by growth rate, with soluble additives playing a crucial

role in the types of crystals producible.

Figure 1.18 shows the effect of an additive binding to different crystal faces, altering the

final morphology of a forming crystal and producing different shapes.
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, v [100] cubic face
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[111] octahedral face
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Figure 1.18: Schematic showing a cuboctahedron forming from the combination of cubic

Octahedron
[111]

[100] and octahedral [100] faces (by cutting off the corners). An adsorbed additive can
direct the formation back to either cubic or octahedral morphology via growth inhibition of

the bound facet. (Redrawn from Staniland and Patwardhan.'?)

1.6 Synthesis of Magnetic Nanoparticles

When it comes to the synthesis of MNPs, there are various diverse synthetic techniques
utilised in the literature over the years, with many well refined processes capable of pro-

ducing particles of differing polydispersities and morphologies.’?* The size and magnetic
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properties are a direct result of the particle synthesis technique, and as such understanding

how synthetic conditions influence particle nucleation and growth is of utmost importance.

A key issue across most established magnetite synthetic methods has been reproducibility
due to both the kinetic nature of crystal formation, and the sensitivity of ferrous (27) ions to
oxidise, forming ferric (31) ions. This is generally circumvented by synthesising MNPs under

an inert atmosphere and storing the particles dry to prevent and slow further oxidation.

1.6.1 Thermal Decomposition

Thermal decomposition has been cited as one of the most effective methods of synthesising
magnetic nanoparticles whilst exerting a degree of control over the morphology of the
particles generated. Typically, an iron precursor such as iron pentacarbonyl, [Fe(CO)s],
or iron (lll) acetylacetonate, Fe(acac)s, is decomposed in a high boiling organic solvent in
the presence of both stabilising surfactants such as oleic acid and oleylamine, and reducing
agents. The solution is then dehydrated at ~110 °C and then subjected to high temperature
(>280 °C) under an inert atmosphere.?>1?® The particles are extracted in ethanol, and

centrifuged to obtain the final magnetite product.

This results in the formation of organic soluble nanoparticles due to the surfactant layer
on the particle surface. For many purposes, including biomedical applications, it is preferred
to have water soluble MNPs. This has led to the development of an adapted methodology
wherein water soluble surfactants are used in the synthesis such as poly(ethylene glycol)
(PEG).1?° The particles formed from thermal decomposition can have highly tailored ge-

ometries, including nanoflowers, cubic, and octahedral morphologies.*?®

The requirement of large quantities of toxic and expensive precursors, organic surfac-
tants, alongside high boiling organic solvents and sustained elevated temperatures makes
the thermal decomposition methodology ecologically unfriendly.'?” Safety concerns have
also been raised due to the associated risks of high temperature organic liquid and vapour

phases 125,128

Another downside to this technique is that due to the juxtaposition of synthesising a

31



Bioinspired Synthesis and Scale-up of Magnetite

metal oxide in the absence of oxygen, many particles synthesised with this methodology
were found to contain crystal defects, undesired iron oxides, and poor magnetic properties
compared to pure magnetite.!?® These poor properties were the result of the formation of a
‘magnetically dead layer’ of non-magnetic iron oxides several nanometres thick rather than
the expected single unit cell diameter.29 130

A novel solvent free technique has also been reported, with low particle sizes of 9 nm,
and well-established particle magnetism of 76 emu g1.22 This synthesis however still uses

the toxic reagent Fe(acac)®, and is highly energy intensive with both long reaction times

and high temperatures.

1.6.2 Hydrothermal Synthesis

The hydrothermal process of synthesising magnetite is highly successful for growing crystals
of iron oxides at larger particle sizes than other methods offer. In a typical hydrothermal
synthesis, iron salts are dissolved in deionised water to form a solution and the pH of this
solution slowly increased from acidic to pH ~10 via dropwise addition of a base. The mixture
is then heated in a high pressure and temperature autoclave for an extended period (hours

to days) to allow for magnetite crystallisation.

The particles obtained from this synthesis are typically more polydisperse than those
formed in thermal decomposition.'?” Hydrothermal syntheses are reasonably cost-effective,
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with no use of organic reagents.”>* They however still require heating and pressure, prevent-

ing the process from being considered a green synthetic technique.

1.6.3 Microemulsion

A microemulsion is a transparent thermodynamically stable mixture of two immiscible liquids

t.132

such as oil and water, which is stabilised by a surfactan Thermodynamic stability is the

defining characteristic of a microemulsion, with the dispersed aqueous microdroplets (typi-
cally less than 100 nm in diameter) stabilised by a monolayer of surfactant molecules.?8:133
The diameter of these reverse micelles can be controlled and tuned by the ratio of water

and surfactant, with higher proportions of surfactant allowing a greater quantity of smaller
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micelles to form.

Two identical microemulsions are formed with one containing dissolved iron salts and
the other base. The size limited aqueous drops act as nanoreactors with the mixing and
coalescing of microdroplets from the solutions leading to the precipitation of iron oxide

134

within the aqueous phase.”>* This precipitate is then extracted by the addition of solvent to

break up the micelles, such as acetone or ethanol, and then extracting or centrifuging the

mixture.%8

The use of microemulsions to synthesise magnetite is a complicated process, requiring
organic solvents and capping-agents to produce a stable solution. A relatively poor yield of
nanoparticles is produced, albeit with a relatively narrow size distribution due to the physical
constraint of the reverse micelle nanoreactors. While the reaction occurs at ambient con-
ditions, the complexity, low yields, and organic solvents make it unsuitable as a sustainable

large-scale manufacturing process.

1.6.4 Room Temperature Co-Precipitation

The room temperature co-precipitation (RTCP) method of particle synthesis is a straight-
forward wet route of synthesising MNPs wherein a base such as NaOH, KOH, or tetraethy-

5 is added to an aqueous mixture of ferric and ferrous iron under

lammonium hydroxide,3
an inert atmosphere at room temperature, producing iron oxides without the need for toxic
pre-cursors or environmentally unfriendly solvents.!3¢ The ferric:ferrous iron ratio is impor-
tant for the quality of the final products formed, with a stoichiometric ratio of 2:1 favouring
magnetite formation. These reactions proceed at low temperatures and are considered in-
dustrially important due to their cheap reagents and ecologically friendly reaction conditions.

Many factors can influence the products formed in RTCP which will be discussed further in

this section.

When iron sulphate salts are used for RTCP, there are several reactions simultaneously
occurring within the solution of mixed valence iron salts that can result in the precipitation
of iron minerals. Equations below show the iron oxides formed from pure ferrous to pure

ferric minerals.
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Fe** +20H —Fe(OH)y (ferrous hydroxide) (1.6)

Fe*t 4 2Fe*t + 120H + SO]™ —Fe*{ Fe* (OH) 1,50, (green rust) (1.7)

Fe*t 4 2Fe* T Fe*t FeS 0y (magnetite) + 4H,0 (1.8)

Fe3t +30H = FeO(OH) (ferric oxyhydroxide) + 2Hy0 (1.9)

Fe*t +[3—22]0H + 2507 = FeO(OH )[1-2)(SO4)2[1 — 2]HO (schwertmannite)
(1.10)

Figure 1.19a shows titration curves for the RTCP of ferric and ferrous sulphate with sodium
hydroxide. The molar ratio of Fe3* to total iron is denoted by X, with the ratio of hydroxide
ions and total iron being R. The rate of addition of NaOH was 0.05 R min!, meaning R
increased linearly with time as the reaction progressed. The titration curves are characterised
by three plateaus separated by two equivalence points, denoted as E; (circles) and E;

(crosses).
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Figure 1.19: a) pH measurements recorded during RTCP reactions for total iron concen-
trations of 50 mM at a rate of 0.05 R min'; b) Mass balance diagram of the formation
of various iron oxides showing the equivalence points from a), (GR = green rust, SWM =

schwertmannite). (Reproduced from Rawlings et al.!3")

The three plateaus are indicative of the mechanism of iron oxide formation, with the first
plateau (between ~pH 1.4 - 2.6) showing hydroxide consumption as ferric rich basic salts
precipitate (ferric oxyhydroxide, schwertmannite) and free Fe*™ in solution is consumed.
As ferric ions are less soluble than ferric ions in base, these salts precipitate first. The
middle plateau (between pH ~6.5 - 6.9) shows the conversion and formation of a range
of iron minerals in the form of ferrous hydroxide, green rust, magnetite, and goethite in
varying amounts, shifting toward the latter minerals in experiments with higher X ratios.
This is indicative of free Fe?* being consumed. At this stage, ferrous ions are incorporated
into the ferric oxyhydroxide present, forming green rust and magnetite. When this process
is complete, excess ferrous ions are precipitated as ferrous hydroxide, with the mixture of
oxides remaining to the end of the titration (~pH 12.5), at which point the solution was left
overnight to convert remaining ferrous rich iron oxides into magnetite. Figure 1.19b shows
the mass balance diagram, with the obtained experimental values of E; and E plotted for

the various ranges of X.

The most critical factor for the production of magnetite in a RTCP system is the Fe3*
to Fe?" ratio. As presented in eq 1.7 - 1.11 and Figure 1.19b, a wide range of iron oxides

form throughout the reaction pipeline. As the Fe3* ratio increased, mean size is decreased
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as yield improves, up to the stoichiometric 2:1 ferric to ferrous ratio (0.66) natively observed
in magnetite.138:139.140 The only particles suitable for use as MRI contrast agents are those
formed between a 0.4 and 0.6 ferric ratio.!*! Iron concentration is also of high importance,

with an optimum concentration between 39 and 78 mM.1#!

The formation of magnetite from the concomitant precipitation of ferrous and ferric
iron with a base under reverse RTCP conditions at a set pH has been investigated utilising
high-resolution cryogenic TEM (HRTEM).1#2 It was found that the particles form through
the rapid agglomeration of nanoscale primary particles (~2 nm in size), with these aggre-
gates becoming denser and spheroidal particles of 5-15 nm forming. The forming magnetic
nanoparticles exhibited surface roughness consistent with particle growth via attachment
and coalescence, with the primary particles exhibiting no significant crystal lattice fringes
pre-attachment to a larger growing particle. This is indicative that the primary particles
do not have high crystallinity and is proposed to be the result of the interaction of fer-
rous iron ions with an amorphous ferrihydrite hydrogel formed in the initial stages of the

co-precipitation. As such, oriented attachment is not necessary in this case.l#?

Another study into the formation pathways of magnetite under standard RTCP reac-
tions found through XRD (x-ray diffraction) analysis that when a base was added over time
to an iron chloride solution, a complex series of iron transformations occurs.!3® Akaganeite
(3-FeOOH) nucleates and transforms through ferric rich goethite (x-FeOOH) to magnetite
via arrow shaped nanoparticle intermediates. At higher addition rates, the addition of base
altered this pathway with two different nucleation pathways initiating as ferrous hydroxide
nucleates and transforms through lepidocrocite (y-FeOOH) to magnetite with both path-
ways competing. This study provides insights into how MNPs form in a co-precipitation via
the phase transformation of iron oxyhydroxides in a topotactic transition to magnetite, and

not through the direct reaction of aqueous ferrous and ferric ions.13¢

Stirring velocity is another factor seen to play a role in the morphology of particles pre-
cipitated, particle size, distribution, and even iron oxides formed being affected.!*® Vigorous
magnetic stirring or 10,000 rpm stirring produced magnetite particles primarily spherical or

ellipsoidal in shape. The magnetic stirring led to particles ~19 nm in size with a broad size
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distribution, whereas stirring at 10,000 rpm produced particles which were notably smaller
at ~10 nm, with a narrower size distribution. Increasing the rpm to 18,000 led to var-

144 and

ied shapes and sizes including nanorods (speculated to be hydrated goethite rods),
reduced particle magnetism. A further increase in stirring rate to 25,000 rpm resulted in
a rise in temperature from 20.0 to 37.3 °C and produced a mixture of non-magnetic iron
compounds.1*?

Particle size is influenced by the choice of base,'3® as well as the pH of reaction and rate
of addition of base.’3® The counter cation of the base exerts influence on MNP size in the
order of Na® > K™ > N(CyH4)*;. This size response is attributed to steric effects, with

larger cations inhibiting the agglomeration of nanoparticles.?3®

Magnetite easily oxidises to maghemite in acidic media and water leading to reduced
magnetism.*® Bubbling nitrogen through the RTCP reaction solution both protects against
this oxidation, and produces smaller and more uniform particles than in reactions with no
oxygen removal.190:146

Reverse RTCP is also feasible, with a dissolved iron salt solution being added dropwise
to a solution of base. The particles formed from reverse RTCP tend to be smaller than
those obtained from a standard RTCP reaction.!*” This difference in size is due to the pH
of the reaction being kept consistently high, and iron never being in excess. As such, the
particles are not given the opportunity to mass nucleate as pH increases and cannot grow

over time.

1.6.5 Synthetic Summary

Of each of the four common methods of synthesising MNPs, there are various benefits
and drawbacks Table 1.2 shows a summary of the synthetic methodologies, detailing the

complexity, timescale, reagents, as well as particle properties.
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Table 1.2: Summary comparison of the common methods used to synthesise

magnetite.(Reproduced from Lu et al.%8)

Synthetic Reaction  Reaction Surface-capping Size Shape

Synthesis Solvent Yield
method temp (°C) period agents distribution control
thermal complicated, hours - organic added X
100-320 very narrow  very good high/scalable
decomposition inert atmosphere days compound during reaction
hydrothermal simple, hours - added i
220 water-ethanol very narrow  very good medium
synthesis high pressure days during reaction
. . complicated, organic added relatively
microemulsion 20-50 hours good low
ambient conditions compound during reaction narrow
L very simple, . added during relatively .
room temperature co-precipitation 20-90 minutes water not good  high/scalable
ambient conditions or after reaction  narrow

From this review, RTCP is the only synthetic system which is simple, produces a high-yield
of particles, and does not require high temperature, pressure, or long reaction times. The
key disadvantage of this technique stems from the poor shape control currently achievable.
The particles formed from this technique tend to lack defined shape, and as such there is

much scope for improvement in this key area.

By influencing the formation of particles in vitro, it may be possible to positively influence
the shape profile of MNPs produced using RTCP. This would allow the large-scale production
of fine magnetite particles without the heavy energy and environmental expenditure that is

currently associated with their production.

1.7 Biomineralisation and Biomimetics

Biomineralisation is the process in which biological organisms crystallise or precipitate in-
organic minerals from metal ions which are selectively up-taken from the environment and
formed into complex, functional structures. The types of material synthesised vary greatly
depending on the genus and size of organism, with single celled bacteria able to create
nanoscale particles and intricate silica structures, and mammals forming complete skele-
tons and teeth. Around sixty different minerals are known to be formed by bio-organisms,

comprising of a wide range of materials including amorphous, crystalline, and hybrid mate-
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rials such as organic crystals.!?* The subject of biomineralisation is truly interdisciplinary,
spanning biology, chemistry, computational modelling, and their further disciplines such as

materials chemistry, physical chemistry, microbiology, and crystallography.

1.7.1 Biologically Induced Mineralisation and Biologically Controlled

Mineralisation

There are two forms of biomineralisation observed in Nature: biologically induced minerali-
sation (BIM) and biologically controlled mineralisation (BCM). In the case of BIM, minerals
tend to both nucleate and grow external to the cell as a result of the mineral deposition being
a side effect of interactions between the metabolic process of the organism and surrounding
environment.'?* This can occur through the excretion of a metabolic by-product, which then
goes on to react with compounds or ions in the surrounding environment leading to the pre-
cipitation of biominerals. The poor crystallinity, size distribution, and lack of defined crystal
shape suggests that these minerals are an uncontrolled aspect of the metabolic process of
the mother organism.*® Whilst this type of particle growth is often free in solution from
the metabolic products diffusing, it can also occur on bacterial cell walls or other surfaces

as adsorption sites for nucleation.

In the process of BCM, the organism has intentionally developed the mineral for a specific
function (i.e. protection, support). Each of these mineral formation processes is dictated in
some manner by proteins and/or macromolecules which control the nucleation and propa-
gation of the inorganic materials formed. These materials tend to be species specific, more
intricate and controlled, and with features in common such as i) uniform particle sizes, ii)
defined crystal structures in the case of crystalline nanomaterials, iii) high spatial organisa-
tion, iv) further assembly into hierarchical structures, v) well-defined chemical compositions,

and vi) controlled levels of aggregation for amorphous and crystalline nanomaterials.!!!
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Figure 1.20: Comparison of iron biominerals formed in; a) BIM ( Geobacter metallireducens
strain GS-15), and b) BCM (Magnetospirillum strain CB-1). (Reproduced from Vali et al.1#°

and Lefevre et al.1*?)

These properties contrast with the far less controlled Nature of BIM (Figure 1.20), befitting
of the evolutionary design of materials with a set functionality. Mineralisation sites such
as organic frameworks and vesicles have four identifying requirements: spatial delimitation,

diffusion-limited ion flow, chemical regulation, and organic surface templating.®!

In most cases bacterial BCM is a two-step process where in the first step metal cations
interact electrostatically with the anionic surfaces of the bacteria cell wall or organic polymers
acting as a templating matrix, which then go on to act as nucleation sites for the final
nanoparticle crystals in the second step. These high-quality materials are reproducible across
the species, and materials formed under a BCM process will tend to be of a higher quality
than the corresponding material formed either artificially or under BIM. An example of the
type of complex structures which can be formed under BCM is shown in Figure 1.21, with

four species of diatoms producing high quality biogenic silica structures.
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Aulacodiscus sp. Amphitetras sp.  Didymosphenia sp. Podocystis sp.

Figure 1.21: SEM images of the structure of four different diatom cell walls (top) and
further detailing (bottom) showing the high order of structural control achievable by BCM.
(Reproduced from R. F. E. Round, 1990.1%?)

1.7.2 Biomimetics, Biokleptics, and Bioinspired Research

Through the process of natural selection, living organisms have evolved countless inventive
processes and biomaterials from which it is possible to draw inspiration. Emulating biological
forms and processes synthetically can lead to greater success than attempting to develop a
system from scratch, as it has already evolved to function effectively in Nature.!®® There are
several closely related fields of research dedicated to using biological organisms as a basis

for research, each utilising the study of biology in subtly varying manners.

Biomimetics, also known as biomimicry, pertains to imitating designs that are observed
in Nature. Designs forged in Nature have resulted in some of the most effective and unique
materials. Examples of this span from observing the scales of butterfly wings to create
iridescent fabric,*>* to forming adhesives based around the chemical composition of a mussels
foot,!% and designing artificial solar cells mimicking chlorophyll found in plant leaves.'%®

These processes mimic the forms occurring in Nature by creating a synthetic alternative

that does not contain the original biological components.

Biokleptics is the act of ‘stealing’ a biological component or reagent (e.g. enzymes,
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proteins) to use in a non-biological environment to aid a synthetic process.!®® Biokleptics
is often the first step of developing a biomimetic system, as it garners information on the
biological mechanisms of the reagent. An example of a biokleptic system is the use of alkaline
proteases from a strain of Bacillus brevis, which were found to exhibit compatibility with
commercial detergents, and improve their efficiency at removing protein based staining.'>’
This fits the definition of biokleptic, as the protein is taken directly from Nature and used

in an artificial environment.

Taking inspiration from biology in the form of bioinspired research overlaps closely with
biomimicry and is hence harder to define. Where biomimetics aims to directly imitate a
product formed in Nature, bioinspired research is only influenced by biology and does not
endeavour to entirely replicate the form or function of the subject from which it is drawing
inspiration. By instead drawing inspiration from the process and key functionalities found
to be effective in Nature, bioinspired research seeks to build upon our understanding of a
process but modify it to fit our requirements. Biokleptics and biomimicry may both be
considered as subcategories of bioinspiration, with a large degree of overlap between the

fields.

By observing the forms of nanoparticles developed in Nature it becomes possible to
study their formation and attempt to imitate the control observed in BCM processes using
biomimetic and bioinspired design. Multiple approaches can be taken to this problem in
the context of observing and analysing the proteins and mechanisms utilised in vivo to form
nanoparticles with a comparable level of control. The two main approaches are either the
biokleptic approach of extracting the proteins from their parent organism to use as additives,
or the biomimetic approach of mimicking the protein functionality using synthetic biology
(SynBio). A third approach is the use of molecules with similar chemical functionality as

the binding sites in the native proteins, but without imitating the protein structure itself.

1.7.3 Magnetotactic Bacteria

Iron biominerals occur naturally in a diverse range of organisms, from bacteria to mammals

across most phyla of life.158 Over sixty different iron minerals alone have been observed in
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Nature, granting a wide range of functionalities and purposes, making iron a truly essential

element for life.

Many organisms have evolved the ability to utilise iron through the evolution of a range
of proteins capable of transporting, precipitating, and co-ordinating iron ions.'®® Applications
of iron in Nature include ferritin as iron storage proteins,'®® heme groups in both myoglobin
and haemoglobin,'®! and iron-containing enzymes crucial to photosynthesis.1®2 A remarkable
type of prokaryote found worldwide, magnetotactic bacteria (MTB), are one of the oldest
and simplest organisms capable of biomineralising iron oxide nanocrystals, utilising protein

mounted linear chains of these crystals as navigational systems (Figure 1.22).103

Earth’s magnetic field direction

Structure formed by MamY protein

magnetite crystals

»
v

Swimming direction of the cell

Figure 1.22: Schematic of magnetotactic bacteria (MTB) showing the effect of the
Earth’s magnetic field on the swimming direction of the cell. (Redrawn from image by

Frank-Dietrich Miiller.10%)

Magnetotactic bacteria are motile microorganisms that have the unique ability of migrating

along geomagnetic field lines via a spindle of MNPs running along the cell of the bac-

166

terium.®® The existence of these bacteria was first discovered in 1958,1%® when the phe-
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nomenon of these magnetically moving bacteria was first observed by Salvatore Bellini and
discussed in two unpublished papers. These bacteria were independently rediscovered at a
later date by Richard Blakemore, who published his findings to the larger scientific commu-
nity in 1975.1%7 It was found that these bacteria did not react to external stimuli such as
light, however swam rapidly in the same direction, each appearing to travel only in a straight
line. Upon placement of a magnet nearby, the swimming direction of the cells were altered,

leading to the revelation that each bacterium contained a chain of iron oxide nanocrystals.

While many organisms are capable of biomineralisation and the creation of intricate 3D
(three-dimensional) structures,'®® MTB are believed to date back billions of years,'®® with
fossilised magnetite chains and crystals being discovered in numerous terrestrial samples
dating back millions of years, and Earth sediments up to two billions years old.*%*170 Whilst
MTB habituate globally, they thrive in highly specific conditions with higher concentrations
of the bacterium found at the oxic-anoxic interface or the anoxic regions of sediments or
water.1"! This region, known as the oxic-anoxic transition zone (OATZ), forms as the result
of opposing gradients of dissolved oxygen from above the water surface and sulphide from

sediments at the bottom (Figure 1.23) wherein the oxygen levels are extremely low.03

¢Sy

J

¢

Ay

Figure 1.23: Schematic representation of magnetotaxis. In many aquatic environments,
opposing redox gradients create an oxygen-poor oxic anoxic transition zone (OATZ). Magne-
totactic bacteria (black) use the Earth’s magnetic field (green lines) as guides to efficiently
localise to the OATZ. Other organisms (white) must rely on a three-dimensional, and pre-

sumably slower, method for finding the same region. (Adapted from Komeili.1®3)
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MTB foster the interesting ability of synthesising high-quality MNPs, whilst exhibiting
greater control than that usually achievable under synthetic lab conditions. The nanopar-
ticles are formed inside a MTB specific organelle called a magnetosome, an internal lipid
vesicle which acts as a nanoreactor, resulting in a nanoscale sized iron oxide crystal enveloped
and bound to a membrane. These membrane-bound particles of iron minerals (Fe;O4 or
FesS,) then line up in a chain via an internal dedicated cytoskeleton, allowing them to act
as compass needles that direct the bacteria by applying torque to the surrounding bacterial

tissue resulting in movement of the cell.1%!

1.7.3.1 Magnetosomes

172 mostly falling in the single-

Mature magnetosome crystals are typically 35-120 nm in size,
domain size range of magnetic nanoparticles.1”® This is an exhibition of biological optimisa-
tion of magnetisation of the particles, with the particles formed being highly homogeneous

between members of the same species of bacteria.

Different strains of MTB result in different morphologies of particles, dependent on the
biomineralisation proteins present which result in different biochemical and genetic control
of the particles formed. Many nanoparticle shapes have been observed, from bullet shaped,

to cubic, cubo-octahedral, and other elongated forms (Figure 1.24).
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'\

Figure 1.24: TEM images of crystal morphologies and intraceullar organisation of mag-

netosomes found in various magnetotactic bacteria. Shapes of magnetic crystals include
a) cubo-octahedral, [b), d), e), f)] elongated hexagonal prismatic, c) bullet-shaped mor-
phologies. The particles are arranged in [a), b), c)] one, e two, €) multiple chains, or f)

irregularly. The scale bar is equivalent to 100 nm. (Reproduced from Safariki et al.}"*)

1.7.3.2 Magnetosome Formation

Whilst the mechanism of intracellular MNP formation and the role of macromolecules in
this process is not yet fully understood, mechanisms have been proposed that fit our current

understanding of MTB (Figure 1.25).
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Figure 1.25: A schematic representation of the process carried out in magnetosomes for

nanoparticle formation. (Redrawn from Yan et al.}’®)

One such mechanism hypothesises that magnetite formation occurs in magnetosomes and
is proposed to involve three major steps, beginning with the lipid vesicle forming from the
invagination of the cytoplasmic membrane of the bacterium and the arrangement of the
developed vesicles in a linear chain along cytoskeletal (MamK) filaments. Ferrous and fer-
ric iron is uptaken through the periplasm via transport proteins and siderophores, a class
of molecules which act as small high-affinity iron chelators,}”® wherein it is accumulated
in the vesicles by transmembrane iron transporters. In the final step, tightly bound mag-
netosome membrane specific (Mms)/magnetosome associated membrane (Mam) proteins
induce magnetite nucleation and regulate the morphology of the forming particles. The
vesicle acts as a size limiter during the formation of the nanoparticle, guiding the crystal
growth in a controlled manner. Many proteins play crucial roles in the build-up of ferrous
and ferric iron, the nucleation of the magnetosomes, and keeping reductive conditions to

prevent cell damage.

It has been shown that magnetosome formation is highly sensitive to environmental
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conditions, with external factors such as oxygen and iron concentration also having an
important influence, as well as the expected biological and genetic control. The cultivation
of MTB is challenging due to the highly specific growth conditions required, making the use

of them for industrial nanoparticle production unfeasible for cost and environmental reasons.

1.7.4 Key Biomineralisation Proteins

Biomineralisation is facilitated by a complex suite of proteins, with many proteins influencing
the formation of highly defined magnetosomes, as shown in Figure 1.25.17> In this section
two of the key proteins responsible for the nucleation and shape control of magnetosomes

will be discussed in detail.

1.7.4.1 Mmsb6

Magnetosome membrane specific6 (Mms6) is a small (6 kDa) acidic protein (isoelectric point
of the binding region = 4.2)'37 found tightly associated with the magnetosome membrane,
and is considered one of the most important biomineralisation proteins present in MTB
for the function of controlling magnetosome morphology.}’” Biomineralisation proteins are
found localised to magnetosomes and tightly bind magnetite crystals, therefore suggesting a
key role in the BCM process. Mms6 however has been successfully isolated and used in vitro
to control particle formation reactions, with a marked positive effect on the particles formed
compared to protein free reactions (an increase in size and incidence of cubo-octahedral

morphology).137+178

To understand the function of Mmsb6, its structure has been carefully considered from
the truncated amino acid sequence from Magnetospirillum magneticum (AMB-1) in Figure
1.26. It is found to exhibit a net negative charge at neutral pH, which contrasts with all

other magnetosome membrane proteins recovered so far.!37
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Figure 1.26: Amino acid sequence alignment of truncated Mms6 from AMB-1. Cyan bar
highlights the glycine-leucine repeat sequence, and the yellow bar highlights the hydrophilic

region. (Reproduced from Rawlings et al.13")

The presence of both a hydrophobic N-terminal comprised of multiple repeat leucine and
glycine units and a highly acidic C-terminal imparts amphiphilic character onto the protein.
Mms6 has been shown to form micelles of 10.2 & 3 nm size in aqueous solution,”® with the
addition of iron leading to the formation of higher-order structures (Figure 1.27a). From
the similar effect of the presence of Mms6 on particle formation in vivo and in vitro, it
can be postulated that self-assembly must be occurring in some form in the magnetosome

membrane.17°

It is proposed that Mms6 self-assembles in the magnetosome membrane to form a protein
raft which displays the negatively charged C-terminal region, similar to the micelles formed
in vitro but with reversed curvature (Figure 1.27b). Mms6 shows negligible activity at acidic
pHs, however upon deprotonation forms 10-12 nm sized negatively charged Mms6 micelles
which can bind ferric and ferrous iron.}"137 |t has been proposed that the highly acidic
C-terminus aids precipitation of magnetite via the concentration of ferric and ferrous iron

on the surface of Mms6 micelles in the stoichiometric 2:1 ratio found in magnetite.!”®
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Figure 1.27: a) The micellar structure and aggregates formed in the presence of iron,'?* b

the assembly of Mms6 under varying conditions (N-terminal region of Mms6 represented by a
green rectangle, and the Fe binding C-terminal region by two green cylinders). (Reproduced

from Rawlings et al.}37:123)

A modified C-terminal peptide (C20Mms6) consisting of the 20 amino acid chain closest to
the C-terminal, removing the N-terminal and the leucine-glycine repeat sequence has been
found not to nucleate and control magnetite formation.}”® This suggests the glycine-leucine
repeat sequence appears to be key to self-assembly, with the knob and hole arrangement
of these hydrophobic residues potentially interlocking Mms6 sub-units together into a 3D
structure. This would result in the distribution of the iron nucleating C-terminals across an
Mmsb6 surface. As such, it has been determined that Mms6 can regulate both the nucleation

and growth direction of the particles formed along preferred crystal faces.'?3

1.7.4.2 MmsF

A second magnetosome membrane protein, MmsF, has recently been found to play a dom-
inant role in the regulation of magnetite biomineralisation.'®® It was observed in a gene
deletion study of an AMB-1 mutant that when eight genes (including mms6) were removed
severe biomineralisation defects producing small and misshapen magnetosome crystals re-
sulted.’® However, once the gene for MmsF was reintroduced it was found to be sufficient
for restoring the magnetite biosynthesis without the presence of Mms6 or other biomineral-

isation candidates.80

Whilst the function itself of MmsF in biomineralisation is not yet fully understood, the

results presented thus far are indicative that the activity of MmsF is likely required during the
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maturation of the magnetite crystal, and after the initial nucleation of the particle. MmsF
consists of three transmembrane spanning helices (TMS) with green fluorescent protein
tagging experiments suggesting the C-terminus projects into the magnetosome and the N-

terminus into the bacterial cytoplasm (Figure 1.28).182

C
m <- Magnetosome interior

T™MS TMS TMS
1 2 3

Cytoplasm &) L,_J
N

Figure 1.28: Topology diagram of MmsF spanning the magnetosome membrane. (Repro-

duced from Rawlings et al.1%?)

The loop projecting into the magnetosome interior connecting TMS region 1 and 2 is
believed to govern the biomineralisation properties of MmsF. The loop is rich in amino
acids with acidic side chains which are thought to operate similarly to the acidic residues
found in Mms6, and interact with the iron ions in solution and the growing magnetite

crystal facets to direct crystal growth.182

This once more highlights the necessity of charged
residues in magnetosome development. It is speculated that MmsF self-assembles within the
magnetosome membrane, tightly packing, and creating regions with the magnetosome where
the active loops are displayed in a specific manner to interact with a maturing magnetosome

182

crystal.**< This loop has been noted to be conserved between MmsF and two homologous

proteins, further indicating the importance of this protein loop.18?

1.7.5 Magnetite Interacting Adhirons

Aside from native biomineralisation proteins, another type of protein which shows effective
interactions in the formation of MNPs are Adhirons, commercially known as affirmers. Adhi-

rons are a robust class of small peptide displaying scaffold proteins, comprised of a compact

51



Bioinspired Synthesis and Scale-up of Magnetite

low molecular weight body based on a cystatin consensus sequence (an amino acid sequence
in which each amino acid selected is the most common found at that position in similar
naturally occurring protein motifs), displaying exceptional thermal stability. Consensus se-
quences follow the logic that if an amino acid is conserved between variations of a protein,
that amino acid is likely to contribute to the proteins stability.*®3 It exhibits two variable
peptide loops capable of displaying nine amino acids each.'® The utilisation of biopanning

with Adhirons has been used to determine the binding sequences most attuned to cubic

magnetite.
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|
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Figure 1.29: Schematic of the magnetite interacting Adhiron (MIA) selection process.
The structure of an Adhiron is shown in turquoise, with the two variable binding loops shown

in red. (Reproduced from Rawlings et al.}?3)

The biopanning process (Figure 1.29) is the process of using a combinatorial peptide library
to screen for affinity to a given target, in this case cubic magnetite. A large Adhiron library of
1.3 x 10% varying sequences was exposed to the MNPs, through three sequential rounds of
peptide binding, substrate washing, peptide elution, and sequence amplification to ascertain

the strongest magnetite binding proteins.!?3

DNA sequencing revealed that the Adhiron loops were enriched in basic residues, with a

26.4% predominance of lysine and 9.3% of histidine in loop 1, with almost no incidence of
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acidic amino acids. Loop 1 was determined to be the primary magnetite interacting loop,
due to the fact that many of the enriched sequences contained only the first binding loop
after amplification.!?® As these proteins are playing no role in the nucleation of magnetite,
instead acting to specifically bind the [100] face of magnetite, it follows that minimal acidic

amino acids are present.

This was further corroborated by simulated adsorption of amino acids on the [100]
surface of magnetite (Figure 1.30) shown in Table 3, displaying that the adsorption energy
of both lysine and arginine were significantly higher than that of glutamic or aspartic acid
(Figure 1.30).12® This suggests the strong role of basic residues in controlling the shape of
particles formed, as binding to a surface slows the growth of that surface, as discussed in

section 1.5. The use of MIA proteins as additives is further detailed in section 1.8.5.

Glutamic acid

Figure 1.30: Simulated adsorption of amino acids on a magnetite [100] surface. A snap
shot from the MD simulation of capped-lysine on the left and capped-glutamic acid on the
right, on the [100] surface of magnetite. Hydrogen atoms bonded to carbon have been

removed for clarity. (Reproduced from Rawlings et al.}?3)
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Table 1.3: Comparison of simulated amino acid to [100] magnetite adsorption energy.

(Table values taken from Rawlings et al.'?®)
Amino acid Adsorption energy (kJ mol?)
Lysine (K) -52
Arginine (R) -45
Leucine (L) -31
Glutamic acid (G) -3
Aspartic acid (D) 2

1.8 The Role of ‘Additives’

In literature, many terms are used to describe a compound which can be added to a reaction

85 186

to improve the properties of the materials synthesised. Additives,'®® control agents,

5 74 187 188

modifiers,?® stabilising agents,”® surfactants,'® ligands,'®” and capping agents'®® are all
terms used to describe various additions to the synthesis mixture which are not required for

the reaction to take place, but can impact the final product.

During the nucleation period of crystal growth, macromolecules and other compounds
can interact with ferrous and ferric iron, self-assemble to provide a surface on which mag-
netite can nucleate, or bind to the forming surfaces of magnetite, altering the reaction
products. The presence of additives in the starting solutions affect the magnetite forma-
tion processes and have been shown to have significant impacts on the final nanomaterial
products formed. An additive may inhibit growth and nucleation, or promote them.® Ad-
ditives may also regulate the formation of imperfections within a crystal structure, and in
some cases alter the chemical and physical properties of ion solutions as well as crystals
and their aggregates, with the largest current industrial application of additives seen in the
reduction of scale formation in industrial processes via the addition of low molecular weight

phosphonates or polymeric carboxylates.!90:191

The ability to influence the crystal nucleation and growth events detailed in the LaMer

mechanism open the door to the ability to produce tailored nanomaterials. Through face-
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specific adsorption, macromolecules and other additives interact with crystalline materials
such as forming magnetite particles and modify the resultant products. This face specificity
is a result of ‘lattice matching’ where the charged functionalities of an additive may align
with charged surfaces of an inorganic crystal via electrostatic forces or hydrogen bonds in a
more energetically favourable manner (i.e. improved alignment with a cubic [100] face than
an octahedral [111] face).}®? Molecular modelling, also known as molecular dynamics (MD),
studies into these systems are typically simplistic models of in vacuo additive adsorption at a
flat crystal surface. Nonetheless, these studies have typically shown positive correlation with
experimental results, allowing them to provide valuable insight into crystal development and

h 193,194

growt The effect of the growth rate of different crystallographic planes on the final

morphology of a nanoparticle can be seen in Figure 1.31.

FINAL MORPHOLOGY AS A FUNCTION OF THE GROWTH RATIO BETWEEN [100] AND [111]
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Figure 1.31: Final morphology of a nanoparticle as a function of R (ratio between the

growth rate along the [100] and [111] crystal planes). (Reproduced from Roca et al.!®)

Further understanding of crystallisation has led to the knowledge that crystal growth can
occur via the accretion of smaller crystals (primary particles) with either similar crystallinity
through oriented attachment, or amorphous precursors.}®® Additive coating on a crystal
surface can promote this aggregation, depending on both additive adsorption, and additive-
additive interactions.!®® If additive concentration is high the surface coverage of a growing
crystal will also be high, which can inhibit further crystal growth.*® Larger additives such as
macromolecules present the additional issue of incorporation into growing crystals, occurring
when the growing crystal effectively grows over an adsorbed macromolecule. This can lead

to reduced crystallinity and worsen the properties of a material.
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While great success has been seen in producing highly tailored MNPs under environmen-
tally unfriendly reaction conditions, primarily with the addition of oleic acid and oleylamine
additives,197:198:199.126,200 these additives are insoluble in water and thus are unsuitable for
RTCP. As such, this section will focus on additives that exhibit applicability or future scope

in water based syntheses.

1.8.1 Proteins, Peptides, and Bio-Molecule Based Additives

The interactions of biomolecules with inorganic materials at the molecular level are com-
monplace in Nature, as discussed earlier. Both Mms6 and MmsF have been used in RTCP
reactions as additives, yielding higher quality particles of increased homogeneity and size in
comparison to particles formed without the presence of these proteins, as shown in Figure

1.32.

in vitro

Figure 1.32: Comparison of protein-free control particles and MNPs formed with a) Mms6

as an additive,1”® b) MmsF as an additive.'®? (Reproduced from Rawlings et al.178:182)

A third biomineralisation protein, MamC, has been shown to influence the size of magnetite

particles formed in vitro by locally enhancing the supersaturation of iron and promoting the

201

formation of magnetite.="* Using a biomimetic co-precipitation reaction showed the presence

of MamC resulted in larger (~33 £ 11 nm) highly faceted crystals forming compared to

smaller (~19 + 11 nm) particles formed in a control reaction (Figure 1.33).20!
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Figure 1.33: Comparison of a) protein-free control particles and b) control particles size
distribution, and c) particles formed with the addition of MamC and d) MamC particles

size distribution. (Reproduced from Lopez-Moreno et al.?%)

Two co-polypeptide libraries were designed and synthesised consisting of one containing
aspartic acid and serine, and the other glutamic acid, lysine, and alanine monomeric units,
with each polypeptide being of equal length and exhibiting a random monomer sequence
with varying hydrophobicity and charge.?%2:18 The size, shape, and therefore magnetic
properties of the crystal could be systematically regulated via variation of the aspartic or
glutamic acid content of the polypeptides. Acidic functionalities acted to regulate the
nucleation of magnetite via controlling the pH at which the ferric precursor converts to
magnetite. When higher concentrations of poly-L-glutamic acid and poly-L-aspartic acid
were present in the co-polypeptides, a higher number of rounded and less defined crystals
were observed, suggesting that aspecific binding of the carboxylate groups to Fe ions at the

crystal surface inhibited faceted growth.!s!

Artificial peptide cages capable of self-assembly to act as space constrained nanoreactors
for magnetite are being investigated further, with the end goal of utilising peptide assemblies

to template MNP synthesis.?%

The inherent disadvantage of many biomolecules lies in both the high labour and time
costs of production, and their poor stability and solubility compared to simpler compounds.
For these compounds to be suitable in industrial manufacture they must be easy to produce,
stable, and cost-effective. Due to the highly specific conditions required for MTB to thrive
and grow effectively (precise O, and N; requirements), the difficulty in isolating and purifying
specific proteins, and the relatively low yield of protein garnered from the bacteria, these

proteins are unsuitable for larger scale work. Therefore, despite their positive impact on
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the properties of particles formed with the presence of bio additives, they are unfeasible for

industrial scale manufacture of nanoparticles.

1.8.2 Carboxyl and Hydroxyl Based Additives

When considering the mechanism by which Mms6 and MmsF interact with magnetite via
highly acidic charged regions, it follows that additives presenting carboxyl and hydroxyl may
influence MNP nucleation. Some compounds such as citric acid and ethylenediaminete-
traaceticacid (EDTA) are known for their ability to sequester iron ions.24:20% The presence
of multiple acidic functionalities with a high affinity for iron cations allows these compounds

to act as chelators, which can form two or more bonds with a metal ion.

When considering the manner by which Mms6 and MmsF nucleate and control magne-
tosome formation via highly acidic charged regions in their amino acid sequence, it follows
that additives presenting carboxyl and hydroxyl functionalities may influence MNP nucle-
ation. In a literature example using RTCP, citrate ions (Figure 1.34) were added to the
iron solution prior to heating for particle growth, and found to decrease the average size
of particles formed from 10.5 to 4.4 nm.2% Size control has been exhibited in maghemite
particles by tuning the molar ratio of citrate to iron, with particle sizes varying between 2

and 8 nm being formed.?%”

0. _O
HO OH -0 o

OH OH

Figure 1.34: Chemical structure of citric acid (left) and a citrate ion (right).

It has been hypothesised that this effect may be due to the charged carboxyl groups of
citric acid binding to multiple iron ions creating a region of high iron concentration and
acting as a point of nucleation from which nanoparticles can further grow. This leads to an
increased number of nucleations, resulting in more particles of smaller size being produced.

Other nucleators shown to influence the size of magnetite particles include oxalic acid, and
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hydroxyl-containing diethylene glycol which was observed to decrease both the crystallite

size (10nm — 5 nm) and overall particle size (50 nm — 20 nm).2%

Contrary to these results was the use of tris(hydroxymethyl)aminomethane (Tris) as an
additive which was found to inhibit the nucleation of magnetite.'® This was postulated to
be due to two molecules of Tris being capable of complexing with an iron ion (Figure 1.35a),
which promoted oxidation of ferrous iron within the complex, leading to the formation of
needle like akaganeite particles (Figure 1.35b). This suggests that consideration must be

made to the iron ion-organic molecule complex forming in the reaction mixture.

Tris(hydroxymethyl)aminomethane
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Figure 1.35: a) Complex formed between iron and Tris, b) TEM of particles formed with

4% by mass addition of Tris. (Reproduced from Kuwahara et al.’8®)

Plant leaf extracts have been utilised as additives in an endeavour to develop green synthe-
ses that do not require environmentally harmful chemicals.?®® Many plants have shown an

affinity for sequestering heavy metal ions, with plant extracts containing many compounds

210 | 211

with polysaccharide,“*” carboxy and hydroxyl?*? functionalities capable of acting as both
nucleators and capping agents on the formation of nanoparticles. These extracts however
are comprised of many compounds, and the active molecules/moieties are not identified in

the literature.

1.8.3 Templating Additives

Magnetosomes control the size of the particles they template via physical limitation of the

particle within a vesicle. Some additives have been seen to control particle formation in a
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similar manner, whether within layers, or nano-reactors, in a principle similar to microemul-

sion synthesis.

A slightly more unusual additive detailed in literature is a form of naturally occurring
clay, montmorillonite. Capable of templating particles in a co-precipitation synthesis, MNPs
are nucleated between the layers of clay, which act as limiters to the size of particle formed
(Figure 1.36).2!3 The limited space between the layers, combined with the regular repeat
structure between layers of clay allowed particles to form in set sizes due to physical size
constraint, exhibiting an increased degree of control over particles formed with no additive.

As montmorillonite is insoluble, it acts as a mould for the particle to grow within and fill.

Montmorillonite layer
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Figure 1.36: Schematic illustration of synthesised magnetite nanoparticles in the inter-
layer space of montmorillonite via chemical co-precipitation. (Adapted from Li et al.?!3,

montmorillonite structure adapted from public domain image by Andreas Trepte.?'4)

Heparin, a naturally occurring glycosaminoglycan (or mucopolysaccharide), has also been
used to regulate particle growth in RTCP reactions via a templating effect. The regular
repeating structure (Figure 1.37) featuring a negatively charged backbone, strong biocom-
patibility, and ability to reduce particle agglomeration making heparin highly suitable as a

MNP stabilising reagent for biomedical applications.?®
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Figure 1.37: Chemical structure of heparin-sulphate.

The particles formed with the addition of heparin as an additive exhibited both a tight size
distribution, and reduced agglomeration due to the polymers ability to stabilise the surface
of the particles in water.?!> Particle sizes reduced from 8.9 &= 2.5 nm with no heparin present

to 6.7 + 1.1 nm at a 100:1 iron to additive ratio.?1®

1.8.4 Surfactants as Additives

A class of additives which has found success in influencing the formation of MNPs are sur-
factants, which function by stabilising the surface of the particle in either water or organic
medium depending on the surfactant used. The amphiphilic structure of surfactants consist-
ing of a charged head and a long hydrocarbon chain allows this structure to manipulate the
size of particles formed in several manners depending on the type of surfactant. The long
hydrocarbon chain present in surfactants sterically hinder particles, restricting their growth.
Anionically charged surfactants complex with ferrous iron, preventing the close contact of
MNPs via ionic repulsion. While cationic surfactants are incapable of forming complexes
with ferrous iron they still adsorb onto magnetite, preventing the agglomeration of MNPs.21°

The presence of these surface stabilising molecules prevent agglomeration and allow for size

control of particles formed.*®

A study using the surfactants stearic acid, N-Cetyl-N,N,N-trimethylammonium bromide
(CTAB), Triton X-100 (a non ionic surfactant), sodium dodecylsulphate (SDS) (Figure
1.38) as additives in a heated reaction were found to decrease particle size from 57.2 +

74.9 nm to < 44 nm and produce narrower standard deviations (SD) of < 18 nm, showcasing
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the effectiveness of surfactants in size control.?!® Interestingly, Triton X-100 is still able to

influence the size of particles formed via dipole-ion interactions with magnetite.?1°
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Figure 1.38: Chemical structures of a) stearic acid, b) CTAB, c) Triton X-100, d) SDS.

Polyethylene glycol (PEG) is a synthetic polymer frequently used for the surface modification
of magnetite particles.?>:100:217.218 Particles synthesised with PEG in situ were highly effective
at improving the colloidal stability of MNPs in a basic solution (pH = 10) for up to 21 days
of stability. The morphology of these particles also changed with an increasing proportion of
PEG, with the crystallite size decreasing from 13.6 nm to 9.3 nm at the highest concentration

of PEG."

1.8.5 Amine Based Additives

Further expanding on the biopanning work conducted by Rawlings et al, magnetite inter-
acting Adhirons (MIAs) were successfully used as additives (Figure 1.39). The biopanning
process selected for binding loops with an affinity for cubic magnetite faces, with DNA se-
quencing revealing a preference for basic residues in the strongest cubic face binders. The

sequence of these MIAs can be seen in Table 1.4.
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Table 1.4: Binding loops sequences of selected Adhirons. (Taken from Rawlings et al.13)

Adhiron Loopl Loop2 Protein pl®
MIA-1 QKFVPKSTN PKKSKIELK 9.6
MIA-2 IKKKKKYKY ETLTHKVIR 9.7
Control DWWEAGVFM WNEINYMFD 55

* Letters in Loopl and Loop2 refer to standard amino acid codes. The prevalence of

basic amino acids is exhibited through the excess of K (lysine) residues.

It followed on from this that the MIA proteins would influence particle formation to favour the
presence of the [100] crystal face, which was experimentally observed. HRTEM confirmed
the presence of the [400] cubic crystal plane. An ideal concentration was observed for
the addition of the MIA additive, which was calculated to be roughly consistent with the
formation of a mono-layer of protein. Too little additive resulted in particles comparable to
the control with no additive present, whereas too much protein resulted in rough particles,

speculated to be due to the sensitivity of iron oxide precipitation reactions to changes in

3

reaction conditions.!?

a) 50 pg MIA-1 b) Protein free

i d) DNO Protein
‘ A [l ma-1

Density
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Figure 1.39: TEM analysis of magnetite nanoparticles. a) Particles prepared with MIA-1
at 50 mg per 10 ml reaction. b) Particles prepared in the absence of MIA-1. ¢) HRTEM
analysis of a representative MIA-1 prepared MNP. A region of the lattice fringe is highlighted
with yellow lines and the Fourier transform is shown inset with the [400] peaks identified. d)
Particle size analysis of MNPs prepared with and without addition of MIA-1. (Reproduced

from Rawlings et al.1?3)

Ethylenediamine (EDA) has been used in a hydrothermal synthesis as an additive to produce
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magnetite nanowires.1?> The N-chelation behaviour of EDA makes it a strong donor ligand,
and it is speculated that EDA forms complexes with ferrous iron, lowering the concentration

of free Fe3* in solution, lowering reaction rate and favouring the growth of nanowires.??°

1.8.6 Summary of Additives

From the examples throughout this section it can be seen many additives have been found
thus far that promote or inhibit particle nucleation and growth. The field of additive con-
trolled magnetite synthesis has much room for expansion, with the need to discover effective
additives to further enable green scalable synthesis becoming a key issue in this field. Many
additives which have been observed to greatly influence higher temperature reactions may
not retain their effect in RTCP syntheses, or may simply be too cost ineffective to produce
on a significant scale such as in the case of many bioadditives. A table summarising the

effect of the additives discussed can be seen below .

Table 1.5: Summary table of additives types and their effects on particles formed.

Additive class Active functionality Effect Mode of action
Mms6 + MmsF: Nucleation
Proteins + peptides Varies Varies
Magnetosomes: Size control
-COOH Size control Nucleation
Carboxyl + hydroxyl
-OH Surface stabilisation Surface interactions
Templating Varies Size control Mould for growth
Charged head Size control Steric hinderance
Surfactants
Aliphatic tail Surface Stabilisation Surface interactions
. Adsorption onto growing
Amines -NH, Shape control

magnetite surface
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1.9 Production Systems for Magnetite Synthesis and
Scale-Up

For MNPs to successfully see further use in industry, it is important to be able to produce
large quantities of particles. As well as considering the methodology used for forming these
MNPs (RTCP, thermal decomposition, etc.) and the compounds that can aid the reaction,
it is also imperative to consider the future scalability of the synthesis method. When making
design considerations, manufacturing is typically achieved in either a batch or continuous
flow manner. Both these techniques offer advantages and disadvantages which must be

carefully considered.

1.9.1 Batch and Continuous Processes

A batch process is one that involves processing the reagents in batches through each step
of the manufacturing process, with synthesis being fully completed at each step before
carrying the batch of material through to the next. Batch processing can be preferable
for smaller quantities of material where production is not needed all the time, and often
utilises simpler, widely available equipment. These processes tend to be further developed
in industry due to high monetary and research investment into these plant systems.??!
Batch processes, however, have limitations that can complicate large scale industrial scale-
up (temperature control and profiles, mixing, reproducibility). Mixing is often a source of
inconsistency in batch set-ups, with complicated mixing regimes not often being considered

on the laboratory-scale.???

Continuous flow processes can run for 24 hours a day with fewer workers and a higher
rate of production compared to a batch process. Whilst the initial cost of equipment tends
to be higher for specialised continuous manufacturing processes, their operational costs
are lower, lending continuous flow processes to being a promising synthetic procedure for
scale-up.?23 Continuous manufacturing processes offer the advantages of higher consistency
and reproducibility compared to batch methods, however often require specialised set-ups

including highly developed process monitoring and control strategies. As such, the financial
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and time costs of large-scale flow processes may offset the benefits in some cases.??? A
hurdle that can arise for industrial manufacture is the difficulty in changing a synthetic
process once it has been established. As most established processes are batch, this is an

additional obstacle to overcome for flow processes to become commonplace.

1.9.2 Magnetite Scale-Up

Magnetite is used extensively in several industries, and as such the future scalability of reac-
tion is a key factor to be considered. The reduction of an iron pre-cursor solution is currently
the favoured method for scale-up due to the greater control exerted over reaction products.
Co-precipitation has been successfully used to scale-up both titanium oxide nanoparticles at

24 and MNPs with heating.??® A waste reduction algorithm conducted

a low temperature,?
on a theoretical scaled-up magnetite co-precipitation process established that the process
is not environmentally harmful.?2® As such, co-precipitation is a promising avenue for the
green scale-up of MNPs if the products can be further controlled without the use of heat-
ing.83:227 Our primary research focus for feasibly scaling the RTCP process is improving the

space-time-yield (STY), the amount of tailored nanomaterials produced in a given time (24

hours) by looking at various production systems with the addition of additives.

Two methods are typically used for increasing the production of a material, scale-up
and scale-out (Figure 1.40). Scale-up involves taking a chemical process which has been
experimentally observed to operate as intended on the small-scale, and performing this
reaction with higher amounts of reagents and/or in a larger vessel to produce larger quantities
of product. Scale-up is not as simple as linearly scaling the reagents used in a reaction, as
the dimensions of a vessel play a major role in heat transfer, mixing, reaction safety, and
other factors. For systems which rely on millifluidic channels such as the confined channels
of microfluidic magnetite synthesis, it is not possible to scale-up these to increased volumes
without impacting laminar flow. As such, scale-out is instead considered, utilising multiple
systems to increase overall production.??® Scale-out offers the advantage of requiring no
further research to operate compared to scale-up which requires significant research to

understand the chemistry of scale. However, when reaching larger scales the capital cost
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rises drastically due to the small modular design of scale-out, compared to scale-out where

cost generally reduces as production increases.

a) Scale-up

Scale-out

Figure 1.40: Schematic representation of a) scale-up and b) scale-out.

1.9.3 Microfluidics for Magnetite Synthesis

Microfluidics is a field of study pertaining to the control of fluidics that are often geo-
metrically constrained in a microchannel with at least one-dimension of the channel being

sub-milliscale. Microfluidics have been utilised in the analysis of blood samples,??° cell sort-

230 231

and the detection of mycotoxins,“>* but only recently begun to be considered for

ing,
synthetic purposes, as the practical possibility of conducting reactions with small volumes

whilst consuming minimal reagents is highly promising for chemical syntheses.

When forming MNPs, a challenge across all synthetic methods is the struggle in pro-
ducing reproducible products which are highly controlled due to both the kinetic nature of
crystallisation products, and small variations in reaction conditions (stirring rate, N, sparging

rate, etc.).

Microfluidic reactors such as a coaxial flow device allow laminar sheath flow throughout
their entire system. The small dimensions of the microchannels typically result in a Reynolds
number of < 100, where Reynolds number is a dimensionless quality used in fluid mechanics
which predicts flow patterns by considering the viscous and inertial forces. A low Reynolds
number is indicative of laminar (sheet-like) flow, whereas a high value suggests turbulent

flow. The Reynolds number is defined by the density of fluid, p, velocity of fluid, u, the
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characteristic length, L (channel diameter and length), dynamic viscosity of fluid, p, and

kinematic viscosity of fluid, v (eq 1.12).232

Re="2-—= (1.11)

Theoretically, the use of a microfluidic reactor allows several problems with the RTCP batch
synthesis method to be addressed. In a microfluidic system all particles are exposed to the
same reaction conditions with every particle being formed at an identical pH, in a system
entirely devoid of air, as the entire reaction ‘vessel’ is filled with reaction solution, with no

mixing required due to the laminar flow.

The idea of synthesising magnetite in a flow device has only occurred in the last two
decades, with Hassan et al. using a coaxial flow device to form maghemite nanoparticles
in 2008.23% Y-shaped microreactors led to channel clogging due to precipitation adsorbing
to the channel walls. A coaxial flow device cast from polydimethylsiloxane (PDMS), with
concentric flows creating a sheath flow of base around a core flow of iron solution (Figure

1.41).

Qoul

Quter (§api|lary
d=1.7mm

Figure 1.41: A coaxial flow device used for the synthesis of magnetite. The inset image
shows the outlet of the inner capillary, with Q;, representing the core flow of iron, and Qqut

representing the sheath flow of base solution. (Reproduced from Hassan et al.?33)
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t,234 with continuous flow reac-

Several variations of microfluidic synthesis of MNPs exis
tors,?3% drop-wise flow reactors,?3® and gas-segmented flow reactors?®” each being used to
produce MNPs.

Drop-wise flow reactors and gas-segmented flow reactors both minimise reaction volume,

234 Continuous flow reactors often utilise pre-built

resulting in low output of particles formed.
chip reactors,?3® however the internal volume of these chips is very low. Whilst they offer
highly reproducible particles between batches,?** producing a large quantity of particles

would require a significant monetary investment to scale-out the synthesis.

Ideally, microfluidic principles could be learnt from and extrapolated to produce tightly
defined particles on a larger scale. The concept of microfluidic particle synthesis opens the
door for the further development of tightly controlled microfluidic MNP synthesis systems,

and further study into flow chemistry for the synthesis of magnetite particles.

1.10 Experimental Design and Optimisation

1.10.1 One Factor at a Time

One factor at a time (OFAT) is considered the standard method of running experiments,
keeping each factor consistent while changing a single variable (independent variable) and
measuring a response (dependent variable). Multiple responses can be measured for each
variation of the independent variable to develop an understanding of the effect the level
(high or low concentration/temperature etc.) of a factor on the output of a process or

reaction.23?

1.10.2 Design of Experiment

Design of experiments (DoE), also referred to as designed experiments or experimental
design, is the systematic procedure of determining the relationship of multiple factors in-
fluencing a process, and the output of said process. The primary purpose of DoE is to

optimise experiments in a time efficient manner by varying multiple factors at once to iden-
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tify significant factors, and the relationships, if any, between the factors and responses.?3°

In an OFAT experiment it is not possible to estimate interactions among the factors, and
it is harder to identify the optimum synthetic conditions if multiple factors are being varied
in a reaction landscape. As such it is possible to miss key information as only a small area
of the experimental possibilities will be explored.?3® The concept of DoE operates on the
principle of covering the established landscape in fewer experiments, offering more reliable

results.

The principles of DoE centre around removing experimenter bias (randomised experimen-
tal order), minimising external hard to control factors (blocking), replicating experiments to
confirm results, factorial experiments, and if required further optimisation.?3® By perform-
ing experiments in similar groups (blocks) the effect of nuisance factors, a factor that may

influence the response but is not of research interest, can be minimised.

DoE is ideally an iterative process, working toward identifying the optimum conditions within
set guidelines. A common iteration for DoE is to identify important factors, and then conduct
a full factorial design (FFD), whose design consists of minimum two factors tested at high
and low values.?® Therefore, a 23 design (3 factors, 2 levels) as shown in Figure 1.42a will
result in 8 experiments. The addition of centre points (Figure 1.42c) to a design allows for
curvature in a response to also be measured, and 3D visualisations of the factor responses
to be generated. Fractional designs are also possible, where a subset of the experimental

runs from a FFD are selected.
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a) b)

=

Randomised 23 Addition of Addition of
factorial design blocking centre points

Figure 1.42: Schematic of the DoE process showing a) a randomised 23 factorial design; b)
the addition of experimental blocking (experiments split into two sets of 4 to be conducted

on the same days); and c) the addition of centre points in the design.

If a factor is found through analysis to be insignificant, a second FFD may be conducted to

focus in on the conditions required to produce the optimum output.

Manufacturing industries are increasingly relying on the DoE technique to improve the
efficiency of their research and processes.?*® To further progress the pipeline of green mag-
netite synthesis toward industrial scale, it is judicious to integrate DoE into the experimental
development process to further optimise synthesis. Many nanoscale syntheses are not yet
fully understood, and often have complex relationships between reaction parameters and

product outputs, and hence DOE is a powerful strategy.

1.10.2.1 DoE of Magnetite

Several FFD DoE studies have been conducted on the synthesis of magnetite to inves-

tigate the relationship between synthesis factors across various synthesis techniques such

1 242,243

as electrochemical synthesis, "' and microwave-assisted hydrothermal synthesis, and
the properties of the particles synthesised. Two studies have been conducted on the co-
precipitation of magnetite. The co-precipitation of magnetite has been investigated using a
2% fractional design, consisting of 2 factors (molarity of iron solution and stirring rate) and
6 levels for each. Particle shape, formation, size, and magnetic properties were found to be

affected by these factors, with the use of DoE deemed to provide a unique insight into the
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influence these factors exerted on the particles formed.?**

Optimisation studies focusing on the co-precipitation of magnetite have also been con-
ducted covering a variety of designs.245:246.247.248 \Whijlst these designs were effective in
optimising the size and saturation magnetisation of the particles formed, these designs con-
sisted of a single iteration without optimising or building upon their findings. As such, they
did not benefit from the advantage of iterative DoE.

Further investigation of the RTCP of magnetite utilising additives is important to under-
stand the influence additives exert on the morphology and composition of particles formed,
with plenty of scope for further research and development in this area. By using iterative
DoE incorporating multiple designs, it allows for the reaction landscape of the complicated

co-precipitation system to be investigated in detail.

1.11 Project Aims and Objectives

The overall aim of this project is to synthesise MNPs using bioinspired approaches that lower
the manufacturing carbon footprint, and energy-usage required to produce bespoke MNP,
hence providing a significant cost benefit and competitive advantage to industry. Current
nanomaterial synthesis methods are at least 1000 times more wasteful in comparison to
the production of fine and bulk chemicals. As such, the need to develop green production

methods is pressing.

One of the finer aims of the project is to develop the knowledge to enable larger-
scale production of tunable nanomaterials using an eco-friendly SynBio (synthetic biology)
approach. Instead of using bacteria or cells to form materials, synthetic molecules referred
to as additives inspired from biomineralisation proteins and research will be used to produce
a range of well-defined and tunable products under ambient conditions with minimal waste

generation.

This approach has previously been applied to the development of silica nanomaterials
over the course of 11 years, with their formation being mediated by the addition of additives.

In the case of silica, silaffins in diatoms were found to contain a series of propylamine
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containing peptides, which were used as a basis for the development of a series of poly-
amine additives able to control both the particle and pore-size in green synthesis. Drawing
inspiration from this approach, the biomineralisation proteins of magnetotactic bacteria are
to be used as a starting point to develop a series of molecules which can interact with
ferrous and/or ferric iron, or developing magnetite faces on growing MNPs and control the
properties of the materials formed. The project has been divided into 3 objectives, each

with their own hypothesis:

1. To screen and identify synthetic additives for MNP synthesis. Ideally, a series of
additives will be discovered through a screening process to act as a ‘molecular toolkit’
capable of creating bespoke MNPs that fit the criteria of being environmentally friendly,
and readily available/easy to synthesise at a reasonable cost. This was to be achieved by
screening multiple classes of compounds with comparable functionalities to those observed
in Nature in Mms6, MmsF, and artificially in MIAs. The hypothesis is that by learning from
the form and function of these bio-additives, a range of compounds can be tested for their
effect as additives within a RTCP reaction, and lead additives identified for further study.

2. To optimise the synthesis of MNPs with additives through further studies and ap-
plication of DoE principles. On identification of an additive or additives that can tailor the
physicochemical attributes of MNPs, research will go into optimising the products formed.
This will be achieved thorough investigation into the factors which influence the properties
of MNPs, such as the ferric ratio, the timepoint of additive addition, and the concentration
of additive, with the aim of further understanding the role additives play in tailoring the
properties of magnetite. The hypothesis is that DoE will aid in the understanding of how

additives interact with magnetite to produce high quality tailored MNPs.

3. To utilise bioinspired additives in various production systems to ascertain suitability
for tailored MNP synthesis, and identify a promising route to large-scale production of
tailored MNPs. As previously discussed, different synthetic methodologies offer various
advantages, disadvantages, and even particle properties. This also applies within the realm
of co-precipitation, with batch reactions not necessarily producing particles with identical

qualities as those formed within a low volume fluidic system, or those formed in a large-
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scale system. The hypothesis is that by testing the efficacy of additives within several
RTCP systems a methodology capable of scale-up will be identified, with the overall goal

of producing > 100 g a day of tailored nanoparticles.

Figure 1.43 shows a schematic of the work conducted on this project, and the corre-

sponding chapters in which that work can be found.
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Figure 1.43: Schematic of the project pipeline from bioinspiration through to scale-up

and the corresponding results chapters.

and optimisation, alongside a research summary,
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Methods

4

Batch Millifluidic flow Continuous flow
static mixing

This chapter contains the methods and analytical techniques used throughout this body of
work, alongside descriptions on how the analysis techniques function and the benefit of

using these techniques.
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2.1 Methods Overview

Due to this thesis being presented in paper format, the methodologies have also been
compiled here for ease of reading and presentation. Several synthetic techniques for the
production of MNP have been utilised throughout this project. All solutions used in each
synthetic methodology were sparged with N, for a minimum of 30 minutes prior to use,
and carried out under an inert atmosphere to prevent oxidation of magnetite to other iron

oxides.

Iron (I1) sulphate, iron(lIl) sulphate, and sodium hydroxide were purchased from Sigma-
Aldrich (Gillingham, United Kingdom) and used without further purification. Iron contents
of the iron salts were confirmed via inductively coupled plasma optical emission spectrometry

(ICP-OES) analysis when calculating iron solution molarities.

Each sample was characterised with transmission electron microscopy (TEM) and x-ray
diffraction (XRD), with vibrating-sample magnetometry being used for all samples past the

initial additive screening.

2.2 Room Temperature Co-Precipitation

To favour the formation of magnetite nanoparticles, all reactions were carried out under an
inert atmosphere of N, for a minimum of 30 minutes prior to use. Ultrapure water (Milli-Q)
(Merck, Milli-Q intergral purification system) was used. Reagents were purchased from

Sigma Aldrich unless otherwise stated and used as purchased.

2.2.1 Standard Reaction Set-up

Particles were formed using a room temperature co-precipitation technique. lron(ll) sulphate
(0.3 mM) and iron(lll) sulphate (0.4 mM) were dissolved in N, sparged MilliQ water (20
mL), under an inert atmosphere of N, to form a 1 mM Fe solution in a two-necked round
bottom flask (RBF) as shown in Figure 2.1. A set amount of additive was added to the

iron solution, and left to stir to ensure dissolution of additive and iron salts. When adding
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a small amount of additive, it was pre-dissolved in the 20 mL aliquot of water for ease of
preparation. Ny sparged 0.5 M NaOH (8 mL) was added at a rate of 50 pL a minute with
magnetic stirring, for a total of 160 minutes using a Harvard Apparatus 11 plus syringe

pump driver.

The reaction was then left to age for an hour under the inert atmosphere with stirring
maintained. The reaction mixture was then magnetically separated, washed 5 times with
sparged MilliQ to remove any unreacted pre-cursors, non-magnetic iron oxides and NaOH,
and the particles dried in a vacuum oven at 40 °C overnight. The particles were then ground

with a pestle and mortar for analysis.
The amount of additive used is detailed in each chapter, stated alongside the data with
differences in amounts of additive clearly stated.
N, inlet

Needle (vent) N

NaOH syringe driver

Organic additives
dissolved in solution

Iron salts dissolved
in MilliQ .
Magnetic stirrer

bar

Figure 2.1: Diagram of the standard reaction set up used for room temperature co-

precipitation of MNPs.
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2.3 Macrofluidic Synthesis

2.3.1 Macrofluidic Device Fabrication

PDMS Device

The device was constructed from a polytetrafluroethylene (PTFE) hollowed out block with

a long channel milled from the centre, and machined for a screw fitting at one end. Initially
a stiff metal wire with a diameter of 1.6 mm was pushed through the two holes along the
axis of the device. A second input hole intersected the main channel at an angle of 45° as

shown in Figure 2.2.

NaOH\§/

FeZ*[Fe3* —] \A\ o

> > —_, oxide

solution — — out

Figure 2.2: Schematic of the macrofluidic room temperature co-precipitation system,
showing the sheath outer flow of NaOH in blue and the core inner flow of mixed valence
iron salts in red.?*°

The blunt end of a needle was shaped using a drill bit to meet and fit the shape of the
central wire and enable a smooth transition. Triton X-100 was wiped over the wires/needle
so they could be easily removed from the device after casting. The space was then filled
with liquid polydimethylsilane (PDMS) and cured at 60 °C for 24 hours. When cured, the
central wire and needle were carefully removed, leaving behind a central channel and side
inlet cast in PDMS. The materials and equipment required to create this device are cheap
and readily available, and the PTFE block is reusable for many castings. The block was
fastened via screw fittings to a heavy object to prevent lateral movement when connected to

stiff fluidic tubes. The fluid from the central channel was fed into a polyether ether ketone
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(PEEK) tube with an inner diameter of 0.02" attached via appropriate fittings. The internal
hole was expanded using a shaped drill bit to ensure a smooth transition in diameter. This
experimental excerpt was written by Jonathan Bramble, who also designed the PTFE block

used to cast the PDMS device.?*°

PEEK Device

The device was designed and modelled in SolidWorks, comprising of 6 individual compo-

nents; (i) Fe inlet, (i) NaOH inlet, (iii) inlet faceplate, (iv) capillary, (v) outlet faceplate,
and (vi) outlet (Figure 2.3).

iv) v) i)

/

Figure 2.3: Cross-section of the PEEK system illustrating the different components.?4°

The rig was machined from PEEK, with PTFE o-ring seals between componments i-ii, ii-iii,
and v-vi to ensure no leakage of solution, a problem often observed in PDMS cast systems.
A 27 gauge blunt-end needle (0.41 mm outer-diameter (OD), 0.016 inner-diameter (ID)
was set through component i) with the use of epoxy resin. This needle was sprayed with
Teflon spray to increase hydrophobicity and aid flow of reagents. The capillaries used were
0.5 m in length, with a 5 mm OD and 1.5 mm ID. The capillary tube was inserted between
system was locked in position with clamp stands to prevent movement when connected to
the fluidic tubing. This PEEK device was designed by Andrew Norfolk and machined by

Stefan Waterson of the Cambridge Design Partnership.24°

Fluidic connectors for both devices (Upchurch Scientific, purchased from Kinesis (Cam-
bridge United Kingdom) or Fischer Scientific (Loughborough, United Kingdom)) and PEEK
tubing with an OD of 1/16” and ID of 0.02" were used. All tubes were cut with tube
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cutters (Upchurch Scientific A-327, A-350) to ensure clean and perpendicular cuts. Two
syringe drivers (Harvard Apparatus, Cambridge, United Kingdom) were used to control the
flow rate of iron and base into the system. Luer lock syringes with volumes of 1 mL and 10
mL were used for the inner (iron) and outer (NaOH) flows respectively. Luer lock fittings

were used to connect PEEK tubing to the syringes.

2.3.2 Protein Expression and Purification

The mms6 sequence from AMB-1 was introduced into a pT TQ8 based expression vector by
cohesive end cloning with the resulting plasmid, pHis8mms6, encoding N-terminally octahis-
tidine tagged Mms6. The protein was produced in E.coli BL21 star (DE3) cells (Invitrogen,
Waltham, MA, Untied States) harbouring a pRARE (Merck, Nottingham, United Kingdom)
plasmid to compensate for codon bias in the mms6 sequence. Cells were cultured in autoin-
ducing Superbroth (Formedium, Hunstanton, United Kingdom) at 37 °C with shaking for
24 hours in the presence of carbenicillin and chloramphenicol to select for the pHis8mms6
and pRARE plasmids respectively. Cells were lysed by sonication in 25 mM Tris pH 7.4, 100
mM NaCl. The insoluble material, containing the His8-Mms6 inclusion bodies, was collected
by centrifugation at 16,000x g and re-suspended in 6 M Guanidine Hydrochloride, 25 mM
Tris pH 7.4 to solubilise the proteins. Further centrifugation at 16,000x g was performed
to remove any material not solubilised by the Guanidine treatment. The supernatant was
mixed with nickel charged nitrilotriacetic acid resin (Amintra resin, Expedeon, Cambridge,
United Kindom) to allow binding of the histidine tagged Mms6. The resin was subsequently
packed into a gravity flow column and washed extensively with Wash Buffer (6 M Gua-
nadine hydrochloride, 25 mM Tris pH 7.4, 10 mM Imidazole) before elution of the bound
protein in 300 mM Imidazole supplemented Wash Buffer. The eluted protein was refolded
by rapidly diluting into a large volume of Refolding Buffer (500 mM NaCl, 25 mM Tris pH
7.4) before being concentrated using a 10 kDa molecular weight cut off centrifugal concen-
trator (Sartorius, Binbrook, United Kingdom). The concentrated material was subjected to
centrifugation to remove any small amounts of precipitated protein before dialysis against
500 mM NaCl using a 3.5 kDa molecular weight cut off slide-a-lyser (Thermo Scientific,
Waltham, Ma, United States). The refolded His9-Mms6 was quantified by absorbance at
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280 nm and stored at 193 K.

This experimental excerpt was written by Andrea Rawlings, who also conducted all

protein expression and purification work.?4

2.3.3 Macrofluidic MNP Synthesis

The coaxial fluidic device was cleaned with MilliQ water, and each solution deoxygenated
by sparging with Ny for a minimum of 30 minutes. The outer flow syringe pump driver
was loaded with a 10 mL Luer lock syringe of NaOH (1 M) and connected to the co-axial
fluidic device via PEEK capillary tubing. This was set at a continuous rate of 360 pL/min.
This syringe was refilled with N, sparged NaOH solution as required. The inner flow syringe
pump driver was loaded with a 10 mL Luer lock syringe containing 8 mL of a mixed ratio
of Fe?™ and Fe3' salts (ferrous sulphate pentahydrate and ferric sulphate heptahydrate
respectively) varied from a 4:1 (0.2 ferric) to ~1:2 (0.7 ferric) Fe?*:Fe3" ratio with a total
iron concentration of 0.05 M and connected to the co-axial fluidic device inner channel
via capillary tubing. This was set at a continuous rate of 90 pL/min. The solutions were

prepared immediately prior to the experiment to avoid ferrous iron oxidation.

The iron oxide material formed and flowed to the end of the device where it reached
the exit port and dripped into a round bottom flask which was kept under a continuous
atmosphere of nitrogen. The iron oxide product was magnetically separated and washed 3x
in deoxygenated MilliQ water and subsequently dried in a vacuum oven at 40 °C overnight.

The particles were then ground with a pestle and mortar for analysis.

Further improvements to the initial experiments performed in the PDMS device included
magnetically collecting the iron oxide as it exited the device using a magnetic trap. These
particles were also washed 3x with deoxygenated MilliQ water and dried overnight in a
vacuum oven as before. In the case of the PEEK device the particles were collected as

detailed above.
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2.3.3.1 Macrofluidic MNP Synthesis Modified with Mmsb6

The iron oxide synthesis was further modified with the addition of Mms proteins, where 50
ug of protein was added to the 8 mL Fe salt solution before the reaction. The experiment

then proceeded as before.

2.4 Continuous Flow Static Mixing Synthesis of MNP

2.4.1 Experimental Set-up

2 Watson Marlow 520DuN (Zwijnaarde, Belgium) cased peristaltic pumps were used, with
one being the NaOH feed and the other being the Fe solution feed, with each pump set at
10 rounds per minute. The feeds from both pumps were connected via a plastic Y mixer,
from which plastic tubing was directed to the collection vessel. When running the pumps
concurrently this setup resulted in a residence time for the mixed solution (from the Y mixer

to the collection vessel) of approximately 2 seconds.

Fe solution was fed through one pump, whereas NaOH solution was fed concurrently from
the second pump. Feed solutions each contained a magnetic stirrer with the solutions placed
on magnetic stirrer plates so as to be under constant mild stirring conditions throughout
the experimental run. All solutions (feeds and collected) were constantly sparged with
N, throughout the duration of the experiment, ensuring thorough deoxygenation of the
solutions, and thus minimising the possibility of undesired oxidation occurring at any stage
of the precipitation process. The feed solutions were left to stir under an inert atmosphere

of Ny prior to mixing in iron salts to prevent their oxidation (Figure 2.4).

Modified lids were used to avoid the re-dissolution of O, in to the solutions during the
experimental runs. Both feed vessels and the collection vessel were sealed with the modified
lids that incorporated 3 openings: one for the pump feed tubing, one for the N, supply, and

the third had tubing that allowed for pressure to escape the vessel.

Once the initial 5 minute stirring of the feed solutions was completed, both peristaltic

pumps were turned on (counter clockwise flow) for mixing to occur. The flow of the mixed
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solution after the Y-mixer junction was collected only after the flow became constant.
Timing the collection of 15-20 mL mixed solution resulted in a calculated flow rate of

approximately 110-115 ml/min.

To minimise the possibility of cross-contamination from a previous run the system was
flushed out with MilliQ water until the water ran clear from the collection tube for a couple
of minutes. The flow was then reversed on both pumps (clockwise) and MilliQ water was
then left to run out of the feeding tubes, again, until the water ran clear for approximately

1-2 minutes.

Peristaltic pumps

. @\ /@ F .

NaOH e

solution r-—-..-..__ solution
e S ———
" -
4 \/ \\

Figure 2.4: Schematic representation of the continuous flow static mixing set-up, including
peristaltic pumps, 2 feed solutions, orange (Fe salts) and pale blue (NaOH), a collected
precipitate solution, and a Y-mixer. Supply routes are designated with arrows: feed and

collection routes are solid lines and N, gas supply in dashed lines.
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2.4.2 Experimental Set

A total of 42 experiments were performed, with variables being NaOH concentration,

Fe3+:Fe?* ratio, total Fe:additive ratio, and type of additive used.

The first two sets of experiments were performed without the addition of an amine
additive. Specifically, the first set of experiments were performed to see if altering the ratio
between the ferric and ferrous ions affected properties of the precipitate formed. Ratios of
0.2-0.7 Fe3*:Fe?" were used. The total iron concentration for each solution was kept at 50
mmol, and the concentration of NaOH used at 500 mmol. Additional focus was given to
the ratios close to 0.6, which is considered the ideal ratio for magnetite precipitation from

published literature.

The second set of experiments were performed to see if varying the NaOH concentration
and Fe concentration affected precipitate properties. The total iron ratio was kept constant
at 0.6 (total iron concentration of 20 mmol) for experiments 8-10 but the NaOH concen-
tration tested at 3 different levels, 300, 500, and 1000 mmol. For experiment 11 and 12
a reduced iron concentration of 10 mmol was tested at the 2 higher NaOH concentrations

(500 mmol and 1 M).

The third set of experiments were all performed with the presence of an amine (EDA
based) additive. The amines used were initially added to the iron salt solution at differ-
ent amine: total iron ratios, with these ratios being 1:100, 1:1000, and 1:10000. The
experiments were then repeated by adding the additives to the NaOH solution at the same
additive:total iron ratios. Amines were added to the feed solutions after the initial 5 minute
stirring with N, sparging, and the solutions allowed to continue stirring for a couple more
minutes prior to the pumps being turned on to allow for mixing. For this set of experiments,
the ferric (Fe*) to total iron ratio was 0.6 with a total iron concentration of 50 mmol, and

500 mmol NaOH used. A full list of conditions can be seen in Chapter 7.

85



Bioinspired Synthesis and Scale-up of Magnetite

2.5 Characterisation

2.5.1 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) operates by firing a beam of electrons through
a sample to produce a highly magnified image of a section of the sample (Figure 2.5).
An electron gun (typically fit with a tungsten filament to generate electrons) produces a
high voltage electron beam, which is then accelerated by an anode. The beam is then
focused by electrostatic and electromagnetic lenses, and transmitted through the very thin
specimen leading to some electrons scattering on the sample, and others passing through to

250,251 Condenser

a fluorescent or phosphorescent viewing screen at the bottom of the set-up.
lenses (two or three) comprised of magnetic coils gather the electrons and focus them onto
the sample to screen only the area being imaged. The sample is inserted into or by the
objective lens which is used to focus or magnify the image, and finally projector lenses are

used to further enlarge the image.?>?

The electron beam on the other side of the sample carries information about the sam-
ple, which is then magnified by the objective lens of the microscope, and finally hits the
phosphorescent viewing screen at the bottom of the microscope to form an image. This
gives a silhouette type view of the sample in monochrome, effectively showing an area of
a specimen that has the ability to repel electrons. As electrons pass through the material

they can diffract and give structural information about the sample.?%3
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Figure 2.5: Schematic of a transmission electron microscope (TEM). (Adapted from

Kelsall et al., 2005.2%1)

2.5.1.1 Sample Preparation and Analysis

For TEM analysis of magnetic nanoparticles, a 10 pL of a 1 mg/mL suspension of nanopar-
ticles sonicated for 1 minute in hexane was dropped onto a carbon coated copper TEM grid
and allowed to dry down for a minimum of 1 hour. Grids were imaged using a FEI Tecnai G2
Spirit electron microscope (Thermo Scientific, Waltham, MA, United States) and the TEM
images were analysed using Image-J software (v1.52, public domain, National Institute of

Health, MD, USA). >200 particles per sample were randomly selected for measurement.

2.5.2 X-Ray Diffraction

X-ray diffraction (XRD) is a technique used to determine the crystallographic planes present
in a sample, allowing for structural identification based on the diffraction pattern.?5! Powder

X-ray diffraction operates on the concept of atoms in a crystal scattering X-rays as they
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interact with the electrons of these atoms in a process known as constructive interference.
Crystals are generally highly ordered arrays of atoms with regular spacing between the
atoms forming a crystal lattice. This defined lattice of atoms acts as a diffraction grating,
with most scattered X-rays cancelling each other out through destructive interference, and
simultaneously producing constructive interference at a few set angles. These angles are
determined by Bragg's Law (equation 2.1) where d is the interplanar distance between layers
of lattice atoms, O is the incident angle at which the X-ray hits the sample, n is an integer

number of the incident wavelength, and A is the wavelength.?%*

2dsin = n\ (2.1)

X-ray
detector

X-ray
source

Figure 2.6: Schematic of an X-ray diffractometer (XRD). (Adapted from Epp, 2016.2%%)

Powder X-ray diffractometers detect the intensity of the diffracted X-rays between a user-
specified range of angles of incident rays by rotating the x-ray source and detector with
respect to the sample and recording the response (Figure 2.6). The 20 value a peak occurs

254 Once the distance between planes

at can then be converted to d-spacing (Figure 2.7).
of atoms is known, the data can be compared to mineral databases to identify which iron

oxide is responsible for the peak.
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Reflected x-ray
waves

Incident x-ray
waves

Figure 2.7: Bragg's diffraction occurring as incident x-rays (blue) reflect or are transmitted

to the next layer of atoms, allowing d-spacing to be derived. (Adapted from Stanjek et al.25%)

As there are many layers of atoms present in a crystalline sample, there is a sharp transition
between constructive and destructive interference as many waves interact, leading to the

presence of defined peaks.

The grain size of MNPs can also be analysed via XRD,?*® and is calculated with the
Scherrer equation (equation 2.2) where T is the mean size of the crystalline domain, K is a
dimensionless shape factor, (typically around 0.9), A is the X-ray wavelength, {3 is the full
width at half maximum intensity (FWHM), and 0 is the Bragg angle:

KA
T Bcost

(2.2)

In the case of magnetite, this analysis was conducted on the highest intensity [311] peak
occurring at approximately 20 = 35.5 with a sample XRD spectra of magnetite shown in

Figure 2.8.
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Figure 2.8: Theoretical magnetite XRD data between 20-80 20 showing the crystal-
lographic planes responsible for each peak. Crystallographic data was acquired from the

crystallography open database.

2.56.2.1 Sample Preparation and Analysis

For XRD data of samples was collected by analysis of dry iron oxide nanoparticles in a Bruker
D8 powder diffractometer (Bruker, Coventry, United Kingdom). Samples were analysed in
either capillary or flat plate mode, dependent on the mass of particles available. Diffrac-
tion images were collected at 0.022 degree increments from 20-80 degrees, with a fixed

wavelength at A = 1.54178 A at 1.2 seconds per step from a Cu K X-ray source.

2.5.3 Vibrating Sample Magnetometry

Vibrating sample magnetometry (VSM) measures the magnetic properties of a sample by
vibrating a sample in a uniform magnetic field.>>” Based on Faraday's Law of induction
stating that a changing magnetic field will produce an electric field, a sample is magnetised
in a uniform magnetic field and then vibrated perpendicular to this applied field. As the
magnetic domains in the sample align with the external field, an increased voltage is induced

in the pick-up coils relative to the magnetisation of the sample (Figure 2.9) The strength of
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the uniform magnetic field is varied over time to create a hysteresis loop as magnetisation

at various applied field strengths is measured for a sample.?57
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Figure 2.9: Schematic of a vibrating sample magnetometer (VSM). (Redrawn from a

public domain image.??)

2.56.3.1 Sample Preparation and Analysis

Magnetic susceptibility was performed on a known quantity (1-5 mg) of dry iron oxide
nanoparticles on a MPMS 3 SQUID magnetometer (Quantum Design, Surrey, United King-
dom) in vibrating sample mode, with the samples packed in size 3 gelatine capsules. The
samples were run at 300 K between —3 and 3 T with a sweep rate of 0.01 T/s. The data

shown is cropped at saturisation magnetisation.
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2.5.4 Inductively Coupled Plasma Optical Emission Spectrometry

Inductively coupled plasma optical emission spectrometry (ICP-OES) is a form of elemental
analysis which allows the elemental content of a sample to be determined down to trace
presence of elements at highly dilute concentrations (mg per L). Argon plasma is generated
by exposing argon gas to a plasma torch, producing a high temperature plasma (~7000k).%°
The sample to be analysed is delivered via peristaltic pump to a nebuliser and ionised using
this argon plasma. Atoms and ions can absorb energy exciting an electron from the ground
state to an excited state. As this excited electron returns to its ground state, the absorbed
energy is released as a photon of light of a specific wavelength of light unique to different
elements. The intensity of the light emitted is measured, and the concentration of specific

elements present is then calculated based on a calibration graph.

2.5.4.1 Sample Preparation and Analysis

ICP was used to determine the amount of Fe present in synthesised MNPs via dissolution
in 2.5 M HCI and diluted in ultrapure MilliQ water. Samples were analysed using a Specto-
Ciros-Vision Inductively Coupled Plasma Optical Emission Spectrometer, with all samples

being processed by Heather Grievson at the University of Sheffield.

2.5.5 Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is an analytical technique which measures
infrared absorption and emission spectra. An infrared (IR) spectra allows the visualisation
of the bond types present in a sample by measuring the absorbtion of IR radiation. Different
bonds absorb radiation at characteristic frequencies matching the vibrational frequency of
the bond. For a bond vibration to be IR active it must change the overall dipole moment,

with multiple vibrational modes being possible from a single bond.2%°

In a Fourier-transform system there are three components, a radiation source, interfer-
ometer, and a detector. An interferometer (Figure 2.10) takes a beam of light or other
electromagnetic radiation and splits it using a beam-splitter, a piece of glass thinly coated

in silver which reflects half the light that hits it and transmits the other half such that the
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paths of the two beams differ. Path 1's length varies due to a moving mirror, whereas path
2 is consistent. The two beams are then recombined at the beam splitter and travel into
a detector. Constructive and destructive interference occur when the beams recombine,
resulting in maxima and minima. This modulates the optical radiation by altering the path
difference between the two paths, producing a target spectra of light of varying wavelengths.

The frequencies a sample absorb can then be measured and recorded.?°

Fixed mirror
Scanning mirror
———
r Path 2

Path 1 Beam splitter
Detector — | Computer

—

Infrared source

Figure 2.10: Schematic of an interferometer used in a Fourier Transfer Infrared Spec-

trometer (FTIR). (Adapted from from Blum et al.?%!)

Attenuated total reflectance (ATR) is a sampling technique in infrared spectroscopy which
allows for samples to be analysed as a solid or liquid without further sample preparation.
The sample is placed onto an internal reflection element comprised of a material with a
high refractive index such as ZnSe, and hit with an IR beam which is directed onto the
reflection element such that the IR light undergoes internal reflection. An evanescent wave
is produced at each of the internal points of reflection, with the sample absorbing radiation

from being in contact with the internal reflection element (Figure 2.11).202:261
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Figure 2.11: Schematic of an attenuated total reflection (ATR) adaption of infrared (IR)
spectroscopy showing the internal reflections through the internal reflection element made

of a high refractive index material. (Adapted from Schuttlefield et al.?%?)

2.56.5.1 Sample Preparation and Analysis

FTIR was performed on a small quantity (5-10 mg) of dry iron oxide nanoparticles using
a Perkin Elmer FTIR and Golden Gate Diamond ATR spectrometer. Data collection and
analysis was performed using SpectrumTM 10, with scans being made between 450 and

4000 cm™. Baseline correction was performed on all spectra.

2.5.6 Thermal Gravimetric Analysis

Thermogravimetric analysis (TGA) is a technique by which the mass of a sample is measured
over time as the temperature increases. This allows for the presence of adsorbed molecules

and the percentage mass of the product they comprise to be determined.

TGA is operated using a thermobalance, an instrument which can accurately measure
the weight of a sample under high temperatures. A sample is placed on an analytical balance
inside a sample pan, at which point a furnace is raised to encase the sample and heat it
according to a user programmed routine. The heating occurs under an atmosphere of N,

to reduce undesired oxidation of the heated compound.
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2.5.6.1 Sample Preparation and Analysis

To ascertain the presence of organic material on iron oxide nanoparticles, a small amount
(10-20 mg) of particles were washed with ethanol and acetone to remove any residual surface
groups and dried in a vacuum oven. These clean particles were then dispersed in a 0.05 M
solution of TEPA in ultrapure MilliQ and sonicated for 10 minutes. The solution pH was
adjusted to ~pH 7 using 0.5 M HCI and rotated for 1 hour using a Lab net Mini Labroller.
The particles were then magnetically separated and washed using ultrapure water to remove
excess unbound amine and dried overnight in a vacuum desiccator. TGA was performed on
these dry particles between 20-800 °C at a heating rate of 10°C per minute under a 2/3 N,
and 1/3 O, atmosphere. Control particles were also tested, which were simply washed with

ethanol and acetone and left to dry overnight in a vacuum dessicator.

2.5.7 Particle Size Analysis

In order to analyse the grain size of particles formed in each reaction, TEM images were
analysed using ImageJ software. Particle size measurements were taken across the longest
axis of each particle to ensure consistency between samples and measurements. A minimum
of 200 measurements were taken per sample to get an accurate measure of mean size given
the variation in particles formed. To aid in avoiding human bias in which particles were
selected for analysis, particles were analysed from a single starting point of a TEM image to
prevent small or large particles being selectively measured as shown in Figure 2.12. Several
images, and hence ‘areas’ were analysed for each sample to ensure a representative sample

was taken.

These data points were fit with a Gaussian distribution in GraphPad Prism to generate

a size distribution, with exceptions to this being noted where relevant.
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Figure 2.12: Screenshot of ImageJ particle sizing showing particles are analysed in clusters

from a starting point. (Reproduced from Norfolk et al.2%3)

2.5.8 Particle Shape Analysis

To ascertain the distribution of shapes in a sample, TEM images were manually analysed
using drawing software (Inkscape, Paint.net, etc) by marking each particle with a set colour

corresponding to its shape, shown in Figure 2.13.
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Figure 2.13: Example particle shape analysis showing undefined particles (green), diamond

(red), square (blue), hexagonal (purple), and elongated (yellow).

A minimum of 300 particles are marked from several images to ensure a representative
sample is selected and analysed. The numbers of particles of each shape are then counted,
at which point the shape assignment is checked a second time to maximise accuracy. As
the analysis is performed manually and may vary slightly due to human interpretation, each
sample is analysed by the same person. Sample particle shaped can be seen in Figure 2.14

showing the most commonly observed particle shapes.
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Figure 2.14: Sample particle shapes from TEM analysis; a) diamond; b) hexagonal; c)

square; and d) rod/elongated. (Reproduced from Norfolk et al.203)
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Screening Additives
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This chapter covers the preliminary screening of a range of 30 additives spanning a variety
of functionalities inspired by the function of Mms6, MmsF, and magnetite interacting

Adhirons.
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The role of biological and bioinspired additives in the green
synthesis of magnetite nanoparticles

Laura Norfolk,? Siddharth Patwardhan,? Sarah Staniland ®*

As industrial demand for magnetite nanoparticles (MNP) rises, it has become clear there is not yet an environmentally
friendly route to synthesise precision particles on a large scale. Drawing inspiration from biomineralisation proteins found
to modulate MNP synthesis in Nature, a set of 30 compounds with a wide range of properties and functionalities were
screened for use as additives in a room-temperature co-precipitation (RTCP) reaction, measuring their effect on particle
size and shape. As a preliminary study detailing the effect of various functionalities on the RTCP of magnetite, several lead
additives have been successfully identified. Additives containing either acidic or basic groups such as L-lysine and 7-
aminoheptanoic acid produced particles with a reduced size distribution, increased mean size, and proportion of faceted
particles. Specifically, high-acyl gellan gum (HA-GG) produced highly faceted particles, with 74% of particles formed
exhibiting a faceted particle shape. Triethylenetetramine (TETA) and tetraethylenepentamine (TEPA) were found to aid the
synthesis of >84% faceted particles, a significant increase over the ~6% faceted particles exhibited in an additive-free control
reaction. The ethylenediamine and glycolic functionalities have hence been identified as points of interest for further
studies. These findings are significant as they begin to shed light on the mechanism on bioinspired additive controlled
nanoparticles crystalidsation, while also providing the first step to fully realising synthetic, controlled and scalable synthesis

of MNP.

Introduction

Magnetite (Fesz0,) is a naturally occurring abundant iron oxide
with ferric (Fe3*) and ferrous (Fe2*) ions in a 2:1 ratio. Magnetite
nanoparticles (MNP) are seeing an increasing range of
applications in industry, with their use spanning carbon-capture
sorbents,! magnetic inks,2 water purification,? and critically, the
biomedical industry. Research on magnetic nanoparticles
(MNPs) is on the rise, with much of this research being centred
on the future use of MNP in biomedical applications.*

The requirements for use in biomedical applications is
stringent,> with a particular emphasis on control over the shape
and size of particles due to the impact of these factors on their
action in the body as well as their magnetic properties.
Superparamagnetic iron oxide nanoparticles (SPIONs) are a
class of MNPs so small, typically less than 20nm, ¢ that they do
not exhibit bulk magnetic properties, and rather behave like a
paramagnetic atom . SPIONs and larger MNPs can be used for a
range of magnetic nanomedicine, such as: targeted drug
delivery (by magnetically directing drug-conjugated MNPs to a
treatment site within the body);? targeted magnetic
hyperthermia8910 and photothermial? therapy (once directed to
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site, heating is induced by an alternating electromagnetic field
or a laser respectively); contrast agents for magnetic resonance
imaging (MRI) (with several Food and Drug Administration
(FDA) approved iron oxide nanoparticle in medical use).12

Particles of specific morphologies have been noted in
literature to offer enhanced nanomedical properties over
particles which are either spherical or undefined in shape.3 For
example, octahedral particles have been found to exhibit both
increased relaxivity for MRI applications and higher heat
absorbance for hyperthermic cancer treatment, offering a
significant advantage over spherical particles.14

Mono-dispersed particles (same shape and size) are
favoured due to the particle population having consistent
magnetic and heating properties and consistent effect on the
body.

While methods exist to synthesise faceted monodisperse
magnetite in a range of shapes from cubic, octahedral,
tetrahedral, to nanoflowers and nanorods,!> it remains a
synthetic challenge to emulate these results under greener
reaction conditions. Many known methodologies utilise high
temperatures exceeding 100 °C, toxic-precursors, high boiling-
point organic solvents,16 and costly vacuum procedures. When
producing functional nanomaterials on an increased scale a
sustainable manufacture route is essential for cost and the
environment whilst it is also important
morphological and size control.

Room temperature co-precipitation (RTCP) utilises greener

to maintain

reaction conditions, with water as a solvent and minimal use of
energy intensive conditions.l” However, RTCP offers poor



control over size, morphology, and iron oxide phase, with highly
polydispersed populations of mixed iron oxides, unsuitable for
biomedical use.® Ideally a RTCP method must be improved to
offer definition and control over particle crystallisation.

To achieve this, we need to look to Nature. Magnetotactic
bacteria (MTB) are a diverse group of prokaryotes that create a
uniqgue magnetic organelle called a magnetosome, a lipid bound
vesicle containing a single magnetic nanoparticle. MTB
biomineralise these magnetosomes under ambient conditions
facilitated by proteins to produce highly homogeneous MNPs.
Such proteins like Mms6 controls the formation of MNP via
nucleation of the forming mineral in the acidic -DEEVE C-
terminus region of the protein.’® MmsF interacts with forming
magnetite crystals through an acidic transmembrane loop
which is thought to act similarly to Mms6, interacting with both
iron ions and the forming magnetite crystals to control the
particle shape.20

When isolated these proteins have been used in vitro as
additives to control RTCP reactions, facilitating the formation of
more monodispersed, high-quality particles.1820 Proteins,
particularly membrane proteins, are both costly and difficult to
produce and purify, making them unsuitable for industrial scale
MNP production.

As well as native biomineralisation proteins, artificial
proteins called magnetite interacting Adhirons (MIA) have also
been used as additive to control the shape of MNPs, directing
them to a cubic morphology under a RTCP route.’® A large
quantity of basic residues such as lysine and histidine are
present in the magnetite surface binding site. Modelling
confirmed a preference for lysine to the [100] cubic face of
magnetite, suggesting the control towards cubic particles is
driven by preferential basic-protein/magnetite-surface
binding.1°

Protein additives have been used to control and enhance
the quality of MNPs formed using RTCP reactions, with acidic
residues being shown to aid nucleation of magnetite, and basic
residues being found to bind to the magnetite surface to direct
the final morphology. It therefore follows that other (non-
protein) additives with similar chemical functional groups, may
be able to control the crystallisations of MNPs. A bioinspired
pipeline of: observing nature; using proteins in Vvitro;
understanding the biomineralisation process; translating
knowledge to identify simpler molecular bioinspired additives
can thus be developed. Such a pipeline has been successfully
demonstrated bioinspired silica production, with amine-based
additives mimicking amine rich silaffins.2?

Several other additives have also been shown to alter
particle size in magnetite syntheses such as, heparin,22
montmorillonite clay,?3 plant leaf extracts,2427 citric acid, 22 and
other compounds.29-31 |t is thus critical to fully understand how
these additives are controlling particle formation and discover
more additives capable of controlling the formation of tailored
MNP, providing a toolbox of additives capable of producing a
range of desired MNP products.

In this study we use Mms6 and MIA as a starting point to
identify a range of new bioinspired additive to screen. Here, it
is critical to cover a wide range of molecular additives spanning
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a range of, functionalities, size, and structures to begin building
the body of knowledge.

Experimental
Materials and methods

All reactions were carried out under an inert atmosphere of N,
and all solutions sparged with N, for 30 minutes prior to use.
Ultrapure Milli-Q water (Merck Milli-Q integral purification
system) was used. Reagents were purchased from either Merck
or Sigma Aldrich unless otherwise stated and used as
purchased.

Room temperature co-precipitation

Iron(l1) sulphate (111 mg, 0.4 mmol) and iron(lll) sulphate (163
mg, 0.3 mmol) were dissolved in N, sparged Milli-Q water (20
mL) in a two-neck round bottom flask to form a 1 mmol Fe
solution (Figure 1). A set amount of additive was added to the
reaction mixture and left to stir for 5 minutes to ensure
dissolution of additive and iron salts under an N, atmosphere.
N, sparged 0.5 M NaOH (8 mL) was added at a rate of 50 uL a
minute with stirring, for a total of 160 minutes using a Harvard
Apparatus 11 plus syringe pump driver. The reaction was left to
age for an hour under the inert atmosphere, then magnetically
separated, washed five times with sparged Milli-Q water to
remove any non-magnetic iron oxide by-products, and the
particles dried in a 40 °C vacuum oven overnight.

Characterisation

Transmission electron microscopy (TEM) 10 puL of a 1mg/mL
suspension of nanoparticles in hexane was dropped onto a
carbon coated copper TEM grid and allowed to dry down. Grids
were imaged using a FEI Technai G2 Spirit electron microscope
and the TEM images were analysed using Image) software. >
200 particles per sample were randomly selected and measured
(supplementary information S1 and S2 for full protocol on
sample analysis).

N, inlet

Needle (vent) N

NaOH inlet

Additive
dissolved in solution

Iron salt solution

Magnetic stirrer
bar

Figure 1. Schematic of the experimental set-up for the RTCP of magnetite.6!
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X-ray diffraction (XRD) XRD data was collected for dry
nanoparticle samples in a Bruker D8 powder diffractometer.
Diffraction images were collected at 0.022-degree increments
from 20-80 degrees, with a fixed wavelength at A = 1.54178 A
from a Cu Ka X-ray source.

Results

Lead additive screening

When tackling the task of designing a bioinspired molecular
toolkit capable of tailoring the properties of magnetite MNPs, it
is important to cover a range of functionalities based on the
understanding and knowledge gained from natural systems and
their derivatives.

Ideal additives would have the greatest positive impact on
controlling shape, size, and composition, while also being non-
toxic, environmentally friendly, and readily synthesisable or
cheap and easy to procure. However, it is difficult to emulate
the functionality of a highly specific three-dimensional folded
protein in simpler compounds. The inherent lack of structured
binding sites makes the design of a screening set of additives fit
for the task challenging. As such, the set of selected additives
have been inspired by the structure and functionalities of
proteins found natively within MTB which exert control over the
formation of uniform magnetosomes. The full list of bioinspired
additives and their structures are shown in Table 1.

The nucleation and growth regime of crystallisation are
known to be affected by a set of proteins in biomineralisation,
which facilitate the formation of highly uniform particles.20.32:33
In general terms, acidic protein residues in larger numbers
(assemblies of negatively charged protein surface) are known to
bind to metal cations and aid nucleation of magnetite.343> We
will therefore screen acidic amino acids and homopeptides to
assess the importance of multiple acidic groups together.

Expanding the additive range to non-proteins, but still
biological polymers, a series of polysaccharides were selected.
The high number of hydroxy and carboxyl functionalities
present in polysaccharides, coupled with the reduced flexibility
of the sugar ring leads to the potential for these compounds to
act as nucleators for magnetite nanoparticles. Hydroxy and
carboxyl functionalities can bind metal ions,3%37 aiding the
nucleation of minerals through local regions of high iron
concentration.

Simpler polymers comprised of a simple chain with sp3
carbons in their backbone will also be investigated. These
polymers will exhibit a greater degree of rotation than peptide

This journal is © The Royal Society of Chemistry 20xx

and sugar backbones, with three polymers being selected to
observe the effects of alkyl and polyether backbones.

Small acidic molecules such as citric acid maintain the acidic
properties which are favourable for MNP control in Mms6 and
MmsF and have previously been observed to alter the
properties of MNP formed under RTCP conditions.30
Biomineralisation proteins aggregate to form regions of
negative charge,38 however, have been found to retain activity
when the key functionalities of the biomineralisation proteins
are displayed as active loops on a coiled coil. This suggests these
regions of acidity remain effective when discrete, further
directing us to screen small acidic compounds.

Basic residues and amine-rich molecules have been shown
to bind to specific magnetite surfaces ([100]1° and [111]3°
respectively) offering control over the preferential growth of
individual magnetite faces, defining a particles shape. The
binding of homohexamers of each amino acid to bare MNP
across multiple buffers revealed strong binding for both
arginine and lysine.4® Therefore, basic amino acids and
homopeptides have been selected as potential additives.

As monomeric L-lysine and L-arginine show affinity for
magnetite binding and hence, shape-control,1? investigating
alkylamines containing a range of chain length, N-N spacing, and
C:N ratios allow for the influence of amine properties on
morphological control to be assessed. An ethylenediamine
(EDA) based range of amines each increasing in length by a
singular C;H2(NHz); unit have been included in the screening to
directly compare the effect of increasing chain length alongside
identical functionalities and spacing.

Biomineralisation proteins play a significant
modulating both the size and shape of magnetosomes. As these
proteins contain a wide range of functionalities, both acidic and
basic simultaneously, small molecule mixed functionality
compounds containing both carboxyl and amine functionalities
were included to probe whether it is possible to utilise a singular
additive to control both shape and size of MNP.

The quantity of additive initially used in each precipitation
reaction was relative to the number of functional groups
present in the tested additive to ensure the same molar
quantity of functionalities between reactions (8 x 10-8 mol). This
additive concentration was determined from previous research
wherein 5.6 pg/mL of Mms6 was used as an additive to regulate
the shape and size of MNP in a RTCP reaction.#! As the screening
progressed, a concentration study was conducted on a simple
amine additive to determine whether this concentration was
still appropriate for tailoring particle shape. As nucleation and
shape-control operate under different mechanisms, it was
found a higher concentration of additive by a factor of 1000 was
more appropriate for shape-controlling additives.

role in
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Table 1. Table of characterisation of magnetic nanoparticles formed with the addition of various bioinspired additives.

Sample (additive) Structure Mean particle size Percentage faceted
TEM (nm) particles (%)
Control A 22.5+6.5 7
Control B 19.6 £6.2 5
N/A
Control C 20.8+6.8
Average of control data 21.0+6.5

8 x 10 mol of additive

Poly-L-aspartic acid L” o 14.7+59 16
N’n
n
0,
OeNa@)
Poly-L-glutamic acid (H 0 33.2+£22.7 29
N,
n
©
e} 0 Na
L-aspartic acid H 18.5+9.7 12
O NH,
L-glutamic acid N 2 19.9+9.3 21
HOWOH
NH,
Poly-L-lysine W 18.8+9.4 23
N, * HCl
HyN
Poly-L-arginine (,H o 17.4+10.1 41
NH - « Hel
n
HNT N
L-lysine - i 13.9+4.2 55
2 \/\/\)Lm.,
NH;
L-arginine JNLH 8 18.5+6.5 39
NH;
Gellan gum (high acyl) 8 21.4+7.4 74
Dextrin 16.7+5.8 16
Chitosan 13.6+4.9 15
Alginic acid 11.8+54 20
Polyethylene glycol (PEG) 15.2+5.8 11
O "o
n
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Poly(N-(3- 15.0+5.1 18
Aminopropyl)methacrylamide) n
(PAPMA) P‘ o
HoN
Poly(allylamine) ’I,C:If 155+5.3 27
n
Citric acid m 17.7 £9.2 15
HO' OH
OH
Tributyl citrate (( 19.2+84 17
0, o
o (o]
PSS SN
OH
7-Aminoheptanoic acid /\/\/\)"L 17.9 +6.3 29
HoN OH
12-Aminododecanoic acid o 18.3+8.2 42
H;NAHJLOH
10
8 x 105 mol of additive
Spermine, 5 pug 204+7.1 25
Spermine, 50 pg 16.0+5.5 32
H
HZN/\/\/N\/\/\N/\/\/NHZ
Spermine, 500 pg H 17.9+6.2 40
Spermine, 5000 pg 226+7.5 52
Spermine 17.5+5.0 50
3’3-Diaminopropylamine HZN/\/\H/\/\NH2 17.8+6.3 48
Bis(hexamethylene)triamine HN A S S e 17.1+6.8 90
H
Diethylenetriamine (DETA) HaNo s N2 22.0+6.6 42
H
Triethylenetetramine (TETA) HN i 18.2+54 96
N \/\NH;
H
. H
Tetraethylenepentamine (TEPA) HaN N N2 224+6.2 97
H H
; H H
Pentaethylenehexamine (PEHA) HZN/\/N\/\N/\/N\/\N/\/NH’ 224+7.7 91
H H
4-(Aminomethyl)pyridine NH 15.4+4.7 22
P
N
PAMAM, Gen 0 4 19.8+5.9 31
HZN/\/N
" o
HzN/\/NTr\’N\/\N/\)LH/\’NHa
o
o H/\/NHz
Tris(2-aminoethyl)amine HaN o o NH: 143+57 5
NHg
Tris(3-aminopropyl)amine 16.8+5.2 14
HNTSSNTN N,
NH,
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Figu;p 2. Comparison of three sets of magnetite nanoparticles formed with no
additive. a) representative TEM images; b) particle size frequency distribution; c)
comparison of shape analysis results.

Control reactions: Control reactions with no additive present
were performed to produce particles without additives
influencing the reaction pathway and products. The control
reactions were conducted in triplicate to assess the inherent
uncertainty in the RTCP process, and to increase the reliability
of the result.

The particles collected were analysed via TEM and XRD to
determine shape, size, and iron oxides present within the
synthesised material. The TEM images were used to generate a
frequency distribution and shape distribution of each sample,
with the method of this further detailed in the supplementary.
Three sets of control particles were synthesised to ensure
reliability as these are the basis to which future particles will be
compared, and as such it is crucial to establish a baseline by
which to compare.

An average particle size of 21.0 £+ 6.5 nm was observed
across the triplicate reactions (Figure 2), with a high degree of
polydispersity, and shape analysis suggesting most particles
formed were undefined in morphology, and a poor degree of
shape and size control was observed. Size and shape data of
the three repeats can be seen in Table 1. Minor variations in
control reactions are ascribed to the kinetic regime of the
reaction leading to the synthesis of varied particles. Due to the
time constraints of each synthesis and full set of analysis, the
additive studies were not replicated

Homopeptides and amino acids: When considering Nature as
inspiration from which to select and design additives, amino
acids and homopeptides are a logical choice to observe the
effects of the individual amino acid functionalities that comprise
larger biomineralisation proteins.

Aspartic and glutamic acid play a crucial role in the -DEEVE
nucleating section of Mms6,8 and co-polypeptide libraries used
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Figure 3. Comparison of effect of additives on magnetite nanoparticles formed
with the addition of acidic homopeptides and amino acids a) representative TEM
images; b) particle size frequency distribution; c) comparison of shape analysis
results.

as additives in the synthesis of MNP have found the magnetic
properties of the magnetite crystals can be regulated via the
proportion of these key acidic functionalities.#243 Lysine and
arginine have been chosen to observe their potential influence
on final particle morphology due to previous research and
modelling studies showing basic amino acids bind the cubic
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[100] face of magnetite, promoting shape-controlled particle
growth.?

Both the homopeptide and amino acid forms have been
selected to compare the effects of the presence of additional
functionalities in the monomers as the additional carboxyl and
amino groups present may play a different rule in influencing
the reaction products, and to investigate the potential
importance or effect of the peptide backbone. Due to being
comprised of single repeat amino acids the homopeptides
secondary structures have not been assumed. The chemical
structures of the additives and properties of the particles
formed with the addition of each additive used can be seen in
Table 1.

TEM images (Figure 3a) show the change in particle
response upon addition of the acidic homopeptides and amino
acids. A general increase in standard deviation (SD) occurred
(Figure 3b) with the exception of poly-aspartic acid which
produced particles with a reduced mean diameter of 14.7 nm

a) I Poly-L-lysine | I Poly-L-arginine I
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Figure 4. Comparison of effect of additives on magnetite nanoparticles formed
with the addition of basic homopeptides and amino acids a) representative TEM
images; b) particle size frequency distribution; c) comparison of shape analysis
results.
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and a SD of 5.9 nm. Interestingly, poly-L-glutamic acid, despite
only differing in structure by a single -CH,, produced the largest
particles with the highest polydispersity of any additive
increasing from 21.0 £ 6.5 to 33.2 £ 22.7 nm. This particularly
diverse distribution occurred as the result of two types of
particles being present leading to the appearance of a bimodal
distribution. Particles greater than 100 nm in diameter and
particles akin to those formed in control reactions were both
observed. Each of the four acidic additives showed a small
increase in percentage of faceted particles formed compared to
the controls (Figure 3c), producing between 12-29 % faceted
particles. Both the homopeptide and monomeric form of
glutamic acid produced a higher percentage of faceted particles
than their aspartic acid counterparts.

In the case of basic amino acids and homopeptides, TEM
images (Figure 4a) and size distributions (Figure 4b) revealed
both basic homopeptides also increased the polydispersity of
particles formed, however did not increase the average size of
particle formed. L-lysine reduced the particle size and SD to
13.3 + 4.3 nm, the lowest polydispersity of the 30 additives
screened. Whilst each of the four basic biological additives
exhibited increased shape control (Figure 4c), this effect was
most pronounced in L-lysine, producing 55% faceted particles.

The monomeric amino acids were found to impart a greater
influence on the synthesised MNP than their homopeptide
counterparts, simultaneously reducing the size range of
particles produced, whilst aiding the formation of significantly
more faceted particles than reactions with no additive.

Polysaccharides: Polysaccharides are polymeric carbohydrate
molecules comprised of long chains of monosaccharides
(sugars) connected via glycosidic bonds. Their linear regular
repeating structure has previously been shown to template
nanoparticles as in the case of heparin.22 Composites of MNPs
and polysaccharides have been synthesised#* and complexes of
polysaccharides with iron have been observed to affect
goethite, FeOOH, recrystallisation4546 making them interesting
candidates for influencing FesO,4 particle formation. A range of
polysaccharides were selected based on their differing
properties and functional groups.

Gellan gum (GG) naturally occurs in a high-acyl (HA) form
with a linear tetrasaccharide repeat unit consisting of D-
glucose, D-glucuronic acid, and L-rhammose repeat units. The
high acyl form used in this study contains two acyl groups,
acetate and glycerate, which are present on one of the glucose
residues.

Dextrin has been selected as a relatively simple low
molecular-weight polysaccharide consisting of only D-glucose
units. The sugar backbone displays three hydroxy functionalities
per repeat unit. Chitosan was selected due to its similarity in
structure to dextrin, with one hydroxy functionality per sugar
on the saccharide backbone being replaced with an amine
group allowing for a direct comparison of the effect of the
additional -NH; group. This allows for the biopolymer to serve
as both cationic and anionic binding sites depending on pH.
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Figure 5. Comparison of effect of additives on magnetite nanoparticles formed

with the addition of various polysaccharides. a) representative TEM images; b)
particle size frequency distribution; c) comparison of shape results.

Nanoparticle diameter (nm)

Chitosan is biocompatible and has the potential to be
further functionalised to form cross-linked networks,4” or by
modification of its hydroxy and amino functionalities.4®

a)

Journal Name

Alginic acid is an unbranched glycuronan consisting of D-
mannuronic acid (M-block), and its epimer L-glucuronic acid (G
block), with alternating sequences of both D-mannuronic and
L-glucuronic acid (MG-block) also occurring. The two
monosaccharides are structurally identical, differing only in
conformation (axial/equatorial).

Figure 5a-c shows a comparison of the particles formed in
the presence of polysaccharide. Polysaccharide additives
resulted in a general reduction in particle size, with dextrin,
chitosan, and alginic acid each producing smaller particles than
the control reactions. Chitosan and alginic acid each exhibited
tighter size distributions than control particles. Alginic acid
exhibited the most significant mean particle diameter decrease
of 44% from 21.0 nm to 11.8 nm. HA-GG however, produced
particles with a slight increase in size and SD.

Addition of HA-GG produced the highest proportion of
faceted particles of the polysaccharide additives, with 74% of
particles having a defined faceted shape. The other
polysaccharides exhibited no significant increase in faceted
particles.

Other Polymers: Due to the complexity in structure of
homopeptides and polysaccharides, it is also prudent to test
simpler polymers to observe if promising results can be
achieved without the polymer backbone rigidity observed in
proteins.

Polyethylene glycol (PEG) has previously been used as a
surface stabilising agent and as a surface modifier for MNPs.4°
As this additive has an inherent lack of functional groups it has
been selected to observe the effect of an inert polymer with no
highly charged functionalities.

Poly(N-(3-aminopropyl)methacrylamide) (PAPMA) is
designed to emulate the properties of basic polypeptides with
rigidity, potentially allowing for increased
interaction of amine groups with forming magnetite particle
surfaces.

Poly(allylamine) was also selected to see the effect of a
polyamine on particle morphology as a cheap and readily
available basic polymer with a simple -NH; side chain.
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Figure 6. Comparison of effect of additives on magnetite nanoparticles formed with the addition of various polymers. a) representative TEM images; b) particle size

frequency distribution; c¢) comparison of shape results.
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Each of the three polymers led to the production of smaller
particles of 15.0-15.5 nm size range (Figure 6a-b), and an
average polydispersity of ~ 5.4 nm. Minimal shape-control over
control reactions was observed, with PAPMA (18 % faceted) and
poly(allylamine) (27% faceted) each showing a mild increase in
shape-control over no additive being used.

Carboxyl and mixed functionality compounds: The possibility
of additives capable of both nucleating and controlling the final
morphology of particles would be promising for industry due to
the increased economy and convenience of using a singular
additive for multiple purposes. 7-aminoheptanoic acid and 12-
aminododecanoic acid are readily available dual functionality

a) | Citric acid I I Tributyl citrate I
a2 | 2.

12-Aminododecanoic
acid

acid

& Hexagonal

b) C) ®Octahedral
Undefined

[ Square

100%-

80%

60%-

40%

% Frequency
S

20%

0_ 23 4 il i o .
0 10 20 30 40 50 %
Nanoparticle diameter (nm) i
é\o

<&

&

,\.Y'

Figure 7. Comparison of effect of additives on magnetite nanoparticles formed
with the addition of various carboxyl or mixed functionality additives a)
representative TEM images; b) particle size frequency distribution; c) comparison
of shape results.
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compounds, containing both a nucleating carboxylic acid group
and an amine group.

Citric acid, a weak organic acid which is known to act as a
chelator of iron ions%%51 was chosen to observe its nucleating
effects in comparison to tributyl citrate, a similar compound
replacing the carboxylic acid groups with esters which should
have minimal effect on the size of particles formed and
reinforce the necessity of acidic groups to modulate particle
size.

TEM images and frequency distributions of the particles
formed on addition of citric acid (Figure 7a-b) shows the
formation of both large and significantly smaller particles within
the sample. This is reflected in the increased SD of 9.2 nm,
suggesting a wide range of particle sizes. Notably, tributyl
citrate induced a similar effect with an increased size
distribution also present despite no nucleating functionalities.

Both 7-aminoheptanoic acid and 12-aminododecanoic acid
showed both an improvement in the morphology of particles
formed, with 29% and 42% of faceted particles formed
respectively (Figure 7c). The mixed functionality compounds
however did not significantly affect either the polydispersity or
size of particles formed.

Alkylamines: The success of monomeric L-lysine in modulating
the shape of particles formed inspired the selection of a series
of alkylamine additives with multiple amine functionalities.
Varying chain lengths, N-N spacing, and C:N ratios have been
selected to assess the influence of amine properties on
morphological control. Polyamine compounds have the
potential to act as iron chelators, with multiple amine
functionalities forming co-ordination bonds to a charged iron
centre to form a complex.

Spermine, 3’3-diaminopropylamine  (3’3-DAPA),
bis(hexamethylene)triamine (BHETA) were selected due to their
varying N-N spacing and C:N ratios which contrast with the
ethylenediamine-based series to be screened, which have a
repeat structure varying only by length. This allows the effect of
these various factors be observed.

Due to the differing modes of actions of additives nucleating
vs modulating the surface properties of particles, different
concentrations will be optimum for various additive
functionalities. Additives designed to nucleate particles require
lower concentrations on the pg scale, with previous additive
quantities being calculated relative to prior research utilising
proteins, as too many sites of nucleation will lead to significantly
reduced particle size from the mass formation of nuclei. Amines
which require interaction with surfaces to inhibit crystal growth
will possibly require higher concentrations to optimally interact.
However, if the amine concentration is too high there may be
unselective binding and sub-optimal conditions for specific
magnetite face formation. A large quantity of basic additive may
also alter the reaction conditions negatively by altering the pH
and chemical environment too significantly.

As such, spermine was tested at four concentrations (5-
5000 pg) to ascertain whether there is a requirement for higher
concentrations of alkylamine additives as a simple
concentration study (Figure 8).

and
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The shape distribution of particles formed with spermine
(Figure 8c) shows a steady increase in percentage of faceted

a) particles as the amount of amine additive is also increased. As
Spermine, 5 ug such, the following amine reactions have been carried out at a

higher additive functionality concentration of 8 x 10> mol (Table
1).

Spermine, 3’3-DAPA, and BHETA (Figure 9) each produced
particles comparable to control data in size, and polydispersity.
Each of the amines, however, exhibited a significant rise in
faceted particles, with 48-50 % for spermine and 3’3-DAPA and
highly homogeneous faceted particles for BHETA (90% faceted)
showcasing the promise of amines for shape modulation.

— - Ethylenediamine (EDA) series of amines: Diethylenetriamine

Spermine, 500 pg Spermine, 5000 pg (DETA), triethylenetetramine (TETA), tetraethylenepentamine
(TEPA), and pentaethylenehexamine (PEHA) are a series of

linear ethylenediamines which have found success in

modulating  the  properties of mesoporous  silica

nanomaterials.>? EDA has been used as an additive to form
magnetite nanowires, with a proposed theory that the chelation
of iron ions lowers the concentration of free Fe ions in solution,
slowing the reaction rate, which is favourable for the growth of
nanowires.3153 The DETA-PEHA series has been selected due to
their homologous nature, making it possible to quantify the
effect of increasing chain length.

The addition of any of the EDA based series of amines shows
a marked increase in the formation of faceted particles (Figure
13), whilst having minimal impact on particle size. A sharp
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O Square
100% -

Ed Hexagonal
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B 1

a transition is observed from DETA to TETA with the addition of
g 80% an extra EDA functionality having a substantial influence of 42%
g. 1 to 96% faceted particles formed. In the case of TEPA, some rod-
@ 60%__ shaped particles were also observed in the reaction, which can
:\: 40% be typical of a goethite impurity.5* This however was not

supported by the XRD data (Figure 10) which showed only minor
maghemite and hematite impurities. Morphological control
drops minimally as the chain length increases, with TETA, TEPA,
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Fig 8. Comparison of effect of additives on magnetite nanoparticles formed with
the addition of various quantities of spermine. a) representative TEM images; b)
particle size frequency distribution; c) comparison of shape results.
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and PEHA each producing >95% faceted particles. The EDA
series as additives led to a higher proportion of nanorod
formation than other additives.

Morphological control drops minimally as the chain length
increases, with TETA, TEPA, and PEHA each producing >95%
faceted particles, making the ethylenediamine series a point of
interest for further research.
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Figure 9. Comparison of effect of additives on magnetite nanoparticles formed with the addition of various alkylamines. a) representative TEM images; b) particle size

frequency distribution; ¢) comparison of shape results.
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a) I DETA I TETA Hydroxy-terminated polyamidoamine (PAMAM)
dendrimers have been observed in literature to act as iron
chelators, with the core tertiary amine functionalities co-
ordinating to ferric iron centres.>> PAMAM Gen 0 consists of an
EDA core, functionalised with amidoamine branches each
terminating in a primary amine group. This additive has been
selected due to its uniform branched structure, amide
functionalities (similar structure to homopeptide backbones),
and potential for strong amine interactions with forming
magnetite surfaces to tailor particle shape.

I Tris(2-aminoethyl)amine and tris(3-aminopropyl)amine

were selected to expand on the linear amines and investigate
the effect of a branched structure in comparison to their
straight chain analogues.

4-(Aminomethyl)pyridine showed no significant difference
from control particles, with minimal shape control and a slight
reduction in particle size (15.4 nm * 4.7 nm) (Figure 11).

50 nm §

£ : ‘ 4-
C) I Octahedral B Hexagonal [J Square a) (Aminomethyl)pyridine | PAMAM, Gen 0 |
b) [ ied M Elongated
40-
100%
301 80%-

60%

% Frequency
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50 nm
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100%+ e
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Figure 10. Comparison of effect of additives on magnetite nanoparticles formed
with the addition of basic homopeptides and amino acids a) representative TEM

images; b) particle size frequency distribution; c) comparison of shape analysis
results, d) XRD data.

80%-

60%-

40%

Branched and Other Amines: As primary, secondary, and

tertiary amines will each interact differently with a magnetite 0 10 20 30 40 50

surface, itis important to screen additives with different binding Nanoparticle diameter (nm) 0%-

properties and structures. Q\\i\
4-(Aminomethyl)pyridine was chosen as an amine with e.@\\ R

vastly different properties to those screened thus far, with little \oo& % ol

similarity to the bioinspired additives selected thus far. Due to h)f ,\i\”\,\-

the aqueous nature of RTCP highly aromatic additives are

incompatible with the methodology, however 4- Figure 11. Comparison of effect of additives on magnetite nanoparticles formed

(Aminomethyl)pyridine is water soluble. with the addition of branched and other amines a) representative TEM images; b)

particle size frequency distribution; c¢) comparison of shape analysis results.
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Despite the success of EDA homologues at modulating the
shape of particles produced, tris(2-aminoethyl)amine did not
exhibit the same properties with 95% of particles formed
appearing smooth and undefined in shape. A similar decrease
in shape control was observed for tris(3-aminopropyl)amine
compared to 3-3’diaminopropylamine, which produced 48%
faceted particles compared to 14% with the branched analogue.

The use of PAMAM dendrimer Gen 0 as an additive led to
the formation of a higher proportion of faceted particles
compared to a control (31% faceted), however not as efficient
as any of the linear amines previously screened.

Discussion

When taking inspiration from MTB and their formation of
magnetosomes, it is critical to consider the functionalities which
make them effective in nature. In this study we drew inspiration

from the structure and functionalities present in
biomineralisation proteins,3256 magnetite interacting
Adhirons,’® and coiled coil proteins33 to further our

understanding of the role additives play in the development of
environmentally sustainable yet highly homogeneous MNP.

On addition of the acidic homopeptides, the two
homopeptides produced vastly different particles despite their
similarity in structure, with only a single -CH; unit different on
the side chain. Whilst addition of poly-L-aspartic acid produced
MNP of reduced mean diameter and slightly reduced SD,
addition of poly-L-glutamic acid produced particles with a wide
size distribution and increased mean size. The TEM and size
distribution (Figure 2a-b) of poly-L-glutamic acid suggest the
formation of two particles types, with many particles
resembling those formed in the control reaction, but also the
presence of larger more faceted particles. The presence of
multiple acidic groups may be acting as a preferential
nucleation site, allowing early and specific nucleation leading to
the presence of larger particles. This early nucleation would
allow growth to occur over a longer timescale, leading to the
formation of the unusually large crystals which are not
commonly observed in the RTCP of magnetite.

The increased range of particle sizes formed with poly-L-
glutamic acid suggests the additional flexibility afforded to the -
COOH group attached to the peptide backbone via the
additional carbon atom (see Table 1 for structures) has a major
effect on the function of the additive and how it can interact
with constituents of the co-precipitation process. It is a
possibility that the carboxyl functionalities on longer carbon
chains have more freedom of movement to effectively space
out from each other and bind iron ions in solution with less
specificity. modelling to gauge the
interactions of additives with magnetite would shed light on this
difference in properties.

The two differing functional groups present on L-lysine
(amine side chain and carboxyl) may be allowing L-lysine to
simultaneously aid nucleation in the early stages of the reaction
through the carboxyl functionality, and later interact with the
growing surface of the MNPs to produce more highly faceted
particles. The other two mixed-functionality additives, 7-

Molecular studies

12 | J. Name., 2012, 00, 1-3

aminoheptanoic acid and 12-dodecanoic acid, each exhibit a
rise in faceted particles, however produce wider size
distributions than both L-lysine and control particles. L-Lysine
and poly-L-aspartic acid are promising candidates for further
research due to their reduced polydispersity, with the idea of
using these additives in conjunction with L-lysine being added
at a later point in the reaction than poly-L-aspartic acid to
observe its effect on shape control when magnetite has already
been nucleated.

Citric acid did not significantly alter the properties of MNP
formed, however did increase the size distribution with several
significantly larger particles being observed by TEM (Figure 7a).
This was also observed for tributyl citrate, despite a lack of iron
chelating groups. While the reason for this is not clear, perhaps
the hydroxy groups are still able to bind iron ions, aiding the
nucleation of larger particles, widening the resultant size
distribution despite the presence of no carboxyl groups.

As carboxyl functionalities are easily deprotonated
compared to hydroxy groups, alginic acid is more acidic than
dextrin and chitosan, and hence has more deprotonated groups
as the RTCP reaction progresses from low to high (~2-12) pH on
addition of base. As such, alginic acid may be able to nucleate a
higher number of particles simultaneously, resulting in the
reduced size of particles formed. Alginic acid has unusual
conformations due to it being a copolymer comprised of block
regions of mannuronic acid, guluronic acid, or regions of an
alternating diblock copolymer, which may be allowing the
additive to interact with the forming particles more effectively,
with sugar groups aligned at differing angles.

In comparison to other polysaccharides, the percentage of
faceted particles produced on addition of GG is exceptionally
high (74%). Interestingly, GG contains no functionalities
typically associated with the modulation of particle shape.
Instead, the increased complexity of groups attached to the GG
polysaccharide backbone may govern the shape control the
additive offers with the longer glycerate group having the
potential to flexibly interact with forming magnetite surfaces
easier than groups attached directly to the sugar backbone. The
glycerol functionality may be able to bind to a magnetite facet
through its two alcohol groups, in a manner comparable to the
function of the EDA based additives.57 Another possibility is the
ethylene spaced -OH groups along the sugar backbone
interacting with growing magnetite faces. This could be tested
by using low-acyl GG as an additive to observe the difference in
additive effect.

In the case of the simpler polymers, the three carbon
backbone polymers are either basic or contain no strong
nucleating functionalities such as -OH or -COOH groups, and as
such it is consistent that the mean particle sizes and
distributions would be comparable to reactions formed with no
additive. Poly(allylamine) offered the highest percentage of
shape-controlled particles (27%), however, performed worse
than all of the shorter chain amines (DETA-PEHA, other
alkylamines) The lack of shape control afforded by either of the
basic polymers suggests that some backbone rigidity or
structure may be required in polymers if shape is to be
influenced.

This journal is © The Royal Society of Chemistry 20xx
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The general increase in the percentage faceted particles
formed on addition of amine-based additives is consistent with
amine functionalities influencing MNP formation by binding to
developing magnetite crystal faces, requiring a higher
concentration to form a monolayer over the particle surface for
a maximised effect. This mode of action is suggested by the
spermine concentration study, with an increasing proportion of
faceted particles forming as more spermine is available to bind
growing magnetite faces. Our further concentration study
shows an optimal concentration of additive is achieved,
whereby too much additive results in the formation of less
defined particles.5”

The EDA series of additives led to a higher proportion of
nanorod formation than other additives. Morphological control
drops minimally as the chain length increases, with TETA, TEPA,
and PEHA each producing >95% faceted particles, making the
ethylenediamine series a point of interest for further research.
Further studies have been performed which include
investigating the mechanism by which these additives interact
with magnetite through molecular modelling, showing their
ability to selectively bind the [111] magnetite face.5”

3’3-Diaminopropylamine performed comparably to DETA,
with each amine being similar in length and number of
functionalities. This correlation appears to be more related to
overall amine length rather than the number of amine
functionalities present, as bis(hexamethylene)triamine also
containing 3 amines performed similarly to PEHA, displaying
enhanced morphological control. Bis(hexamethylene)triamine
has a backbone length of 15 atoms, yet only 3 amine groups
compared to PEHAs chain length of 16 with 6 amine
functionalities. The similarity in results corroborates the idea of
an optimum chain length rather than number of amine groups.

Despite the success of EDA homologues at modulating the
shape of particles produced, tris(2-aminoethyl)amine did not
exhibit the same properties with 95% of particles formed
appearing smooth and undefined in shape. Compared to DETA,
which produced 42% particles with faceted morphology, tris(2-
aminoethyl)amine exhibited a significant decrease in shape
control. The binding of tris(2-aminoethyl)amine to the particle

Control

Shape Undefined Undefined
Size ~21nm ~33nm
Distribution Broad Very broad

Poly-L-glutamic acid

ARTICLE

third amine primary amine group, leading to no preferential
inhibition of a particular crystal face, and less control of particle
morphology. A similar decrease in shape control was observed
for tris(3-aminopropyl)amine compared to 3-3’-DAPA, which
produced 48% faceted particles compared to only 14% with the
branched analogue. This is speculated to be the result of similar
reasons as discussed for tris(2-aminoethyl)amine.

The use of PAMAM dendrimer Gen 0 as an additive led to
the formation of a higher proportion of faceted particles
compared to a control (31% faceted), however not as efficient
as any of the linear amines for producing highly faceted
particles. The high number of branched amines may lead to
more generalised facet binding, and hence less tailored
morphological control compared to additives which selectively
bind a single crystal face as there will be no selective growth
inhibition. As such, none of these additives are considered
points of interest for further research.

Conclusions

When planning scale-up of functional nanomaterials such as
bespoke MNP, it is key to consider both the cost and
environmental impact of the synthetic method. Taking
inspiration from the high-quality materials formed in Nature
and learning from the principles exhibited in Mms6 and MIA,
several lead points have been identified for further research.
This screening study compiles a range of structures and
functionalities to ascertain solid starting points for further
research into the green production of bioinspired MNP.

An initial additive study was conducted, with the aim of
building on the current understanding of how compounds
influence the RTCP of magnetite and select several starting lead
additives for further work. The key additives found to influence
the formation of MNP under RTCP conditions are outlined in
Figure 12.

The dual functionality additive L-lysine appears promising,
with L-lysine producing particles with the lowest polydispersity
observed thus far of 4.3 nm and enabling the synthesis of
particles of reduced diameter compared to those typically

Gellan gum/alkylamines

L-Lysine

(5
’.

55% faceted >70% faceted
~14 nm ~22nm
Tight Broad

Figure 12. Summary of the key additives found to influence the properties of magnetic nanoparticles formed within room-temperature co-precipitation reactions.
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producible in RTCP, alongside significant shape control, forming
55% faceted particles.

HA-GG was found to exhibit an exceptionally high degree of
morphological control, with 74% of particles formed exhibiting
faceted morphology, whilst maintaining particle size. The high
efficacy of HA-GG at low concentrations ( 8 x 10-8 mol per 20 mL
reaction), and structure containing no amine groups typical of
forming faceted particles suggest the morphological control of
this additive is occurring through either the binding of other
functional groups to forming magnetite surfaces, or a different
mechanism.

TETA, TEPA, and PEHA each produced highly faceted
particles, a significant increase from the 6% displayed in control
reactions. Further research has been conducted on the effect of
the EDA series of amines, finding they are proficient at
modulating the shape of forming MNP and producing
octahedral particles.3°
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BHETA: bis(hexamethylene)triamine
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Mms: magnetosome membrane specific
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PEG: polyethylene glycol

PEHA: pentaethylenehexamine
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SPION: super paramagnetic iron oxide
TEM: transmission electron microscopy
TETA: triethylenetetramine

TEPA: tetraethylenepentamine

XRD: X-ray powder diffraction
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The role of biological and bioinspired additives in the green synthesis of
magnetite nanoparticles

Laura Norfolk,? Siddharth Patwardhan,® Sarah Staniland

Supplementary information

Particle Sizing Methodology:

This methodology has previously been published in Norfolk et al.!

Particle measurements are taken across the longest axis of each particle to ensure consistency between
measurements using ImageJ software. Approximately 200 measurements are taken from each sample to get
an accurate measure of mean size given the variety in particles per sample. To avoid human bias in which
particles are selected for analysis, particles are analysed from a single “area” of a TEM image to prevent small
or large particles being selectively measured. Several images are analysed for each sample to ensure a
representative sample is taken.

g ~ 70

Figure S1: Screenshot of Image) particle sizing showing particles are analysed in clusters.

Particle Shape Analysis Methodology:

Images are manually analysed using drawing software (Inkscape, Paint.net, etc) by marking each
particle a shape with a set colour (figure S2). A minimum of 300 samples are marked from several
different images to ensure a representative sample is selected. The particles are then counted, at
which point the shape assignment is checked a secondary time to maximise accuracy. Sample
particle shapes can be seen in figure S3.



Figure S2. Example image analysis showing octahedral (red), undefined (green), and hexagonal
(purple) particles.

Figure S3. Sample particle shapes from TEM analysis; a) Octahedral; b) Hexagonal; c) square; d)
rod/elongated.

1 L. Norfolk, K. Kapusta, D. J. Cooke and S. S. Staniland, Green Chem., 2021, 1-12.
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Figure S4. XRD data of particles formed with the addition of acidic homopeptide and amino acid
additives.
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Figure S5. XRD data of particles formed with the addition of acidic homopeptide and amino acid
additives.
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Figure S6. XRD data of particles formed with the addition of polysaccharide additives.
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Figure S7. XRD data of particles formed with the addition of carbon backbone polymer additives.
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Figure S8. XRD data of particles formed with the addition of carboxyl and mixed functionality based
additives.
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Figure S9. XRD data of particles formed with the addition of alkylamine additives.
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Introduction

Ethylenediamine series as additives to control the
morphology of magnetite nanoparticlesy

Laura Norfolk, 2 *® Klaudia Kapusta,? David Cooke {2 ° and Sarah Staniland @

Magnetite nanoparticles play a key role in the nano-industry, with crucial importance in the developing
nanomedicine sector. Such particles must be homogeneous, with a consistent shape and size, due to the
growing need to tailor particles to more defined faceted morphologies. Here an ethylenediamine series
(HoN-(=CH,CH2N=),H2, n = 2 (DETA), 3 (TETA), 4 (TEPA), and 5 (PEHA)), of additives have been success-
fully used to control the morphology of nanomagnetite produced via a green ambient co-precipitation
method. Whilst DETA showed less control, TETA, TEPA and PEHA mediated the near universal synthesis of
faceted particles (91-97%) suggesting a near pure octahedral population (compared to only 6% of control
particles). The particle size was ~ 22 nm for all the samples and was not affected by the addition of addi-
tives. Computational molecular dynamic modelling shows the binding to the octahedral [111] face to be
preferred for all additives with binding to the [100] face unfavourable for TETA, TEPA and PEHA, showing a
preference to bind and direct an octahedral morphology for these 3 additives. This is further explained by
the increased numbers of interactions of the longer additives with the [111] surface through O and Fe in
the magnetite surface bonding to H and N in the additive which is better able to lie flat on the [111]
surface. An optimum concentration of a 1: 125 additive : iron ion ratio was determined which shows that a
relatively small quantity of a cheap, organic bioinspired amine-rich additive can have a massive impact on
the morphological quality of the magnetite nanoparticles. This powerful, additive-directed, green syn-
thesis approach could be universally applied to a vast range of nanomaterial syntheses to great impact.

Control over the size is essential (1) to understand the
surface area and thus dosing levels; (2) to direct the anatom-

In recent years, magnetite (Fe;04) nanoparticles (MNPs) have
been extensively researched for their widespread applications
in industry such as their use in magnetic inks' and carbon
capture,” and importantly, their wide potential in the bio-
medical industry.>”® Their use is being realised as Magnetic
Resonance Imaging (MRI) contrast agents,” drug delivery
systems,® and hyperthermic cancer treatments.’

For any application, control over the size, shape, compo-
sition, mono-dispersity and reproducibility is beneficial, but it
is critical with MNPs for nanomedicine, with the ability to pre-
cisely tune the particles to specific requirements — a much
sought-after feature of production. Monodispersity is key to
ensure uniform, consistent and predicable magnetic pro-
perties, anatomical uptake, anatomical distribution and thera-
peutic dosing/effects.

“Department of Chemistry, The University of Sheffield, Dainton Building, Brook Hill,
Sheffield, S3 7HF, UK. E-mail: s.s.staniland@sheffield.ac.uk

bDepartment of Chemical Sciences, The University of Huddersfield, Huddersfield,
HD1 3DH, UK

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
d1gc01539g

This journal is © The Royal Society of Chemistry 2021

ical location (as different sized MNPs concentrate in different
parts of the body); and (3) to tune the magnetic response, with
smaller MNPs exhibiting superparamagnetism with profound
effects on hyperthermic heating."’

Control over the shape also varies the properties of the
nanomedicine. Due to particle nuclei formation requiring a
low surface area to volume ratio, the smallest MNPs will be
spherical. While being highly dependent on the reaction con-
ditions, as the MNP grows, magnetite’s low index crystal faces
(y[111] < #[100] < y[110]) tend to be favoured in the final crystal
form."" As such, a typical equilibrium morphology is cubo-
octahedral (a truncated cube which appears spherical) incor-
porating a reduced surface area and the most stable [111] and
[100] facets."”> However, more faceted (non-spherical) MNPs
have been shown to offer the most promise across a range of
nanomedicines. For example, cubic nanoparticles have been
found to be preferable for contrast agents compared to spheri-
cal particles (with similar volumes),"*'* while angular “nano-
flower” shaped MNPs have been found to have higher
hyperthermic heating compared to spherical MNPs.'>'® This
is thought to be due to the physical effect of the points and
edges."™'® As such, the demand for non-spherical faceted

Green Chem.
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MNPs in the biomedical industry is on the rise with synthetic
control over the size, shape, and crystal quality of particles
being crucial.

Whilst many syntheses exist to carefully tailor the mor-
phology (shape and size) of MNPs, most of these techniques
require environmentally unsustainable reaction conditions,
increasing the negative environmental impact of the syntheses.
The manufacture of cubic or nanoflower MNPs currently
requires high temperature,'”'® alongside a range of organic
reagents, or microwaves,'” while octahedral MNPs require an
elevated temperature to allow the kinetically favoured [111]
facet to dominate.”® These synthetic routes are not green,
demonstrating a general problem with inorganic nanomaterial
synthesis: precisely faceted nanomaterial production requires
highly wasteful and less environmentally friendly synthesis.

Magnetite can be easily synthesized on a large scale using a
room-temperature co-precipitation (RTCP) reaction (Fig. 1a).
The addition of a base such as NaOH, KOH, or Et,NOH to an
aqueous solution of ferric and ferrous iron under an inert
atmosphere at room temperature produces iron oxides without
the use of toxic solvents/reagents.?! This is a fast and straight-
forward green synthesis, with no use of high energy processes
such as heating or vacuum pressure allowing for large volumes
of particles to be produced. The disadvantage of this green
synthesis is that there is very little control over the final
product, with a broad size distribution (5-40 nm) of an unde-
fined/pseudo-spherical shape with little opportunity to tailor
the morphology.

Within the green chemistry remit (ambient conditions),
some control can be offered by changing the reaction con-
ditions, using such systems as micro->> and milli-fluidic flow
synthesis®> or pH-regulated synthesis;>® however, these
methods are not currently scalable to large-scale production
and offer less control over the particle shape.

a) b)

N, inlet
Needle (vent) N~

NaOH inlet
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The use of additives in a green RTCP is an established
method to offer control over nanoparticle synthesis.*® Grafted
co-polymer additives have been used to control the size of
magnetite MNPs>® while there are many examples of green/
natural additives being used such as unrefined seaweed®” and
plant leaf extracts in the synthesis of MNPs,**™°
citrate,** oxalic acid®? and chitosan.** Green additives such as
fruit juice and sea buckthorn have also been used to control
the size of gold* and silver***® nanoparticles. However, all
these examples produce spherical particles or particles of
undefined morphology. Clearly, shape is more difficult to
control with additive synthesis, with the green synthesis of tai-
lored faceted MNPs offering a greater challenge.

Highly uniform, morphologically controlled MNPs are
observed in nature, for example within magnetotactic bacteria.
These unique bacteria foster the ability to precisely control the
synthesis of MNPs using magnetosome membrane specific
(Mms) biomineralisation proteins such as Mms6*’*' and
MmsF.** This has translated to the successful use of several
Mms proteins as biological additives to mediate the formation
of enhanced MNPs in simple RTCP syntheses. Purified Mms6,
MmsF and an MmsF protein mimic®® have been used in vitro
to control particle formation in RTCP reactions, with increased
control over the size (Mms6) and morphology (MmsF) and
magnetite mineral purity (both) compared to protein free
1,eactions‘38,39,41,42,,60

Recently, by screening an (Adhiron) affimer protein phage-
display library against cubic [100] magnetite (labelled MIA
(Magnetite Interacting Adhiron)), we identified a protein addi-
tive that specifically directs the formation of cubic MNPs. The
resulting MIAs were found to contain high levels of basic resi-
dues, particularly lysine.**> Molecular dynamics simulations
showed the amino acid lysine to have the lowest adsorption
energy to the magnetite [100] surface through amine inter-

as well as

NaOH addition
(pH increase)

NaOH addition
(pH increase)

Homogeneous iron
R salt solution

Additives adsorb to
forming primary particles

Formation of morphologically
controlled particles

Iron salt solution

Magnetic stirrer
bar

Fig. 1

(a) Schematic of the experimental setup for an RTCP reaction containing an organic additive or protein in vitro. (b) The reaction progression

on addition of NaOH is shown, with the role of additives adsorbing to the surface of forming primary particles, and finally the production of morpho-

logically controlled particles.
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actions with the surface.*” Adsorption of MIA additives to the
magnetite [100] surface of a developing crystal results in stabiliz-
ing and propagating that surface allowing it to dominant the
final (cubic) particle structure. This was seen in RTCP reactions
where cubic MNPs were formed when mediated by an MIA
protein additive, a morphology previously only accessible using
organic solvents and high-temperature methods. From this
work, we saw that the amine rich additive controlled the MNP
morphology through adsorption to the magnetite surface.*?

Whilst complex proteins are green additives capable of
specific crystal face binding to control morphology, they are
very expensive to produce compared to the other additives
cited above. For example, a commonly used arginine based
synthetic protein costs £49 per mg,** with more bespoke and
membrane proteins costing multiple times more. In this study,
we take a systematic approach to understand morphology con-
trolling protein additives and use this to develop cheaper
bioinspired additives to mediate the RTCP of faceted MNPs.

We identify the importance of amine groups for interacting
with magnetite surfaces to control their morphology. In this
study, we screen an ethylenediamine series (amines linked
with aliphatic CH,CH, spacers of various lengths) as bioin-
spired additives for RTCP of faceted MNPs. Ethylenediamines
are small, simple and cheap additives for a green RTCP syn-
thesis that pose a more realistic commercially viable prop-
osition for scale-up and green manufacture at a millionth of
the cost of a protein additive (tetraethylenepentamine is
£55.30 per kg (ref. 45)), demonstrating that this method could
be used for the green production of magnetite on an indust-
rially viable scale.

If the nanomaterial industries, particularly biomedical, are
to continue to expand and precisely faceted MNPs are required
on a larger scale, it is critical to develop synthetic methods
that offer substantial reductions in energy usage and manufac-
turing carbon footprint whilst still offering precise control over
the nanomaterial properties. Here we demonstrate that ethyle-
nediamine additives in green RTCP have the ability to control
morphology with the precision of proteins at a fraction of the
cost.

Experimental
Materials and methods

All reactions were carried out under an inert atmosphere of N,
and all solutions were sparged with N, for 30 minutes prior to
use. Ultrapure Milli-Q water (Merck Milli-Q integral purifi-
cation system) was used. All reagents were purchased from
Sigma Aldrich.

Room temperature co-precipitation

Iron(u) sulphate (111 mg, 0.4 mmol) and iron(m) sulphate
(179 mg, 0.3 mmol) were dissolved in N, sparged Milli-Q
(20 mL) in a two-neck round bottomed flask. A set amount of
the additive was added to the reaction mixture and left to stir
for 5 minutes to ensure dissolution of the additive and iron

This journal is © The Royal Society of Chemistry 2021
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salts under an N, atmosphere. N, sparged 0.5 mol NaOH
(8 mL) was added at a rate of 50 pL a minute with stirring, for
a total of 160 minutes using a Harvard Apparatus 11 plus
syringe pump driver. The reaction was left to age for an hour
under the inert atmosphere. The reaction mixture was then
magnetically separated, washed five times with sparged Milli-Q
to remove any non-magnetic iron oxide by-products, and the
particles dried in a 40 °C vacuum oven overnight. All reactions
produced a high yield of particles (>85%).

Characterisation

Transmission electron microscopy (TEM). 10 pL of a 1 mg
ml~" suspension of nanoparticles in hexane was dropped onto
a carbon coating copper TEM grid and allowed to dry down.
Grids were imaged using an FEI Technai G2 Spirit electron
microscope and the TEM images were analysed using the
Image] software. >200 particles per sample were randomly
selected and measured (see ESI S1 and S2+ for the full protocol
of sample analysis). For HRTEM and selected-area electron
diffraction, an FEI Titan microscope was used.

X-ray diffraction (XRD). The XRD data were collected by the
analysis of dry iron oxide nanoparticles in a Bruker D8 powder
diffractometer. The diffraction images were collected in 0.022-
degree increments from 20 to 80 degrees, with a fixed wave-
length at 1 = 1.54178 A from a Cu Ko X-ray source.

Fourier-transform infrared spectrometry (FTIR). FTIR was
performed on a small quantity (5-10 mg) of dry iron oxide
nanoparticles using a PerkinElmer FTIR and Golden Gate
Diamond ATR spectrometer. The particles were dispersed in a
0.05 M solution of TEPA in ultrapure Milli-Q and sonicated for
10 minutes. The solution pH was adjusted to the desired pH
using 0.5 M HCI/0.5 M NaOH and rotated for 1 hour using a
Lab net Mini Labroller. The particles were then magnetically
separated, washed with pH adjusted Milli-Q (adjusted to the
same desired pH), and dried overnight in a vacuum dessicator.
Data collection and analysis were performed using Spectrum
10, with scans being made between 450 and 4000 cm .
Baseline correction was performed on all the spectra.

Thermal gravimetric analysis (TGA). To ascertain the
binding of organic material to iron oxide nanoparticles, a
small amount (10-20 mg) of particles were washed with
ethanol and acetone to remove any residual surface organic
debris and dried in a vacuum oven. The cleaned particles were
then dispersed in a 0.05 M solution of TEPA in ultrapure Milli-
Q and sonicated for 10 minutes. The solution pH was adjusted
to ~pH 7 using 0.5 M HCI and rotated for 1 hour using a Lab
net Mini Labroller. The particles were then magnetically separ-
ated and washed using ultrapure water to remove excess
unbound amine and dried overnight in a vacuum desiccator.

TGA was performed on these dry particles between 20 and
800 °C at a heating rate of 10 °C per minute under a 2/3 N,
and 1/3 O, atmosphere.

Computational modelling

The computational study used an approach similar to our pre-
vious study of magnetite surfaces.”> The DL_POLY Classic

Green Chem.
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code®® using the Generalised AMBER Force Field (GAFF)*” for
the ethylenediamine molecules, a modified version of CLAYFF
for magnetite*®*® with standard, Lorentz-Berthelot®>*”" mixing
rules, was used to define the interaction between the two
force-fields. Applying this approach to describe the interface
between two very different media is not normally advisable
and its reliability should be tested before production runs are
performed.”® However the similarity in form of the two force-
fields and the partial charges associated with the atoms on
both sides of the interface meant that our tests showed that
the approach adequately described the interface between mag-
netite and a range of simple organic molecules.”® The
approach has also been used by others to study similar
systems,>**® including the organic/magnetite interface.””

The structures of the ethylenediamine molecules were gen-
erated using the AMBERTOOLS package TLEAP, and magnetite
slabs terminating with the (100) and (111) surfaces perpen-
dicular to the x-axis and approximately 25 A thick were gener-
ated from the pre-relaxed (1 ns of MD simulation at 300 K
using the NPT ensemble) bulk structure using the METADISE
code.?® pH was incorporated into the modelling by considering
several charged examples of each ethylenediamine molecule
and using published pK, values (Hazardous Substances Data
Bank) a weighted average could be determined to reflect the
results in the chosen conditions.

Except for the initial relaxation of the bulk structure, the
MD simulations were performed using the canonical, NVT,
ensemble at 300 K, employing the Nose Hoover thermostat
with a relaxation time of 0.5 ps. The trajectories were gener-
ated using the Verlet leapfrog algorithm®® using a time step of
1.0 fs. The long-range coulombic interactions were calculated
using the Ewald summation,>® and the short-range inter- and
intramolecular interactions were described using the potential
parameters discussed above. Each production run was per-
formed for 5 ns, during which all the atoms within the system
were free to relax. The energetics of the system were recorded
every 0.1 ps, and the coordinates were written to the general
trajectory file every 1 ps. To better scan the configuration
space, 42 simulations were run for each molecule on each
surface, where the orientation and position of the molecule at
the start of the simulation differed. Thus, the results reported
represent statistics collected over 210 ns of MD simulation.

Results
Additive screening

When selecting additives for potential future scale-up, it is
important to consider the cost. While a compound may be
highly effective at face-specific adsorption (such as the MIA
protein), if they are not readily available, easily synthesised or
competitively priced, the process will not be commercially
viable for industrial scale-up. Additives must be water soluble
to be effective in green RTCP reactions, and non-toxic.
Ethylenediamine is an inexpensive compound, and known to
be a chelating agent. Fig. 1a and b schematically shows the

Green Chem.
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setup of the RTCP reactions, and the process of additive-
directed synthesis.

We have screened a full ethylenediamine series of H,N-
(-CH,CH,N-),H, (with n = 2, diethylenetriamine (DETA); 3, tri-
ethylenetetramine (TETA); 4, tetraethylenepentamine (TEPA);
and 5, pentaethylenehexamine (PEHA)) (Fig. 2b-e) to assess
their effectiveness in controlling the morphology of MNPs
compared to additive-free control. These additives were
selected due to their relatively low cost, the only factor varied
in these reactions was the additive used. The amount of addi-
tive used per reaction was relative to the number of amine
groups present, i.e. twice the amount of DETA was used relative
to PEHA to maintain 0.08 mmol of active amine groups. As the
reaction contained 1 mmol of iron ions, the ratio of functional
groups : iron ions was thus 1:12.5. As such, the final ratios of
additive : iron ions varied depending on the additive used:
DETA (1:37.5), TETA (1:50), TEPA (1:62.5), PEHA (1: 75).

Fig. 2a-e shows representative TEM images of the nano-
particles formed (ESI Fig. S31 for larger TEM images). From
visual inspection, it is clear the additives have had a profound
effect on particle morphology. The control particles (Fig. 2a)
were found to be consistent with previous magnetite MNPs
from the literature formed via an RTCP route (mean size
22.2 nm, standard deviation (6.5 nm)).® The sizes of MNPs
from TEM analysis (Fig. 2a-e) and crystallite sizing calculated
with the Scherrer equation from the full width maximum of
the XRD pattern are in agreement and are shown in Table 1.
The addition of the amine additives does not have a signifi-
cant effect on the MNP/crystallite size and the size distri-
butions are similar for all the reactions with only TETA appear-
ing minimally smaller in size (Fig. 2f, (ESI Fig. S47 for individ-
ual histograms)), suggesting that the amine additives do not
affect the MNP size.

The XRD patterns (Fig. 2g) of MNPs synthesised with addi-
tives are consistent with magnetite being the major crystalline
component of each sample (semi-quantitative analysis
suggests >80% for all samples). Minor contaminants of other
iron oxides (wiistite hematite and maghemite) are present. The
control sample contains all 3 contaminants, while small quan-
tities of maghemite and hematite (estimated < 6%) are seen in
the reactions mediated by the longer chain PEHA and TEPA
additives, and wistite (estimated < 20%) is seen in the reac-
tions mediated by the short chain DETA and TETA additives.
The TEPA mediated sample was found to contain the purest
magnetite.

From the analysis of TEM images, the particle shape was
assigned (Fig. 2h and 3). Remarkably, the addition of all the
ethylenediamine additive resulted in an increased formation
of faceted particles (diamond, square, hexagonal). The meth-
odology by which a particle’s shape is assigned is demon-
strated in Fig. 3 (also see Methods and ESI S27). It should be
noted that TEM images are 2D projections of 3D shapes and
as such there can be an overlap and error in the assignment
(e.g. octahedra commonly project a diamond shape in 2D but
can also project hexagonal and square shapes if viewed at a
different angle.*’ Similarly, cubes commonly look square but

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 MNP analysis: Representative TEM images of nanoparticles formed with the addition of various additives. (a) Control (no additive); (b) DETA;

(c) TETA; (d) TEPA; (e) PEHA, with scale bars and additive structure. (f) Frequency distribution histogram of particles; (g) annotated XRD data where
M = magnetite, Mh = maghemite, H = hematite, and W = waustite. (h) Shape distribution of particles from TEM images. All scale bars are 50 nm.

Table 1 Table of characterisation of samples from additive screening

Particle size TEM Crystallite size XRD % Faceted

Sample (nm) (nm) particles
Control 22.2+6.5 20.4 6

DETA 22.6 +6.1 19.3 42

TETA 18.4 +5.0 17.5 96

TEPA 23.3+7.2 17.5 97
PEHA 229+7.0 18.4 91

can project a hexagon). The populations here show a particular
dominance of the octahedral morphology, with mainly dia-
monds with some square and hexagons. Faceted particles are
clearly distinguishable from undefined particles.

A control reaction produced 6% faceted particles, increas-
ing to 42% on addition of DETA, the shortest amine additive Fig. 3 sample particle shapes from TEM: (a) diamond, (b) hexagonal, (c)
tested. The proportion of faceted particles increased with the square, and (d) rod.

This journal is © The Royal Society of Chemistry 2021 Green Chem.
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additive length up to TEPA, with TETA and TEPA producing
96% and 97% of particles with a defined morphology respect-
ively. As the additive chain length increased further for PEHA,
91% of faceted particles were formed. All three TETA, TEPA,
and PEHA show highly significant quantities of faceted MNPs
with each mediating the production of >60% of diamond par-
ticles, assigned to an octahedral morphology. The octahedral
nature of these assigned particles was confirmed by the lattice
fringe measurement of HRTEM images (Fig. 4). The d-spacing
of 4.8 A is indicative of a [111] octahedral plane, confirming a
predominantly octahedral morphology in the TEPA additive
mediated particle population.

Modelling study

Our previous modelling studies explained why a lysine-rich
peptide was able to control the formation of cubic magnetite
MNPs by a strong interaction of the amine with the [100]
surface of magnetite.®’ In this study we see a series of ethyle-
of different lengths preferentially
mediate the formation of octahedral magnetite MNPs. It is
clear the ethylenediamines are not interacting with the [100]
and [111] surfaces in the same way as the lysine-rich protein,
so again we turned to modelling to explain why these mole-
cules preferentially mediate the formation of octahedral
MNPs. We have defined the adsorption energy of the ethylene-
diamine molecules onto the magnetite surfaces as the differ-
ence in the energy of a magnetite slab with an adsorbed mole-
cule and the energy of the same slab and an isolated mole-
cule:*?

nediamine molecules

Eaas = Eslab+molecule - (Eslab + Emolecule)

With the exception of DETA, we find the adsorption is
endothermic at the [100] surface and exothermic at the [111]
surface (Fig. 5), showing a definite preference for the inter-
action with the [111] face over the [100] face for these mole-
cules. After this quantity has been normalised, to take into to
account the varying number of amine groups in the molecule
and the overall charge on the molecule, we find that that

=

Fig. 4 (a) Selected area electron diffraction of octahedra assigned par-
ticles from the TEPA mediated MNP sample, (b) HRTEM of octahedral
particles, (c) lattice fringe measurements.
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Fig. 5 Calculated changes in the surface energy due to the adsorption
polyamine chains of varying lengths. Solid lines at pH 7 and dotted lines
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adsorption at the [111] surface is favoured by 100-140 k] mol ™"
per unit charge per amine group. There is no significant differ-
ence between the calculated values for TETA, TEPA and PEHA
but the difference is greater at pH 7 than at pH 8 (Fig. 5).

The surface energy, after adsorption (y.qs), is defined as the
difference in energy per unit area between a magnetite slab
with an adsorbed molecule and the sum of a bulk system con-
taining the same number of Fe;0, formula units as the slab
and an isolated molecule:

Yads = [Eslab+molecule - (Ebulk + Emolecule)]/A

As a Wulff construction®® assumes that a crystal will
arrange itself such that its surface Gibbs free energy is mini-
mized by assuming a shape of low surface energy the
reduction in the energy of a particular surface at the expense
of another will be directly related to the observed morphology
of the resulting particles. This is shown in Fig. 5 and clearly
illustrates that the adsorption of the TETA, TEPA or PEHA
molecule leads to a small stabilisation of the [111] surface,
whereas adsorption destabilises the [100] surface with the
effect increasing with chain length and goes some way to
explaining the results shown in Fig. 2h, where octahedral par-
ticles are the most abundant when TETA, TEPA and PEHA are
present. Note there is negligible difference for both adsorption
energies to each magnetite surface and thus less preference
for octahedral particles when DETA is present.

The nature of the adsorption, and hence the difference in
the calculated surface energies can be understood by consider-
ing the nature of the bonding at the surface. This is simply
achieved by considering the radial distribution functions
(RDF) between the iron and oxygen in the magnetite and the
nitrogen and hydrogen atoms in the amine groups. Fig. 6
shows this data for a system at pH 8. The sharp peak at ~1.8 A
in Fig. 6a and c indicates that strong hydrogen bonds form
between surface oxygen and the hydrogens in the amine
groups for both [100] and [111] surfaces.

As would be expected, the peaks are sharpest for the short-
est molecules as there fewer degrees of freedom available

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Radial distribution functions for (a) hydrogen—oxygen inter-
actions and (b) nitrogen—iron interactions at the [111] surface; (c) and (d)
show hydrogen—oxygen interactions and nitrogen—iron interactions at
the [100] surface.

during the adsorption and thus the range of bond lengths
explored will be smaller. More interesting, and also explaining
why the adsorption is stronger at the [111] surface, is the lack
of an Fe-N bonding peak at 2 A in Fig. 6d, which is present in
Fig. 6b, illustrating that at the [111] surface both adsorption
modes are present, whereas only hydrogen bonding is present
at the [100] surface. The link of increased binding with
increased binding modes is further demonstrated by the fact
the adsorption peak for the Fe-N bonding at [111] is missing
only for DETA (Fig. 6b) and DETA shows no difference in
surface energy absorption (Fig. 5).

Integrating the first peak of the RDF gives the average
number of bonds formed between the adsorbed molecule and
the surface.> As would be expected, the number of bonds
increases with chain length however, more importantly, the
number of bonds is significantly greater for the [111] surface
than that for [100]. This implies that the longer molecules are
better able to lie flat on the [111] surface, forming a stronger
interaction with the surface and reducing the surface energy at
the [111] surface. Fig. 7 shows PEHA is able to lie flat on the
[111] surface (Fig. 7b), which is not the case for the [100]
surface (Fig. 7a). Fig. 7b shows additional interactions between
surface Fe and the amine groups and N to surface O inter-
actions. However, the data appear to be independent of both
chain length and pH for the [111] surface, whereas increasing
chain length and reducing pH have a detrimental effect on the
[100] surface energy (Fig. 6 and 7).

To further probe the nature of the adsorption, two angular
order parameters were defined that describe the orientation of
the molecule on the surface.®® The first is the acute angle
formed by a vector, parallel to the surface and a vector connect-

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Atomistic simulations of TEPA interacting with a magnetite
surface (a) [100] and (b) with the [111] surface.

Table 2 The variation in the angle in degrees between the molecule
and the surface. The median value is tabulated with the interquartile
range shown in brackets. The numbers are based on the composition of
each molecule at pH 8

End to end End to centre
[100]
DETA 4(1.8) 28 (4.1)
TETA 20 (26.8) 38(10.8)
TEPA 24 (24.8) 20 (17.8)
PEHA 45 (32) 29 (29.7)
[111]
DETA 15 (18.5) 30 (25.3)
TETA 16 (15.3) 30(28.4)
TEPA 14 (15) 29 (29.4)
PEHA 15 (15.1) 29 (30.7)

ing the two terminal amine groups and second, the acute
angle formed by the vector, parallel to the surface and a vector
joining a terminal amine with the centre of mass of the mole-
cule. The results are shown in Table 2.

The end-end angle increases steadily with chain length,
when considering adsorption at the [100] surface, whereas it
remains approximately constant (~15°) when considering
adsorption at the [111] surface. With the exception of DETA
the angle is always greater for the [100] surface. This, together
with variance in the end to centre parameter shows that the
molecules are more mobile on the [100] surface, whereas they
adsorbed strongly to the [111] surface and remain flat, i.e. par-
allel to surface, further suggesting the molecules’ role in pro-
moting the growth of the [111] surface.
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Optimising amine additive concentration

The concentration of the additive and thus the ratio of additive
to iron ions present in an RTCP reaction is likely to be a criti-
cal factor in the effectiveness of MNP control. For this concen-
tration study TEPA was selected owing to it mediating the
highest number of faceted particles and the purest magnetite
MNPs. 4 different additive:iron ratios were tested, each
varying by a factor of 10 (1:1250, 1:125, 1:12.5, 1:1.25).

TEM images (Fig. 8a-d) show particles of various sizes and
morphologically defined populations (larger images available
in ESI Fig. S57). Fig. 8e and Table 3 (and ESI Fig. S6t) demon-
strates that size and size distribution remained consistent at
the lower concentrations between the 1:1250-1:12.5 ratios. At
the 1:1.25 ratio, there is a significant shift in the profile with
respect to both the size and morphology of the particles
formed. The mean size of the particles increases from ~22 nm
for lower concentrations to 49.4 nm, and the standard devi-
ation increasing from 6.0 to 19.6.

The shape profile (Fig. 8g) shows the particle morphology
of the 1:1.25 sample to be the poorest too, with 72% of unde-
fined shape (Table 3). It is interesting there are almost equal
quantities of diamond and elongated rods (12%) in this poorer
1:1.125 sample, showing that high quantities of the additive
have a detrimental effect on both the size and morphology.
Rod shaped particles are typically associated with the iron
oxide goethite, however the XRD (Fig. 8f) shows that for each
sample magnetite is the main crystalline product, with only a
small quantity of goethite impurity in all samples. In fact, the
XRD data remained consistent between all the samples,
suggesting the difference in particle morphology is not the
result of different iron oxides species being present.

The ratio 1: 125 was found to produce the most consistently
faceted particles, with 81% of the particles formed being
faceted with >70% being octahedral (Table 3). The ratios above
and below, (1:1250 and 1:12.5 respectively) display a similar
size and shape profile to each other. 1:125 TEPA:Fe ratio
showing the best shape control is consistent with the previous
additive screening results. The initial screening used a concen-
tration of 1:62.5 (twice the concentration of 1:125, and
between 1:125 and 1:12.5 values). It is interesting to note
that the optimum proportion of faceted particles is actually
achieved in the initial screening, but this concentration study
achieves a more morphologically consistent diamond-shaped
population.

To better understand if and when TEPA is binding to the
forming particles, FT-IR spectroscopy was performed at a
range of pH from 4.5 to 12.8 (ESI Fig. S6t). The magnetite par-
ticles give a strong Fe-O peak at 542 cm ™" (and a minor one at
691 cm ™). The signal from an amine organic coating (bending
frequencies occurring between 1220 and 1747 cm™ ') is the
most predominant in pH 7.4 and pH 9 samples while only a
negligible signal is seen in the extreme pH values of 4.5 and
12.8. This suggests TEPA binds only after the particle has
nucleated (above pH 4.5), thus to the surface as opposed to
iron ions. Above pH 12, TEPA is exclusively neutral with no
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Fig. 8 MNP analysis: Representative TEM images of nanoparticles
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Table 3 Table of characterisation of samples from the concentration study

% Faceted particles (total)
Sample TEPA : Fe Particle size TEM (nm) Crystallite size XRD (nm) Diamond Hexagonal Square Rod
1:1250 21.1+£6.0 23.0 37

28 5 5 —
1:125 23.5+£6.0 24.0 81

71 3 7 —
1:12.5 22.7 £6.0 26.2 35

24 7 3 1
1:1.25 49.4 +19.6 23.0 28

13 1 2 12
-NH;" or -NH,-" groups for electrostatic interaction, direct the growth of [111] faceted octahedral particles. This is

suggesting the TEPA completely disassociates from the par-
ticles at above pH 12. TGA (ESI Fig. S67) suggests the presence
of TEPA as an organic coating at pH7.

Discussion

RTCP is a simple, well-studied method of producing large
quantities of magnetite nanoparticles, with the drawback that
particles produced have an undefined morphology. While a
range of natural additives have being used in an RTCP reaction
to control the MNP size, the use of biomineralisation proteins
and peptides to control both the size and shape as well as
produce higher quality particles is well documented,*®°%%°
with varied complexities and functionalities. A molecule that
specifically adsorbs to a developing crystal face, reduces its
surface energy to slow the growth of the face, resulting in that
facet dominating the final morphology of the crystal.*® Peptide
and protein control over nanoparticle morphology has been
ascribed to precise mapping of the specific surface resulting in
multiple interactions. In this study we used the learning from
such proteins. They were found to be lysine-rich showing
strong amine interactions with the magnetite surface.

EDA is an inexpensive, simple, amine compound and has
previously been used as well as DETA as a structure-directing
agent (in non-green synthetic conditions).®”’*® The addition of
EDA based additives of all lengths tested (amine groups = 3-6,
DETA-PEHA) had an influence on the morphology of the par-
ticles, with an increased percentage of faceted particles being
observed from DETA to TETA, with TETA to PEHA showing
close to pure faceted particles (optimum found at TEPA).
Particle size remained consistent (~18-23 nm) between
samples synthesised with no additive and the samples pro-
duced with all additives, suggesting the additive does not play
a role in nucleating the MNPs. This is to be expected as
mineral nucleation is usually facilitated by acidic proteins in
biomineralisation (containing multiple aspartic and glutamic
acid) providing sites for metal ion binding.*' An additive that
affects nucleation will generally influence the mineral type
and/or the particle size, neither of which is seen here. Instead
the amine molecules exclusively act to control morphology,
preferentially adsorbing to and stabilising the [111] face to

This journal is © The Royal Society of Chemistry 2021

consistent with what is currently understood in the literature
and from our modelling studies.*

Production of octahedral MNPs via a green additive syn-
thesis is a very important advance for biomedicine. Such
faceted particles are very desirable for both therapeutics and
diagnostic nanomedicine, while cheap sustainable manufac-
ture will increase accessibility leading to more widespread
uses. While it is clear the EDA series of additives primarily acts
to direct the morphology of the growing crystal, in doing so
the amine chains bind to the surface. This has a secondary
feature of forming an organic coating. This helps to stabilise
and increase the dispersion of the MNPs in solution. The
amine additives could thus be modified to also functionalise
the particles if desired, giving the additive a dual purpose.
However, the additive does not bind at extreme pH, so can be
easily removed with base by continuing the titration if desired.

It is clear from the additive screening that TETA, TEPA and
PEHA produce the majority octahedral particles (while DETA is
less effective). Computational simulation studies explain why
the ethylenediamine series directs the morphology towards
octahedral particles. The modelling demonstrates a clear pre-
ferential binding to the [111] face over the [100]. Despite the
identical functional groups, additive performance is affected
by their length, with the shortest DETA showing only a minor
effect. While TETA, TEPA, and PEHA are comparable, there is a
slight reduction in performance from PEHA, the longest
amine molecule. From the modelling data we see DETA shows
no preference for [111] or [100] and this explains why it had
the least influence over particle morphology.

Modelling also shows the energies of absorption for
binding are similar for TETA, TEPA and PEHA for both the
[111] and [100] magnetite surfaces. This seems to be driven by
a mixture of the positive effect of chelation coupled with the
negative effect of entropy for long molecules which may
explain the slight fall off for PEHA. The adsorption at the [111]
surface is favoured by TETA, TEPA and PEHA because the
arrangement of the ions on the surface enables the molecule
to adsorb flat and form, not only hydrogen bonds between the
magnetite surface oxygen and hydrogens on the amine groups,
but also strong interactions between surface iron and nitrogen
groups in the amine. Whereas only hydrogen bonding is able
to occur at the [100] surface and to a lesser extent to that pre-
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dicted at the [111] surface. It should be noted that the energy
changes required to favour one surface over the other can be
small, thus subtle changes in the form of the additive mole-
cule result in a substantial effect to the MNP morphology. For
example, it is noteworthy that the ethylenediamine series was
inspired by the basic amino acid rich morphology controlling
protein, with a particularly high quantity of lysine. The lysine
rich peptide loop directed magnetite MNP morphology
towards cubic particles, showing a preference to the [100] face.
It is interesting that because these seemingly similar mole-
cules (differ by a carboxylate group) bind differently to the
magnetite [111] and [100] surfaces, a dramatically different
morphological outcome is achieved. This is something that,
carefully designed, computer modelling can probe as the tech-
niques are able to directly compare adsorption at different sur-
faces and consider a variety of adsorption modes.

From varying the concentration of TEPA by factors of 10, a
rough ideal concentration was ascertained as ~1:125. This is
in line with the results seen for the screening which used a
1:62.5 ratio. At 1:1250 and 1:12.5, similar degrees of mor-
phological control were exerted over the MNP formed, despite
the difference in conditions. This may be because below the
ideal concentration there may be too little of the additive for
surface coverage to have a substantial effect on particle for-
mation, and at high concentrations the reaction conditions
such as pH may be altered by the additive, effectively polluting
the reaction environment. This seems to be the case at near
1:1 additive to iron concentrations. This study was conceived
to translate a green bioinspired approach to scale-up. A chief
concern with scale is cost. This study demonstrates a vastly
cheaper additive compared to protein alternatives and the con-
centration study reveals that very small quantities of this cheap
additive (1:125) are the optimum, which is a very positive
news for scale-up.

Conclusions

Ethylenediamine based additives have been successfully used
to enhance magnetite MNPs formed under a high-yielding,
environmentally friendly RTCP, by directing the formation of
octahedral particles. A modelling study revealed that the
longer EDA series molecules adsorb strongly and lie flatter
against a [111] octahedral magnetite surface; conversely
adsorption to a [100] surface is unfavourable. As such both
modelling and experimental results align to represent the
potency of the longer EDA molecules (TETA, TEPA, PEHA) as
shape-directing additives for octahedral magnetite. Only a
small quantity of the additive is required to offer optimum
control. This study realises and explains the power of the
bioinspired-additive green chemistry approach to MNP syn-
thesis. Previous work has demonstrated how metal-alloy nano-
particle phase,®® silica mesoporosity,”® and morphology of
many nanoparticles such as magnetite,*® calcite,”" and plati-
num’® can be controlled using proteins and peptides in
similar simple green precipitation reactions. Learning from
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biology, here we have used only the specific functionalities
and motifs on simpler organic molecular additives. We
demonstrated that easily accessible additives can define and
control the MNP morphology. More widely, this methodology
has the potential to translate to a full range of nanomaterials,
most readily those where protein/peptide directed synthesis
has already been demonstrated, with a scalable universal
green nanomaterial synthesis offering a huge impact for nano-
material manufacture.

Abbreviations

DETA Diethylenetriamine

EDA Ethylenediamine

FCC Face-centred cubic

FTIR Fourier-transform infrared spectroscopy
FWHM  Full width half maximum

HRTEM High resolution transmission electron microscopy
MIA Magnetite interacting adhiron

Mms Magnetosome membrane specific

MNP Magnetic nanoparticle

MRI Magnetic resonance imaging

NaOH  Sodium hydroxide

PEHA Pentaethylenehexamine

RDF Radial distribution functions

RTCP Room temperature co-precipitation
TEM Transmission electron microscopy
TETA Triethylenetetramine

TGA Thermal gravimetric analysis

TEPA Tetraethylenepentamine

VSM Vibrating sample magnetometry

XRD X-ray powder diffraction
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Figure S1. Individual histograms of MNP formed in RTCP reactions with the addition of varying
additives: a) No additive (control); b) DETA; c) TETA; d) TEPA; e) PEHA

Particle Sizing Methodology:



Particle measurements are taken across the longest axis of each particle to ensure consistency
between measurements using Imagel software. Approximately 200 measurements are taken from
each sample to get an accurate measure of mean size given the variety in particles per sample. To
avoid human bias in which particles are selected for analysis, particles are analysed from a single
“area” of a TEM image to prevent small or large particles being selectively measured. Several images
are analysed for each sample to ensure a representative sample is taken.

- ¥ 3 = S £ - b B,

Imagel particle sizing showing particles are analy

Figure S2: Screenshot of sed in clusters.

Particle Shape Analysis Methodology:

Images are manually analysed using drawing software (Inkscape, Paint.net, etc) by marking each
particle a shape with a set colour (figure S3). A minimum of 300 samples are marked from several
different images to ensure a representative sample is selected. The particles are then counted, at
which point the shape assignment is checked a secondary time to maximise accuracy. Sample
particle shapes can be seen in figure S4.



Figure S3. Example image analysis showing octahedral (red), undefined (green), and hexagonal
(purple) particles.

Figure S4. Sample particle shapes from TEM analysis; a) Octahedral; b) Hexagonal; c) square; d)
rod/elongated.

Faceted Particle Breakdown: Table S1

Sample Octahedral (%) Hexagonal (%) Square % Rod (%) Undefined (%)

Control 5 1 - - 94
DETA 21 12 9 - 58
TETA 64 19 12 1 4
TEPA 62 18 15 2 3
PEHA 58 22 1 - 9




Concentration study: Individual histograms
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Figure S5. Individual histograms of MNP formed in RTCP reactions with the addition of varying
iron:TEPA ratios: a) 1:1250; b) 1:125; ¢) 1:12.5; d) 1:1.25
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of control magnetite nanoparticles (black) and TEPA bound particles (at pH 7).
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approach to the optimisation of bioinspired magnetite nanoparticles using an affordable
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Bioinspired Synthesis and Scale-up of Magnetite

5.1 A Design of Experiment (DoE) Approach to the
Optimisation of Bioinspired Magnetite

Nanoparticles Using an Affordable Amine Additive

5.1.1 Author Contributions

Laura Norfolk (first author): Helped design the first factorial design, carried out all
experimental work, analysed particles formed (XRD, TEM, VSM, shape analysis, and size
analysis), created supplementary and Figure 2, 5b, and 6, and wrote the additives/MNP

portion of the introduction, methods, results and discussion.

Luc Dewulf (first author): Designed the second factorial design and the path of steepest
ascent, analysed the three sets of data (one from each design), created Figure 1, 3, 5, 5a,

and 5¢, and wrote the DoE /statistical portion of the introduction, methods and results.

Mauro Chiacchia: Designed the first factorial design, aided with the analysis of initial

results and explaining DoE principles.

Siddharth Patwardhan: Helped design the first factorial design, acquired project funding,

and provided feedback on the first draft of the paper.

Sarah Staniland (principal investigator): Supervisor, suggested DoE as a means of
further analysing MNP formed with TEPA, helped design the first factorial design, acquired

project funding, and provided feedback on the first draft of the paper.
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A Design of Experiment (DoE) approach to the optimisation of
bioinspired magnetite nanoparticles using an affordable amine
additive

Laura Norfolk,® Luc Dewulf,™® Mauro Chiacchia,® Siddharth Patwardhan,® and Sarah Staniland®"

The bioinspired co-precipitation of magnetite using additives to tailor particle shape is an attractive alternative to the
currently favoured environmentally unsustainable methods of producing shape-controlled particles. The effect of
tetraethylenepentamine (TEPA) as an additive in the room-temperature co-precipitation (RTCP) of magnetite has been
investigated in an iterative Design of Experiments (DoE) strategy, utilising Full Factorial Designs (FFD) and a Path of Steepest
Ascent (PSA) optimisation through three designs. Considering the ferric ratio (Fe3*/Fe?*), Fe/additive ratio, and timepoint of
additive addition as factors, the percentage of isotropic faceted particles and saturation magnetisation were measured as
responses. After an initial scouting FFD, timepoint of additive addition was found to be insignificant as a factor. A second
FFD followed by a PSA optimisation found higher Fe3*/Fe?* ratios of 0.6, closer to the ideal 2:1 stoichiometric ferric ratio
produced a higher shape response (an increase in isotropic faceted particles). The interaction between ferric and Fe/additive
ratio was found to be significant, as the same level of additive concentration was not as effective at lower ferric ratios. An
optimum Fe/additive ratio of 50:1 was established, alongside the higher ferric ratio of 0.6 to produce ~90% isotropic faceted
particles with a high magnetism of 77 emu g*. showing it is possible to synthesise MNP which are both highly magnetic and
highly faceted. Since it is a requirement of many industries to use homogeneous particles, the production of these magnetite
nanoparticles isa significant step toward the industrial production of green magnetite nanoparticles. These conditions can
be utilised for further synthesis or as a basis for further optimisation of shape tuned magnetite nanoparticle syntheses. This

involved use of DoE shows it is possible to optimise two responses simultaneously to produce high quality MNP.

Introduction

For several decades tailored magnetite nanoparticles (MNP)
have been extensively studied?! for their applications in various
industries spanning data storage,? ferrofluids for electronics,34
and crucially several biomedical applications including
hyperthermic cancer treatments,> targeted drug delivery,® and
MRI contrast agents.”

In these applications, particle properties such as size,8
composition,® and shapel® each play a pivotal role in the
performance and potential applications of magnetic particles.
As such, it is crucial to be able to modulate these properties in
ananomaterial product. The ability to design and tailor bespoke
magnetic nanoparticles controlling these properties has hence
been a research goal.

The shape of MNPs has been observed to influence the
properties of particles for clinical applications. Octahedral
MNPs were found to exhibit higher specific absorption rates and

a-Department of Chemistry, The University of Sheffield, Dainton Building, Brook Hill,
Sheffield, S3 7HF, United Kingdom

b.School of Physics and Astronomy, University of Edinburgh, James Clerk Maxwell
Building, Peter Guthrie Tait Road, Edinburgh, EH9 3FD, United Kingdom

< Department of Chemical and Biological Engineering, The University of Sheffield,
Mappin Street, Sheffield, S1 3JD, United Kingdom

Electronic Supplementary Information (ESI) available: See DOI: 10.1039/x0xx00000x

improved relaxivity for MRI use, showcasing the potential
advantages of specific morphologies for medical applications.1t

As industrial use of MNPs rise, it is increasingly clear that
producing tailored nanomaterials in a sustainable manner is a
critical issue to address.'2 Whilst highly shape-controlled MNP
have been synthesised, the methodologies require high boiling
organic solvents, toxic precursors, and extensive heating and
vacuum usel314,  rendering them highly unsustainable.
Achieving enhanced morphological control of MNPs under
milder reaction conditions such as a room temperature co-
precipitation (RTCP) has proved to be a challenge under
laboratory conditions.15

As a nanocrystal nucleates and grows from a spherical
primary particle, additives such as proteins®17 or smaller
compounds!8 may interact with the forming magnetite surface.
Adsorption of an additive to a crystal face lowers the interfacial
energy of that facet, and crystal growth along that axis is
slowed, ensuring this face dominates the final particle
morphology.

Research into magnetotactic bacteria,1® and subsequently
their biomineralisation proteins202! and derivatives such as
magnetite interacting Adhirons (MIA)22 has furthered our
understanding of how highly faceted magnetite forms in nature
under ambient conditions. Drawing inspiration from MIA, the
use of small molecular additives incorporating amine
functionalities have been found to modulate the shape of



MNPs.23 Ethylenediamine homologues have successfully been
used to produce octahedral particles in both batch and large-
scale flow co-precipitation reactions, with
tetraethylenepentamine (TEPA) being the most successful of
this series.?3

Further investigation into the impact and function of TEPA
as an additive is important to build on the understanding of how
the morphology of MNPs are affected by the addition of TEPA
to RTCP reactions, which can help design MNPs for desired
applications.

Previous studies aiming to understand the factor-response
relationship of MNPs were often carried out utilising a variation
of the one-factor-at-a-time (OFAT) approach. However,
univariate methods are unsuited to understand the complex
nature of MNP synthesis, and for optimisation of multiple
responses such as shape and magnetism simultaneously.
Instead, multivariate methods such as those within the Design
of Experiments (DoE) framework are popular and allow product
and process optimisation via statistical evidence. The DoE
methodology provides efficient designs that designate a
combination (treatment) of reaction synthesis parameters
(factors) and their physical values (factor levels) according to
which experimental results (observations) are collected and
statistically analysed.

Generally, designs fall into several categories, two of which
will be discussed in this paper: 1) Screening designs are used to
segregate significant from insignificant factors and for obtaining
preliminary indication of the direction of response
improvement, while lacking precision due to their design
simplicity. 2) Optimisation frequently employs more elaborate
models to obtain an increasingly precise map of the behaviour
of the chemical system, at the cost of being more resource
intensive. Greater experimental efficiency can be obtained with
a combination of these two approaches as we recently
demonstrated elsewhere.24

For MNPs both screening and optimisation designs have
previously been used to gain a better understanding of the
input-output relationship between synthesis factors and
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size, magnetite yield, and magnetisation for electrochemical-,
microwave-, and Modssbauer-synthesised magnetite.25-28
Magnetite via co-precipitation was screened using Plackett-
Burman and uniform 28 fractional factorial designs.2°:30

A range of optimisation studies have been conducted
including central composite designs, Box-Behnken designs, and
optimal designs to accurately map particle size, yield, and
magnetisation for hydrothermal and co-precipitation magnetite
syntheses.313¢ However, previous studies reveal several
drawbacks: all studies performed a single standalone design
and did not optimise the system beyond their one-off
experiment, with the exception of Medinger et al.36, who used
a feedback loop to refine the response surface methodology.
Moreover, studies attempted to optimise only a single response
at a time. Instead, we report a sequential strategy consisting of
two factorial screening designs, followed by a path of steepest
ascent (PSA) optimisation (Figure 1).

The factorial screening design allows construction of simple
polynomial regression models at low experimental cost. The
maximum (or minimum) response can be assumed to be in the
direction in which the regression model increases (or
decreases), although the optimum point may lie outside of the
initial screening design space. The path of steepest ascent (or
descent) can then be calculated and experiments carried out at
regular intervals to locate the maximum (or minimum)
response. PSA optimisation is reported for biological3’-42 and
organic synthesis,#34* but has rarely been employed for
inorganic synthesis,*>46 and is entirely unreported for
magnetite synthesis.

In the synthesis of MNP, multiple input parameters affect
the output product properties (responses) to various extents,
resulting in an inherently complex reaction landscape. Future
scale-up and optimisation depend on the ability to identify the
significant from the insignificant factors and to map how the
response changes with a change in the identified significant
factors.
research has shown the

Previous importance of the

Fe3*/Fe2*iron ratio on the size and composition of MNPs formed

Response 2

ety

Responses
Responses

Steps

Response 1

Path of steepest ascent Optimisation

Response surfaces

Figure 1. Sequential Design of Experiments strategy consisting of a factorial screening design followed by a path of steepest ascent to optimise two responses

simultaneously.

physicochemical properties. For screening, 23 and 24 full
factorial designs (FFD) were employed to evaluate nanoparticle

2| J. Name., 2012, 00, 1-3

under RTCP conditions. Particles formed at lower ratios are
typically larger in size, with higher polydispersity and a lower

This journal is © The Royal Society of Chemistry 20xx



proportion of magnetite. Biomineralisation proteins have
shown the ability to influence ferrous iron, promoting the
formation of magnetite in ferrous-rich environments which
would usually be unfavourable for the formation of this desired
iron oxide, inspiring the investigation into the potential for
additives to alter the proportion of magnetite formed at lower
ferric ratios. Varying the ratio from the established ideal of 0.6
allows for the effect of the additive across a spectrum of
conditions to be investigated.

pH titrations of the reaction system have shown times at
which the RTCP is significantly chemically distinct, leading to the
selection of three distinct timepoints; T;, the start of the
reaction, T, after all soluble iron (Ill) is consumed, and T3, after
all solubleiron (I1) is consumed. The equivalence points at which
the ferric/ferrous ions were consumed were taken from
Rawlings et al and were determined based on the ferric ratio for
each reaction.16

Our previous concentration study suggested the ideal
Fe/additive ratio to be around 125.23 Performing reactions
above and below this tested value allows the influence of
additive concentration to be screened across a range. We are
seeking to further improve upon the previously identified
optimal conditions, and investigate a wider range of
concentrations than those previously studied.

Both magnetism and particle shape play an important role
in the potency of MNPs as a potential biomedical treatment,
and as such both these responses are measured, and further
iterations of DoE optimised for.

A total of three iterations of DoE were completed, with two
factorial designs, the first of which covering all three factors, the
second considering ferric ratio and additive:iron ratio, and
finally a path of steepest ascent compromising between
optimising both magnetism and the proportion of faceted
particles formed.

The complete study of three iterative designs is the first
account of systematic optimisation of additive controlled
bioinspired magnetite nanoparticle synthesis using a sequential
statistical strategy.

Materials and Methods
Chemicals

Iron (llI) sulphate, iron (lll) sulphate, sodium hydroxide and
tetraethylenepentamine were purchased from Sigma-Aldrich
and used without further purification. Iron contents of the iron
salts were assessed via inductively coupled plasma optical
emission spectrometry analysis when calculation iron solution
molarities. Ultrapure water (Milli-Q) (Merck, Milli-Q integral
purification system) was used for all experiments.

Magnetite Nanoparticle Synthesis

To favour the formation of magnetite nanoparticles, all
reactions were carried out under an inert atmosphere of N,. All
solutions were sparged with N, for a minimum of 30 minutes
prior to use. An Ultrapure water (Milli-Q) (Merck, Milli-Q
integral purification system) was used.

This journal is © The Royal Society of Chemistry 20xx

Particles were formed using a room temperature co-
precipitation technique. Iron(ll) sulphate and iron(lll) sulphate)
were dissolved in N, sparged MilliQ (20 mL), under an inert
atmosphere of N, to form a 1 mM Fe solution in a two-necked
round bottom flask (quantities of iron(ll) sulphate and iron(lll)
sulphate were calculated relative to the desired Fe3*/Fe2* ratio).
A set amount of TEPA was calculated relative to the iron
content, added to the reaction mixture, and left to stir to ensure
dissolution of TEPA and iron salts. N, sparged 0.5 M NaOH (8
mL) was added at a rate of 50 puL a minute with magnetic
stirring, for a total of 160 minutes using a Harvard Apparatus 11
plus syringe pump driver.

A schematic of the
supplementary figure S10.

The reaction was then left to age for an hour under the inert
atmosphere with stirring maintained. The reaction mixture was
then magnetically separated, washed 5 times with sparged
MilliQ to remove any non-magnetic iron oxides and NaOH, and
the particles dried in a vacuum oven at 40 °C overnight. The
particles were then ground with a pestle and mortar for
analysis.

reaction set-up is shown in

Magnetite Nanoparticle Characterisation

Transmission Electron Microscopy (TEM): For TEM analysis of
magnetic nanoparticles, a 10 uL of a 1mg/mL suspension of
nanoparticles was sonicated for 1 minute in hexane and
dropped onto a carbon coated copper TEM grid and allowed to
dry down for a minimum of 1 hour. Grids were imaged using a
FEI Tecnai G2 Spirit electron microscope (Thermo Scientific,
Waltham, MA, United States) and the TEM images were
analysed using Image-J software (v1.52, public domain, National
Institute of Health, MD, USA). >200 particles per sample were
randomly selected for measurement. Further details on the shape
and size analysis from TEM images can be found in the
supplementary.

Vibrating Sample Magnetometry (VSM): Magnetic
susceptibility was performed on a known quantity (1-5 mg) of
dry iron oxide nanoparticles on a MPMS 3 SQUID
magnetometer (Quantum Design, Surrey, United Kingdom) in
vibrating sample mode, with the samples packed in size 3
gelatine capsules. The samples were run at 300 K between -3
and 3 T with a sweep rate of 0.01 T/s. The data shown is cropped
at saturation magnetisation.

X-Ray Diffraction (XRD): For XRD data of samples was collected
by analysis of dry iron oxide nanoparticles in a Bruker D8
powder diffractometer (Bruker, Coventry, United Kingdom).
Diffraction images were collected at 0.022-degree increments
from 20-80 degrees, with a fixed wavelength at A = 1.54178 A
at 1.2 seconds per step from a Cu K aX-ray source.

J. Name., 2013, 00, 1-3 | 3



Table 1. Input parameters and experimental results of the factorial design. Experiments
were carried out as duplicates.

Table 2. Treatment steps and experimental results along the path of steepest ascent.
Experiments were carried out as duplicates.

Factors Responses
Fe/additive ratio, x; Fe3*/Fe? ratio, x, Shape (% Saturation
(mol/mol) (mol/mol) isotropically magnetisation

faceted) (emu g?)

Coded Uncoded Coded Uncoded
-1 50 -1 0.2 39,41 41.7,69.1
+1 500 -1 0.2 58, 54 31.3,38.3
-1 50 +1 0.6 87,92 75.7,78.0
+1 500 +1 0.6 11,13 66.9, 74.2
0 275 0 0.4 14,18 59.2, 78.0

Factorial Design

Initially, a 23 FFD with a centre point was utilised (data shown in
supplementary information). The preliminary study identified
the time point of additive addition to be insignificant for the
MNP properties, hence this factor was removed from future
experiments. Thus, we proceeded with a 22 full factorial design
with center point to investigate the Fe/additive ratio (factor x,)
between the boundaries 50-500 mol/mol, and the Fe3*/Fe2*
ratio (factor x,) between 0.2-0.6 mol/mol, as identified suitable
from the literature review above, and tabulated in Table 1. The
use of coded variables, essentially rescaling the x inputs
between -1 and +1, has found merit for its orthogonality and is
applied here where appropriate. Equations 1 and 2 were used
to convert between coded and uncoded variables (see Table 1)
for the Fe/additive (x,) and Fe3*/Fe2* (x,) factors respectively:

X1,uncoded ~ 27 5

Xicoded = — e (1)
225
X2,coded = xz,unm(;j_ezd_ = (2)

Based on the factorial design, first-order linear regression

models were constructed for visualisation and response
optimisation purposes according to equation 3:
¥ = Bo + X Bixi + X Bijxix; (3

where y is the response, f3, is the average, f3; are the regression
coefficients of the main factors, B;; are the regression
coefficients of the factor interactions, and x; and x; are the
regressor variables of the factors or factor interactions.

Path of Steepest Ascent (PSA)

Using the first-order model established during the screening
experiment (equation 3), the path of steepest ascent was
evaluated for each response from:

P 3
Vyl0,0) = 7 (Bo+ X Bixi + Zﬁijxixj)|(0,0)r6_ (Bo + X Bix; +

xj

X Bijxix)0,0) 4

where 0 are partial derivatives evaluated at (0,0), resulting in a
straight line with the origin at the center point of the factorial
design. Because the paths of steepest ascent for the shape and
magnetisation responses diverged in different directions an
optimised line between the two was taken as the final PSA in an
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Factors Responses
Step Fe/additive ratio, Fe3*/Fe? ratio, x, Shape (% Saturation
x4 (mol/mol) (mol/mol) isotropically | magnetisation
faceted) (emu g?)
Coded | Uncoded | Coded Uncoded

0 0 275 0 0.40 19,17 62.8.3,61.6
1 -0.24 221 0.24 0.45 26, 31 67.8,73.4
2 -0.48 167 0.47 0.49 20, 25 86.4,90.6
3 -0.72 113 0.71 0.54 16, 16 91.1, 84.5
4 -0.96 59 0.95 0.59 96, 94 67.7,63.0
5 -1.2 5 1.19 0.64 45, 54 67.4,76.8

endeavour to optimise both responses simultaneously. The PSA
was then divided into five equal segments between the center
point and the physical limits of MNP synthesis of Fe/additive >
5.0 and Fe3*/Fe2* < 0.64, resulting in six steps (Table 2).

Results
Response Consideration

When considering the quality of particles desired for biomedical
applications, two key points of potential optimisation were
identified: i) the percentage of faceted particles, and ii) the
saturation magnetisation. As elongated nanorods have been
previously found to exhibit cytotoxic effects,4’” the focus was
kept on isotropic (equal size along each axis) faceted particles.
Due to the nature of TEM imaging returning a two-dimensional
image, particle shapes are assigned by the presence of defined
facets (figure S13, supplementary) with a large number (> 300)
of particles being inspected for shape analysis. Saturation
magnetisation is highly indicative of the magnetic purity of
particles formed, with pure magnetite exhibiting a saturation
magnetisation of 92 emu gl High magnetic saturation is
desired for industrial applications.

An initial scouting experiment found the time point of

additive addition to be an insignificant factor in both the shape
and magnetism responses of MNP and was hence deleted from
further experiments (see supplementary information).
The two remaining factors Fe/additive ratio and Fe3*/Fe2* ratio
were used to simultaneously optimise the shape (% isotropic
faceted particles) and saturation magnetisation (emu g1)
responses by employment of a factorial designed followed by a
path of steepest ascent optimisation.

This journal is © The Royal Society of Chemistry 20xx



Table 3. Regression models and analysis of variance for the shape and magnetisation response based on a confidence interval of 95%.

Shape (% isotropic faceted particles) Saturation magnetisation (emu g)
Uncoded ¢ y =13+ 0.14x; + 150x, — 0.52x; X, y =49.5 —0.0615x; +49.8x, + 0.0792x,x,
Coded ® y = 42.51 —15.34x; + 1.39x, — 23.4x, X, y =61.24 —6.71x; + 14.31x, + 3.57x;x,
Source DF ¢ ssd MS ¢ F-Value f p-Value ¢ DF ¢ ssd MmSse F-Valuef p-Valued
Fe/additive 1 1882 1882 6.34 0.045* 1 360 360 2.91 0.139
Fe3*/Fe2* 1 15 15 0.05 0.827 1 1638 1638 13.27 0.011*
Fe/additive x 1 4382 4382 14.75 0.009* 1 101.7 101.7 0.82 0.339
Fe3*/Fe*
Residual " 6 1782 297 6 741 123
Curvature / 1 1750 1750 270.83 0.000 1 135 135 1.11 0.34
Pure error/ 5 32 6 5 606 121
Total 9 8062 9 2840
R2k 0.78 0.74
Adjusted R?/ 0.67 0.61
Prediction R2™ 0.62 0.29
a: Model with factors in original units of mol/mol h: Error

b: Model with factors rescaled between -1 and +1

c: Degrees of Freedom (DF)

d: Sum of squares (SS)

e: Mean square (MS)

f: The MS of a factor divided by the residual MS

g: Source is statistically significant if p-value < a (0.05)

Factorial Design

Table 1 tabulates the experimental results for the factorial
design. For each response, a first-order linear regression model
was constructed according to equation 3 with the Minitab 19
Software#® (Table 3). Analysis of variance (ANOVA) was
performed to evaluate the adequacy and predictability of the
models (also Table 3), as well as to segregate significant from
insignificant factors with a level of significance of a = 0.05.

The ANOVA shows several key findings; i) Fe/additive ratio
is significant for the shape response, but not magnetism, ii)
Fe3*/Fe2* is significant for magnetism but not shape, iii) the
interaction of Fe/additive ratio and Fe3*/Fe2?* is significant for
shape but not magnetism.

Previously conducted research has shown the importance of
additive concentration on the proportion of faceted particles,
with a higher % of particles appearing faceted as the Fe/additive
ratio increases.*® As more additive is present, a greater
inhibition of growth may occur on developing crystal facets,

1:50 Fe/additive
0.2 Fe3*/Fe?*

1:50 Fe/additive
0.6 Fe3*/Fe2*

1:500 Fe/additive
0.6 Fe3*/Fe2*

Figure 2. Representative TEM images of particles formed under stated conditions
in the factorial design of magnetite synthesis with TEPA additive.

This journal is © The Royal Society of Chemistry 20xx

it Presence of significant interaction terms causing bending or curvature of the
response surface

Jj: Residual or error calculated from replicated observations
k: Coefficient of multiple determination

I: R accounting for statistically significant terms in the model
m: R? evaluating the predictability of a missing observation

* Statistically significant factor or interaction

resulting in an
particles. This is shown in Figure 2, with the proportion of
isotropic faceted particles being highest at a 1:50 Fe/additive
ratio and 0.6 ferric ratio (87 and 92 % faceted for the two
repeats). This improved morphology is not observed at the
equivalent 1:500 Fe/additive ratio, instead producing the
lowest proportion of isotropic faceted particles (11 and 13 %).
As the interaction between Fe/additive ratio and Fe3*/Fe2* was
found to be significant for shape, this synergy results in the
effect of one factor being dependent on the level of the other
factor. This means that as a consistent Fe/additive ratio fails to
produce identical results at different ferric ratios, the shape
depends on the levels of both factors, which is termed an
interaction. Thus, the shape is influenced by a coupled effect
between both the Fe/additive and Fe3*/Fe2* ratio.

The addition of higher concentrations of additive were not

increased proportion of shape-controlled

found to significantly influence saturation magnetisation within
these experimental parameters.

The key influencing factor for particle magnetism was found
to be Fe3*/Fe2*. This ratio is responsible for the iron oxides
formed, with magnetite formation being favoured at the
optimal 2:1 ratio. At lower ferric ratios ferrous-rich non-
magnetic iron oxides are formed, leading to a product of mixed
iron oxides containing non-magnetic iron oxides, and reduced
saturation magnetisation.

When the path of steepest ascent is constructed
mathematically, higher-order terms are neglected, making
complex models redundant at an early stage of optimisation.
Nevertheless, the ANOVA shows that curvature is significant for
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Figure 3. Three-dimensional response surfaces for a) the shape and c) the magnetism response, and contour plots for b) the shape and d) the magnetism response,
each based on the first-order regression models from the FFD.

the shape of MNP, suggesting that a model based on main
effects only is inappropriate to explain the trend fully. According
to the non-hierarchy principle, it is indeed possible for a factor
to be insignificant on its own but to be part of a large
interaction.’%51 On the other hand, the insignificance of
curvature for magnetism could suggest that a simple model is
sufficient in this case. However, significant deviation from the
predictions of the models was observed, making the PSA
optimisation beyond the original design promising.

The R? values of 0.78 and 0.74 for shape and magnetism
respectively indicate that 78 and 74 % of the trend in shape and
magnetism can be explained by the model. Moreover, most
types of R? statistics were above 0.6, giving confidence in the
models for development of the following PSA.

Figure 3 shows three-dimensional (3D) response surfaces
and contour plots of the regression models for the shape and
magnetisation respectively. A contour plot is essentially a top-
down view of the 3D model, in which lines of constant response
are drawn.

Path of Steepest Ascent

As the factorial design did not identify a maximum response, the
search for optimum synthesis conditions is required to move
beyond the initial design in the most efficient direction, which
is generally assumed to be the direction in which the responses
increase steepest.>?

08 Shape PSA (%)
Magnetism PSA (emu g™')
0.7 - @— Optimised PSA
FFD Area

Fe*/Fe?* (mol/mol)

Figure 4. Contour plot depicting direction of increasing response for the shape
(black) and magnetism response (blue), leading to the optimised path of steepest
ascent (red) with 6 steps.
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Using coded regression models (Table 3), individual paths of
steepest ascent were calculated for the shape and saturation
magnetisation respectively in coded units:

x, = —0.0906x, 4)

X2

—2.1326x, (5)

From comparison of equations 4 and 5, and likewise from the
responses shown in Figure 3, it was observed that the shape and
magnetism responses increased in differing directions. In
pursuit of the best compromise between the two responses, an
optimised PSA was constructed with equation x, = —1.0108x,
dividing the sector between the two individual PSAs in two.

This path was then divided by 6 steps between the midpoint
(Fe/additive = 275 mol/mol, Fe3*/Fe2* = 0.4 mol/mol) and the
physical limits of MNP synthesis (Fe/additive > 5.0 and Fe3*/Fe2*
<0.8), resulting in the PSA extending beyond the initial factorial
design shown in the contour plot in Figure 4 with the steps
illustrated in red.

The coded variables were converted to uncoded according
to equations 1 and 2 and are tabulated alongside the
experimental results in Table 2.

For the shape and magnetism responses respectively, Figure
5 shows the actual results and the values predicted by the first-
order models along the optimised PSA. The discrepancies
between predicted and actual values reinforce the fact that
factorial designs may indicate the direction of a global
maximum, but a sequential strategy is required to identify its
precise location and local minima or maxima in its vicinity.

The maximum % isotropic faceted particles occurred with
95% (average of both experimental values) at the fourth step,
and the maximum saturation magnetisation occurred at the
third step with 88.5 emu g-1.

This journal is © The Royal Society of Chemistry 20xx
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responses. Error bars are range of duplicate experiments

Discussion

The co-precipitation of magnetite from solution is a complex
reaction, which proceeds through a series of intermediary ferric
and ferrous based iron oxides to form magnetite.>3 As such, the

experimental landscape may not be straightforward, and

This journal is © The Royal Society of Chemistry 20xx

different levels of factors interacting may considerably alter the
morphology and magnetism of particles formed in a non-linear
manner. Many co-precipitation particle syntheses factor in mild
oxidation to obtain the final magnetite product, hence
syntheses with Fe3*/FeZ* ratios of > 0.66 are still successful at
producing magnetic particles despite an excess of ferrous ions.

The process of iterative DoE has taken steps toward
mapping said landscape, with several
experimental conditions being identified as points of interest
for further study which will be discussed below.

From the first scouting FFD the time point of additive
addition was found to be an insignificant factor. This suggests

experimental

the function of TEPA as an additive under these conditions was
to interact with forming magnetite surfaces, influencing particle
growth via inhibition of facet growth rather than via interaction
with aqueous iron ions. This is concurrent with molecular
dynamics simulations suggesting TEPA has an exothermic
binding energy at the [111] octahedral magnetite surface.4®
Deletion of the time variable also allowed for future designs to
be simplified, as the addition of TEPA at the beginning of the
reaction did not appear to impair the formation of the desired
product.

The first FFD also considered size as a response, with size
being influenced significantly by both the Fe3*/Fe?* and
Fe/additive ratios. Higher concentrations of TEPA led to a
reduction in particle size at a low ferric ratio (0.2), producing
particles in accordance (closer to 20 nm) with those produced
at a more ideal ferric ratio (0.6). The ferric ratio has previously
been found to drastically influence the size of particles formed,
with particles formed at higher (0.5-0.7) being
significantly smaller in size than those formed at lower ratios

ratios

(0.2-0.4). This was seen alongside a significant increase in
saturation magnetisation suggesting that as well as particle size
decreasing, the addition of TEPA also promoted the formation
of greater proportions of magnetite at sub-optimal Fe3*/Fe2*
ratios. As progressed through further
iterations it was decided to focus on shape tuning and
optimising magnetic response to simplify the designs and
streamline optimisation.

The second FFD identified the Fe/additive ratio as significant
for the proportion of isotropic faceted particles formed, with
Figure 3 exemplifying the difference in particles formed at the
same Fe3*/Fe2* ratio with varied Fe/additive ratio. This increase
in proportion of isotropic faceted particles is likely due to the
larger quantity of additive having an increased inhibition effect
on specific facet growth. A concentration study has been
previously conducted which found a Fe/additive ratio of 125:1
was preferred to a lower iron concentration of 12.5:1.4° This
study tested an intermediate value of 50:1 between the
previously explored experimental values, which was found to
produce highly optimal particles (~90% faceted and 80.9 emu g-
1). Notably, these particles are the best compromise between

the experiments

performance of both the shape and magnetic response and are
hence deemed as the preferred conditions for further
investigation into the effect of TEPA as an additive on magnetite
co-precipitations. As the PSA varied two factors simultaneously,
it is not possible to draw parallels between all points of the

J. Name., 2013, 00, 1-3 | 7



__ 0.6 Fe*Fe?
500:1 Feladditive

0.6 Fe**/Fe?*
50:1 Feladditive

== —=

C[E

B

e e it ol )

——————-r——————-—b—gg
iiaininiieint Zuiniainieii S ]

0.2 Fe**'Fe?
500:1 Fe/additive

__ 0.2Fe*'Fe?*
50:1 Fe/additive

20 30 40 50 60 70 80
Two Theta

Figure 6. Annotated XRD data for magnetic particles formed with high and low
levels of Fe3*/Fe2* ratio and Fe/additive ratio, where M = magnetite, GR = Green
rust, and W = Wstite.

previous concentration study due to the effect of also varying
the Fe3+/Fe2* ratio simultaneously, and the resultant effect this
may have on the proportion of faceted particles formed.

Figure 3 also draws a contrast to the effect of the lower (0.2)
Fe3+/Fe2* ratio on particles formed. Whilst particle size is not
analysed as a response in these designs, the particles are visibly
less consistent with reduced magnetism relative to the particles
formed at a 0.6 ratio. This reduction in saturation magnetisation
can occur due to the formation of other non-magnetic iron
oxides being favoured the further from the ideal ratio of 2:1
Fe3*/Fe2*ions. This is supported by XRD data (Figure 6) showing
that the XRD of particles formed at a low ferric ratio with a low
concentration of additive exhibited a ferrous rich green rust and
wustite impurity peaks. These peaks were not observed in the
sample formed at the same low ferric ratio with a higher
Fe/additive ratio, supporting the theory that at highly sub-
optimal ratios, high concentrations of TEPA may be aiding the
formation of magnetite.

Interestingly, a lower Fe3*/Fe?* ratio can lead to more
faceted particles. This effect can occur for two reasons: i) when
a particle is larger in size their facets have had longer to grow
and mature compared to smaller particles, and ii) not all
particles present at lower ferric ratios will be magnetite. The
presence of iron oxide impurities with different morphologies
may explain the greater proportion of faceted particles forming
at the lower ferric ratio compared to the particles synthesised
at a 0.6 ratio with 50:1 additive ratio. A similar pattern has been
observed prior with the formation of hexagonal plates of green
rust, which is also observed in the XRD of the 0.2 Fe3*/Fe2*500:1
Fe/additive ratio reaction.>*

In contrast to the considerable change observed in shape
response with the Fe/additive ratio, saturation magnetisation
was not found to be significantly influenced by a change in
Fe/additive ratio. This suggests in contrast with the first design
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that TEPA is neither promoting the formation of higher quality
magnetite, nor lowering the particle quality, which can occur
when an additive is embedded in the forming nanoparticle
structure lowering the overall particle crystallinity. As the first
FFDincluded Fe3+/Fe?* ratios further from the 2:1 stoichiometric
ratio of ferrous and ferric ions natively found within magnetite,
it is possible the improved magnetic response is only observed
at ratios very far from the ideal. Any assumption made cannot
be extrapolated to all concentrations of additive and can only
be considered the case for the conditions tested within the
experimental design, as the effects of higher proportions of
additive were found to lower particle magnetism in the PSA.

The particles formed at a 0.6 Fe3*/Fe?* ratio and 50:1
Fe/additive ratio were significantly more faceted than those
formed under any of the other conditions, highlighting the
interaction between the two factors. TEPA is less effective at
tuning the shape of particles formed at lower Fe3*/Fe2* ratios,
perhaps due to the formation of other iron oxides. The higher
Fe/additive ratio produced less faceted particles than the lower
ratio at the 0.2 Fe3*/Fe?* ratio possibly due to the previously
mentioned effect of an increased TEPA concentration producing
smaller particles which are often generally less faceted at lower
ferric ratios.

The PSA design successfully identified a maximum for both
the shape and magnetic response, albeit not at the same step.
While it is difficult to maximise both responses simultaneously,
as the individual maxima occur at different steps (shape
maximum at step 4, magnetism maximum at step 3), it is still
possible to evaluate an optimum operating range between both
responses. A midpoint between step 3 and 4 is likely to offer the
best agreement, predicted to produce 75 % isotropic faceted
particles with 75 emu g1 saturation magnetisation.

Consistent with prior research,4® Fe/additive ratios appear
to have a peak concentration at which they are most effective,
above which there are diminishing returns. Above this
concentration the additional TEPA may act to alter the pH of the
reaction in a manner which is unfavourable.

This diminishing returns effect also appears in the magnetic
data, with magnetism generally increasing until step 3, at which
point it drops. When comparing the second FFD and the PSA, it
was found that similar conditions (FFD - Fe/additive: 50:1,
Fe3*/Fe2*: 0.6) (PSA — Fe/additive: 59:1, Fe3*/Fe2*: 0.59)
produced particles with lower magnetism of 65.4 emug-! (FFD)
compared to 76.9 emu g1 (PSA). The sensitive nature of co-
precipitations may have led to a small less controllable change
in conditions (room temperature, humidity, etc.) forming less
magnetic particles.

Several data points within the second FFD and PSA show a
discrepancy in magnetic data (Table 1 and Table 2) with one
repeat producing more highly magnetic particles. For future
work, further control over these discrepancies may be prudent.
A magnetic reading of > 60 is still deemed highly magnetic, with
one laboratory using superparamagnetic particles with a
saturation magnetisation of 25-35 emu g (BioMag®©),5 hence
suggesting the particles synthesised in these designs would be
sufficiently magnetic for biomedical use.

This journal is © The Royal Society of Chemistry 20xx



From the experimental conditions covered in the three
designs, the optimal particles were produced at a 0.6 Fe3*/Fe2*
ratio and 50:1 Fe/additive ratio. Whilst the PSA did not reveal
an improvement in particle properties over the second FFD, it is
important to push the boundaries of experimental design in the
search for optimal MNP synthesis in the event ideal conditions
are outside the previously tested ranges.

Conclusions

DoE has been utilised through three iterations of experiments
to investigate the previously unexplored reaction landscape of
additive addition to MNP co-precipitation. By seeking to
optimise the shape and magnetic response simultaneously
through a combination of FFD and PSA, several findings have
been identified.

The time-point of TEPA addition was not found to play a
significant role, suggesting it can be added to the reaction at a
later point if required without detrimental effect to particle
quality. This allows for the potential of future synthesis to be
simplified, whilst further building on our understanding of how
TEPA functions as an additive.

The upper and lower limitations of high quality isotropic
faceted MNP synthesis have been explored, with reduced
magnetism observed at lower Fe3*/Fe2* ratios, showcasing the
importance of a close to 2:1 stoichiometric ratio, with a ratio of
0.6 generally producing the particles with the highest magnetic
properties. Optimal isotropic faceted particle formation was
observed at 59:1 and 50:1 Fe/additive ratios, at 0.59/0.6
Fe3*/Fe2* ratios respectively, further highlighting the
importance of a ferric ratio close to 0.6.

This work is a compelling step on the pathway to statistically
guided and tunable MNP synthesis, with the shape control of
MNP having not yet being extensively researched under RTCP
conditions. By building upon the prior studies of the influence
of TEPA in the co-precipitation system, we have furthered our
understanding of how additive concentration and ferric ratio
influence the properties of MNP formed and identified a
potential starting point for batch scale-up of isotropic faceted
MNP.
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A Design of Experiment (DoE) approach to the optimisation of bioinspired
magnetite nanoparticles using an affordable amine additive
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Figure S1. a) Three-factor study varying (A) Additive:iron ratio, (B) Fe3*:Total Fe, and (C) additive time-point of
addition, with the grey and red circles representing reaction conditions tested. b) pH titration curve from a 0.6
ratio reaction, showing the timepoints at which TEPA was added.

Table S1. Summary of the synthesis conditions with the experimental results from the first iteration of the
factorial design

Experiment | Block | Factor A | Factor B | Factor C | % Faceted | Average size (hnm) | Saturisation

number TEPA:iron Fe(lll):total | Time of | particles magnetism
ratio Fe ratio | TEPA (emug?)
(mol/mol) (mol/mol) addition

1 1 1:1000 0.2 T1 17.3 353 34.2

2 1 1:10 0.6 T1 44.5 21.0 70.6

3 1 1:10 0.2 T3 6.2 19.9 53.4

4 1 1:1000 0.6 T3 36.5 18.6 68.6

5 1 1:505 0.4 T2 22.7 33.9 62.0

6 1 1:505 0.4 T2 48.6 30.0 64.0

7 2 1:10 0.2 T1 35.7 24.4 67.5

8 2 1:1000 0.6 T1 72.6 21.7 75.0

9 2 1:1000 0.2 T3 23.0 27.4 67.2

10 2 1:10 0.6 T3 55.0 17.2 723

11 2 1:505 0.4 T2 46.5 31.2 72.6

12 2 1:505 0.4 T2 48.4 27.8 82.6




[ Undefined BR Hexagonal WM Octahedral

100% A E A E
80% |

60%1 | |

40%- ;j; ;j

20%| |

0%-

(VPN
S8

OO0 L0 00NV S 0
FEEEW® 2

w Yib & e

FfSS
Figure S2. Shape distribution of particles formed at various response levels as detailed in Table 1. The three
factors are denoted by the letters a-c where a = Fe/additive ratio, b = Fe3*/Fe?* ratio, and c = time point of
TEPA addition. Capital letters denotes a high factor level, whereas lowercase represents a low factor level (in

the case of Fe/additive a high level denotes more additive present).
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Figure S3. Representative TEM images of the particles formed in the first DoE iteration in order of experiment
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ratio. Contour lines shown in black represent constant average size indicated in white box.
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Table S2. Analysis of variance for the response isotropic faceted particles (%) of the first DoE iteration

Source Sum of Degrees of Mean Squares F-Value P-Value
Squares Freedom

A (tepa:fe) 8.00 1 8 0.06 0.819

B (ferricratio) 1997.12 1 1997.12 15.48 0.029

C (time) 305.04 1 305.04 2.36 0.222

AB 15.68 1 15.68 0.12 0.750

AC 16.24 1 16.24 0.13 0.746

BC 0.40 1 0.40 0.00 0.959

Blocks (ABC) 925.76 1 925.76 7.17 0.075

Residual 387.09 3 129.03

Lack-of-fit 49.88 1 49.88 0.30 0.641

Pure Error 337.21 2 168.61

Total 3727.46 11

Table S3. Analysis of variance for the response saturation magnetism (emu/g) of the first DoE iteration

Source Sum of Degrees of Mean Squares F-Value P-Value
Squares Freedom

A (tepa:fe) 44.69 1 44.686 2.53 0.21

B (ferricratio) 514.52 1 514.516 29.14 0.012

C (time) 25.38 1 25.376 1.44 0.317

AB 50.89 1 50.886 2.88 0.188

AC 190.07 1 190.069 10.77 0.046

BC 70.61 1 70.609 4 0.139

Blocks (ABC) 593.64 1 593.644 33.62 0.01

Residual 52.97 3 17.656

Lack-of-fit 0.47 1 0.474 0.02 0.905

Pure Error 52.49 2 26.247

Total 1663.49 11

Table S4. Analysis of variance for the response average particle size (nm) of the first DoE iteration

Source Sum of Degrees of Mean Squares F-Value P-Value
Squares Freedom

A (tepa:fe) 433.65 1 433.65 30.05 0.012

B (ferricratio) 1881.91 1 1881.91 130.42 0.001

C (time) 87.78 1 87.78 6.08 0.090

AB 686.35 1 686.35 47.56 0.006

AC 44.65 1 44.65 3.09 0.177

BC 98.70 1 98.70 6.84 0.079

Blocks (ABC) 2.34 1 2.34 0.16 0.714

Residual 43.29 3 14.43

Lack-of-fit 18.55 1 18.55 1.5 0.345

Pure Error 24.74 2 12.37

Total 3711.33 11
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Figure S8. Representative TEM images of the particles formed in the second DoE iteration.
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Figure $S10. Schematic of the reaction set-up used to synthesise magnetic nanoparticles in each co-
precipitation reaction.



Particle Sizing Methodology:

Particle measurements are taken across the longest axis of each particle to ensure consistency between
measurements using ImageJ software. Approximately 200 measurements are taken from each sample to get
an accurate measure of mean size given the variety in particles per sample. To avoid human bias in which
particles are selected for analysis, particles are analysed from a single “area” of a TEM image to prevent small
or large particles being selectively measured. Several images are analysed for each sample to ensure a
representative sample is taken.

g 70|

Figure S11. Screenshot of Image) particle sizing showing particles are analysed in clusters.

Particle Shape Analysis Methodology:

Images are manually analysed using drawing software (Inkscape, Paint.net, etc) by marking each
particle a shape with a set colour (figure S12). A minimum of 300 samples are marked from several
different images to ensure a representative sample is selected. The particles are then counted, at
which point the shape assignment is checked a secondary time to maximise accuracy. Sample
particle shapes can be seen in figure S13.



Figure $12. Example image analysis showing octahedral (red), undefined (green), and hexagonal
(purple) particles.

Figure S13. Sample particle shapes from TEM analysis; a) Octahedral; b) Hexagonal; c) square; d)
rod/elongated.
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This chapter covers two papers: The first is a published paper in MDPI, titled

‘Macrofluidic Coaxial Flow Platforms to Produce Tunable Magnetite Nanoparticles: A

Study of the Effect of Reaction Conditions and Biomineralisation Protein Mms6'. The

second paper is to be submitted, and is titled "Adapting the morphology of magnetite

nanoparticles synthesised in a coaxial flow device using affordable amine additives".

Millifluidic paper 1 DOI: 10.3390/nan09121729
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6.1 Macrofluidic Coaxial Flow Platforms to Produce
Tunable Magnetite Nanoparticles: A Study of the
Effect of Reaction Conditions and Biomineralisation

Protein Mmsb6

6.1.1 Author Contributions

Laura Norfolk (first author): Organised the design and manufacture of the PEEK
macrofluidic device, troubleshot the PEEK macrofluidic device, synthesised the two sets
of particles used in the main paper, analysed the particles (XRD, TEM, VSM, shape and
size analysis), designed and created Figures 1la, 1d, 2, 3, 4, 5, and 6, prepared the first

paper draft, reviewed and edited the paper, and supervised Katy Ward.

Andrea Rawlings (first author): Conceptualised the research, designed the methodology,
acquired initial data, performed all protein expression and purification, wrote the protein ex-
pression /purification methods, aided with paper review and editing, and supervised multiple

Masters students.

Jonathan Bramble (first author): Conceptualised the research, designed and organised
the manufacture of the PTFE block for the PDMS device, designed the methodology,
optimised the macrofluidic system flow rates, acquired initial data, modelled the macrofluidic

system in COMSOL, created Figure 1 b and 1c, and supervised Masters students.

Katy Ward: SURE summer student who aided in the development of the reaction conditions

used for the final paper and troubleshot the PEEK macrofluidic device.

Noel Francis: Masters student who aided in the development of the reaction conditions
used for the final paper, and adapted the outlet of the PDMS co-axial device to incorporate

a magnetic trap.

Rachel Waller: Masters student who aided in the development of the reaction conditions

used for the final paper.
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Ashley Bailey: Masters student who aided in the development of the reaction conditions

used for the final paper.

Sarah Staniland (principal investigator): Conceptualised the research, prepared the first

paper draft, and aided with review and editing.
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Abstract: Magnetite nanoparticles” applicability is growing extensively. However, simple,
environmentally-friendly, tunable synthesis of monodispersed iron-oxide nanoparticles is challenging.
Continuous flow microfluidic synthesis is promising; however, the microscale results in small yields
and clogging. Here we present two simple macrofluidics devices (cast and machined) for precision
magnetite nanoparticle synthesis utilizing formation at the interface by diffusion between two laminar
flows, removing aforementioned issues. Ferric to total iron was varied between 0.2 (20:80 Fe3+:Fe?™)
and 0.7 (70:30 Fe3*:Fe?*). X-ray diffraction shows magnetite in fractions from 0.2-0.6, with iron-oxide
impurities in 0.7, 0.2 and 0.3 samples and magnetic susceptibility increases with increasing ferric
content to 0.6, in agreement with each other and batch synthesis. Remarkably, size is tuned (between
20.5 nm to 6.5 nm) simply by increasing ferric ions ratio. Previous research shows biomineralisation
protein Mms6 directs magnetite synthesis and controls size, but until now has not been attempted in
flow. Here we report Mms6 increases magnetism, but no difference in particle size is seen, showing
flow reduced the influence of Mms6. The study demonstrates a versatile yet simple platform for
the synthesis of a vast range of tunable nanoparticles and ideal to study reaction intermediates and
additive effects throughout synthesis.

Keywords: fluidic; magnetite; magnetic nanoparticle; flow synthesis; Mms6

1. Introduction

The design and synthesis of precise monodispersed iron oxide magnetic nanoparticles (MNP) is a
growing research field due to their applicability in nanotechnologies, particularly in the biomedical
sector [1]. In nanomedicine, MNPs comprised of the magnetic iron oxides magnetite (Fe;O4) or
maghemite (y-Fe,O3) are considered very attractive due to their low toxicity and cheap precursors.
They can act as contrast agents in MRI and can also be heated by an alternating magnetic field or laser
light to provide hyperthermia as a remote, switchable therapy for cancer treatment [2—4]. MNP can be
functionalised with probes (like fluorescent tags for imaging), drugs and targeting or a combination
of all of these to form smart theranostic that can be targeted to a specific region of the body by a
magnetic field.

Nanomaterials 2019, 9, 1729; d0i:10.3390/nan09121729 www.mdpi.com/journal/nanomaterials
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However, “green” (ambient, non-toxic conditions) synthesis of iron oxides is notoriously difficult
to control. Minor changes to any number of reaction conditions (iron precursors, choice of base,
ratio of iron oxidation states of the precursors etc.) will lead to the production of a range of
iron oxides [1]. For example, the partial oxidation of ferrous hydroxide using an excess of NaOH
under N at 90 °C will precipitate octahedral magnetite particles approximately 20-80 nm in size.
Changing the base used can result in needle-shaped FeOOH by-products [5]. Furthermore, if the
excess of NaOH is reduced to stoichiometric base:ferrous ions concentrations the particle size increases
dramatically up to approximately 1 um, as the excess of ferrous ions increases the particle products
reduce to 400 nm diameter as the excess of ferrous ions increases [6]. A co-precipitation of ferric
and ferrous ions at room temperature under N, with KOH base results in mostly small MNP of
poor crystallinity, with a heterogeneous shape and size population ranging from <5 nm up to
micrometre scales [2,5]. Although this does allow scope to synthesise various morphologies and
sizes, the overwhelming drawback is that it is near impossible to synthesise a mono-dispersed and
reproducible product with respect to consistent and monodispersed size and shape. Furthermore,
ferric oxide impurities are common (which represent a large proportion of the heterogeneity observed
in the co-precipitation synthesis).

A key challenge for the green synthesis of magnetite is the reproducibility of batch nanoparticle
synthesis. Very subtle changes in conditions can have huge effects on the final MNP product,
which is more exaggerated and difficult to address in batch synthesis, with batch to batch variations
being inevitable.

Micro and macro fluidic systems offer a unilaminar controlled fluid environment, where the fluid
flow and dynamics can be quantified, modelled, controlled, and reproduced with higher accuracy,
allowing a more reproducible synthesis compared to batch synthesis [7]. Furthermore, defining and
achieving precise reaction environments enables a more detailed analysis of the synthesis process, such
as the possibility of adding probes for analysis or reagents at precise reactions points. An additional
benefit of a continuous fluidic system is that the reaction time points equate to channel position,
allowing screening and monitoring of the synthesis at every stage in situ. Such systems can be readily
modified to incorporate characterisation instrumentation such as spectroscopy, microscopy and filming
to analyse reactions as they occur in real-time at the microscale [8].

Microfluidics have been investigated for the synthesis of inorganic nanoparticles for over a
decade [9], but this research has concentrated on the synthesis of quantum dots and noble metal
(Ag, Au) nanoparticles [7-11]. To date there have only been two studies that use a fluidics system to
fabricate iron-oxide MNP [12,13], which may be surprising considering the obvious benefits controlling
the reaction environment has on fastidious iron-oxide synthesis. Abou-Hassen et al. reported some
preliminary results for a co-precipitation of magnetite [12]. They reported issues with clogging so
utilised a millimetric system, but could not obtain magnetite even when coated with a surfactant to
prevent oxidation, instead producing 7 nm sized maghemite coated nanoparticles. In the same year
Frenz et al. reported a more sophisticated microfluidic synthesis of iron oxide [13]. Again, the aim was
to produce magnetite but they noted it readily oxides to maghemite on contact with air. They utilised
aqueous microdroplets of reagents in an organic solvent, where an electric voltage initiates reagent
mixing of the droplets to nucleate the formation of 4 nm sized nanoparticles.

While this method is elegant, yields and overall outputs were found to be low. In general, while
the small volumes of microfluidic synthesis offer excellent control and reproducibility over batch
synthesis, the drawbacks are that these smaller scale syntheses offer smaller quantities of product and
issues with clogging of the tubing requires elaborate solutions leading to more complex fabrication of
the devices.

In this work we present a simple (easily castable from PDMS) millimetric macro fluidics device
for the synthesis of magnetite MNP’s, and improve on this with a more sophisticated fluidic device
machined out of polyether ethyl ketone (PEEK) utilising a glass capillary as the reaction vessel, but of
the same simple design (Figure 1a). With the aim of attaining simple green reaction conditions we do
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not use droplets, organic solvents or surfactants. We explore tuning the particle formation by varying
the ratio of ferrous ions to ferric ions in the fluidic synthesis. This demonstrates an excellent simple
platform technology for the synthesis of a vast range of nanoparticles with the ability to tune their
properties with further development.

a NaOH b
NN Iron x 103
b < 1.4
N oxide I
rerer | [N\ | |out "
solution r A4 | = bos
0.6
0.4
iO.Z
C o
i |

Figure 1. (a) schematic of the design of the co-axial fluidic device, showing the fluidic junction between
the two streams of reactants. (b) Cross-sectional velocity of sheath flow around a core flow in a tube
after the junction, (c) Photograph of the polydimethylsiloxane (PDMS) device with inlets highlighted
for clarity, (d) cross-sectional view of polyether ethyl ketone (PEEK) device. For (a,d) iron/NaOH
inlet with red arrows representing the flow of iron solution and blue arrows representing the flow of
NaOH solution.

Control over the formation of magnetite MNPs have also been achieved in the natural
world through biomineralisation using biological additives. In nature many inorganic minerals
are formed with exceptional precision over the mineral composition, size and morphology, utilising
a range of biomineralisation proteins. One such example is the biomineralisation of magnetite
MNP by Magnetotactic bacteria within liposomes in their cells known as magnetosomes [14,15].
Magnetosome membrane specific (Mms) biomineralisation proteins embedded in this liposome are
responsible for nucleation of the iron oxide mineral and crystallisation to a precise size and shape [14,15].
Previously, Mms6 has been shown to control the formation of magnetite MNP in vitro when added
to green co-precipitation chemical synthesis, showing a promising new methodology of controlling
nanoparticle synthesis with biological additives [16-18]. It is thought that Mms6 is a nucleating protein
for magnetite MNPs [19,20].

In this work we also demonstrate how the fluidics device we produced can be used in conjunction
with a biomineralisation protein additive to control the particle formation further. The addition of an
Mms protein is a proof-of-concept to demonstrate how such a simple fluidics system could be utilised
as a platform to help to understand how proteins (or indeed any other nanomaterial additive) function
in vitro in a controlled fluidic environment.
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2. Materials and Methods

2.1. Reagents

Iron (II) sulphate, iron (III) sulphate and sodium hydroxide were purchased from Sigma-Aldrich
(Gillingham, United Kingdom) and used without further purification. Iron contents were confirmed via
ICP-MS prior to experimentation. PDMS was prepared from Dow Corning (Midland, MI, United States)
kit sylgard 184 in the standard ratio 1:10 curing agent:polymer.

2.2. Macrofluidics Device Fabrication

2.2.1. PDMS Device

The device was constructed from a PFTE hollowed out block with a long channel milled from
the centre. Initially a stiff metal wire with a diameter of 1.6 mm was pushed through the two holes
along the axis of the device. A second input hole, intersected the main channel at an angle of 45° as
shown in Figure 1a,c. The blunt end of a needle was shaped using a drill bit to meet and fit the shape
of the central wire. Triton X-100 was wiped over the wires/needle so they could be easily removed
from the device after casting. The space was then filled with liquid PDMS and cured at 60 °C for 24 h.
When cured, the central wire and needle was carefully removed, leaving behind a central channel and
side inlet in PDMS. The materials and equipment required to create this device are cheap and readily
available, and the PTFE block is reusable for many castings. The block was fastened to a heavy object
to prevent lateral movement when connected to stiff fluidic tubes. The fluid from the central channel
was fed into a PEEK tube with an inner diameter of 0.02”. The internal hole was expanded using a
shaped drill bit to ensure a smooth transition in diameter.

2.2.2. PEEK Device
The device was designed and modelled in SolidWorks, comprising of 6 individual components;

(i) Fe inlet, (ii) NaOH inlet, (iii) inlet faceplate, (iv) capillary, (v) outlet faceplate, (vi) outlet (Figure 2).

i) ii) iii) iv) v) i)

/

Figure 2. Cross section of PEEK system illustrating the different components.

The rig was machined from PEEK, with o-ring seals between components i-ii, ii-iii, and v-vi to
ensure no leakage of solution, a problem often observed in PDMS cast systems. A 27-gauge blunt-end
needle (0.41 mm OD, 0.016 ID) was set through component i) with the use of epoxy resin. This needle
was sprayed with Teflon spray to aid flow. The capillaries used were 0.5 m in length, with a 5 mm
outer diameter and 1.5 mm internal diameter. The capillary tube was inserted between components
ii/iii (inlet) and components v/vi (outlet). The system was locked in position with clamp stands to
prevent movement when connected to the fluidic tubing.

Fluidic connections for both devices (Upchurch Scientific, purchased from Kinesis (Cambridge,
UK) or Fischer Scientific (Loughborough, United Kingdom)) and PEEK tubing with an outer diameter
1/16” and inner diameter of 0.02” were used. Glass capillaries were initially used but were replaced,
to reduce problems with clogging, with PEEK capillaries. All tubes were cut with tube cutters
(Upchurch Scientific A-327, A-350) to ensure clean and perpendicular cuts. Two syringe drivers
(Harvard Apparatus, Cambridge, United Kindrom) were used to control the flow rate of iron and
base into the mixer. Glass syringes (SGE Europe Ltd., Milton Keynes, United Kingdom) with volumes
of 1 mL and 10 mL were used for the inner and outer flows respectively. Luer fittings were used to
connect PEEK tubing to syringes.
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2.3. Protein Expression and Purification

The mms6 sequence from Magnetospirillum magneticum AMB-1 was introduced into a pTTQ8
based expression vector by cohesive end cloning with the resulting plasmid, pHis8mms6, encoding
N-terminally octahistidine tagged Mms6. The protein was produced in E. coli BL21 star (DE3) cells
(Invitrogen, Waltham, MA, United States) harbouring a pRARE (Merck, Nottingham, United Kingdom)
plasmid to compensate for codon bias in the mms6 sequence. Cells were cultured in autoinducing
Superbroth (Formedium, Hunstanton, United Kingdom) at 37 °C with shaking for 24 h in the presence
of carbenicillin and chloramphenicol to select for the pHis8mms6 and pRARE plasmids respectively.
Cells were lysed by sonication in 25 mM Tris pH 7.4, 100 mM NaCl. The insoluble material, containing
the His8-Mms6 inclusion bodies, was collected by centrifugation at 16,000x g and resuspended in
6 M Guanidine Hydrochloride, 25 mM Tris pH 7.4 to solubilise the proteins. Further centrifugation
at 16,000x g was performed to remove any material not solubilised by the Guanidine treatment.
The supernatant was mixed with nickel charged nitrilotriacetic acid (NTA) resin (Amintra resin,
Expedeon, Cambridge, United Kingdom) to allow binding of the histidine tagged Mms6. The resin
was subsequently packed into a gravity flow column and washed extensively with Wash Buffer
(6 M Guanidine hydrochloride, 25 mM Tris pH 7.4, 10 mM Imidazole) before elution of the bound
protein in 300 mM Imidazole supplemented Wash Buffer. The eluted protein was refolded by rapidly
diluting into a large volume of Refolding Buffer (500 mM NaCl, 25 mM tris pH 7.4) before being
concentrated using a 10 kDa molecular weight cut off centrifugal concentrator (Sartorius, Binbrook,
United Kingdom). The concentrated material was subjected to centrifugation to remove any small
amounts of precipitated protein before dialysis against 500 mM NaCl using a 3.5 kDa molecular weight
cut off slide-a-lyser (Thermo Scientific, Waltham, MA, United States). The refolded His8-Mms6 was
quantified by absorbance at 280 nm and stored at 193 K.

2.4. Continous Flow MNP Synthesis

The device was cleaned with ultrapure water, then dilute hydrochloric acid (1 M) followed by
ultrapure water again by pumping 10 mL through both ports.

All reagents were prepared with ultrapure water, and deoxygenated by sparging with N, for
30 min. The outer flow syringe driver was loaded with a 10 mL luer lock syringe of NaOH (1 M)
and connected to the co-axial fluidic device via capillary tubing. This was set at a continuous rate of
360 pL/min. The inner flow syringe driver was loaded with a 1 mL luer lock syringe of a mixed ratio of
Fe?* and Fe* salts (ferrous sulphate pentahydrate and ferric sulphate heptahydrate) varied from a 4:1
(0.2 ferric) to 1:2 (0.7 ferric) Fe?*:Fe>* ratio with a total iron concentration of (0.05 M) and connected to
the co-axial fluidic device via capillary tubing. This was set at a continuous rate of 90 uL/min (although
these rates were varied (see results) these were found to be optimum). The solutions were prepared
immediately prior to the experiment.

The iron oxide material formed and flowed to the end of the device where it reached the exit port
and dripped into a round bottom flask which was kept under an atmosphere of nitrogen. The iron
oxide product was magnetically separated and washed 3x in deoxygenated ultrapure water and
subsequently dried in a vacuum oven overnight.

Further improvements to the PDMS device included magnetically collecting the iron oxide as it
exited the device using a magnetic trap. This was also washed 3x with deoxygenated ultrapure water
and dried under vacuum.

2.5. Continous Flow MNP Synthesis Modified with Mms6

The iron oxide synthesis was further modified with the addition of Mms proteins, where 50 pug of
protein was added to the 1 mL Fe salt solution before the reaction. The experiment then proceeded
as before.



Nanomaterials 2019, 9, 1729 6 of 15

2.6. Characterisation

2.6.1. Magnetic Susceptibility

Magnetic susceptibility was a measured on a known amount of dry iron oxide nanoparticles
using a bench-top Bartington MS2G magnetic susceptometer (Bartington Instruments, Witney,
United Kingdom)) at room temperature. The sample was loaded into the instrument in an eppendorf
(a blank was subtracted of an empty eppendorf tube). A reading in emu was recorded. Each sample
was analysed in triplicate.

2.6.2. Magnetometry

Magnetic susceptibility was performed on a known quantity (1-5 mg) of dry iron oxide
nanoparticles on a MPMS 3 SQUID magnetometer (Quantum Design, Surrey, United Kingdom)
in vibrating sample mode, with the samples packed in size 3 gelatine capsules. The samples were
run at 300 K between -7 and 7 T with a sweep rate of 0.01 T/s. Preliminary magnetic susceptibility
measurements were performed on a known quantity (approx. 5 mg) of dry iron oxide nanoparticles
using a bench-top Bartington MS2G magnetic susceptometer at room temperature. The sample was
loaded into the instrument in an eppendorf (a blank was subtracted of an empty eppendorf tube).
A reading in emu was recorded. Each sample was analysed in triplicate.

2.6.3. Transmission Electron Microscopy

10 pL of a 1 mg/mL suspension of nanoparticles in hexane was dropped onto a carbon coating
copper TEM grid and allowed to dry down. Grids were imaged using a FEI Tecnai G2 Spirit electron
microscope (Thermo Scientific, Waltham, MA, United States) and the TEM images were analysed using
Image-] software (v1.52 a, public domain, National Institute of Health, Md, USA). >200 particles per
samples were randomly selected and measured.

2.6.4. X-Ray Diffraction (XRD)

XRD data collected by analysis of dry iron oxide nanoparticles in a Bruker D8 powder diffractometer
(Bruker, Coventry, United Kingdom). Diffraction images were collected at 0.022 degree increments
from 20-80 degrees, with a fixed wavelength at A = 1.54178 A from a Cu Kot X-ray source.

3. Results

3.1. Design Experimental Set-Up and Optimisation of the Coaxial Flow Device

The co-axial flow device design was based on the work of Abous-Hassen [12], operating under the
principle of MNP forming in a sheath flow of sodium hydroxide (NaOH), with a core flow of mixed
valence iron salt solution resulting in an axial diffusion gradient between the iron ions and NaOH
solution in the centre of the channel. The velocity profile for this coaxial geometry was modelled using
the fluid dynamics package in COMSOL Multiphysics. (Supplementary Figure S1). Recent literature
gives further detail to support our modelling, describing how increasing the flow rate of the outer
flow, focuses the jet to the centre and thus increases diffusion at the interface [21]. Figure 1b shows
the resulting solution to the model showing the cross-sectional velocity in a tube after the junction.
It is important to note that the flow regime remains laminar by selecting the correct fluid flow rates.
The nanoparticles are formed at the interface which remains stable, no turbulent mixing is required.

The first device was simply cast from polydimethylsiloxane (PDMS) within a
Polytetrafluoroethylene (PTFE) holder using a wire and needle to template the channels (Figure 1a,c).
In this set up the molten PDMS is simply poured into the PTFE mould and cured over 24 h, then
the wire and needle are simply removed. While the PDMS coaxial flow mixer device was based on
the example by Hassan et al. [12], a number of design modifications were introduced (see Section 2).
The improvements to the construction of the device led to greater ease of use, reliability, and a
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reduction in the occurrence of blockages and leaking (which are reported across the literature for
PDMS microfluidic platforms). Such devices were standardly used for a one to two years timeframe.
Over this time, the devices would handle approximately a litre of solution per year. We did not notice
any abrasion or cavitation forming in the device over this time and the reproducibility and quality
of the data remained consistent over the time. New casting was usually required due to leakage
at the junctions. A second generation microfluidic device was produced to the same simple fluidic
system design but builds and improves on this by machining the system out of polyether ether ketone
(PEEK) to remove the need to re-cast from PDMS which in turn removed the variations between fluidic
devices, for greater consistency between reactions (Figure 1d). The junctions in the new device are also
designed to reduce/eliminate leakage. Furthermore, by incorporating a glass capillary as the channel
through which the reaction occurs, it is possible to vary the retention time of the iron solution in the
sheath flow of NaOH solution by altering the capillary length. It is important to note that while the
improved machined fluidics device had less issues with clogging and leaking, the profile of the results
that follow were reproducible and consistent across both devices (Supplementary Figure S2).

3.2. Optimisation of Coaxial Flow Devices

It is crucial when utilising a sheath flow system for the formation of iron oxide nanoparticles to
develop laminar flow of the outer stream (NaOH), allowing it to diffuse into and react with the core
stream (iron solution) at the interface. This is achieved by running the NaOH inlet at a faster rate
than that of the Fe inlet to ensure an excess of NaOH that can develop into laminar flow before the
core stream point of entry. The concentrations of both the NaOH solution and Fe solution can also be
varied, meaning the conditions had to be balanced to find both optimum concentrations and flow rates
for each of the reagents and inlets.

When the Fe solution had a concentration of 10 mM, an undeveloped inner stream was observed,
due to the low amounts of iron. 20 mM, 50 mM, and 100 mM Fe solutions were also tested and found
to produce a cohesive flow. 100 mM was selected due to producing the greatest yield of particles in the
shortest run time. NaOH concentration was tested at 0.1 M, 0.3 M, 0.5 M, and 1 M with 1 M producing
black particles along the length of the reaction capillary.

A minimum Fe/inner flow rate of ~60 uL/min was found to be necessary, as below this rate
magnetic particles would begin to form at either the entry to the system in the case of the PDMS
moulded device, or at the tip of the needle in the PEEK system, with both cases resulting in clogging
and fouling of the system. Incidences of clogging were reduced at an increased inner flow rate of
~90 pL/min. It was found for both devices that when a lower NaOH/outer flow rates was employed
(<4:1 ratio between the rates of the two streams), a consistent stream of particles did not develop, with
clumps of non-magnetic iron material travelling through the systems instead. A ratio of 4:1 between
the outer and inner inlets was found to work optimally (summarised in Table S1), with black iron oxide
particles forming in a stream.

3.3. Varying the Ferric:Ferrous Ion Ratio to Tune MNP Magnetism and Size

When synthesising iron oxide MNP’s, the ratio between ferric and ferrous ions have a significant
influence on the reaction environment. We have previously found that when the fraction (X) of ferric
iron of the total iron (both ferrous and ferric) is varied between X = 0.2-0.7 in a batch synthesis, the
iron-oxides produced change, with ferrous rich oxides (such as amorphous ferrous hydroxide and
wiistite) being favoured at the lowest ratio, and ferric-rich oxides (such as schwertmannite) being
favoured at the higher ratio, with magnetite formation favoured at 0.5-0.6 ferric content [19,22].

In this study we performed the reaction in both fluidic devices varying the fraction of ferric ions
from X = 0.2 to 0.7 in line with our previous work [19]. In both cases the 0.6 ratio (3Fe3*:2Fe?") gave
the highest magnetisation. This was 78.7 emug™!, and the 0.5 (1Fe*:1Fe?*) ratio producing particles
of similar magnetisation at 78.4 emug™! for the PEEK system (see Table 1, Supplementary Table S1
and Figure S2 for comparison with PDMS device), suggesting magnetite was successfully synthesised
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in the flow system. This is very high for nanoparticles of this size compared with the literature [23],
showing the samples to be high quality and purity magnetite. This was confirmed by X-ray diffraction
analysis of the resulting particles (Figure 3). The question as to whether or not the particles analysed
were formed in the fluidic device or matured in the collection vessel afterwards was addressed by
using a magnetic trap to collect the magnetic material straight from the exit of the fluidics channel
(see schematic in Supplementary Figure S3a). The nanoparticles from the PDMS device which were
initially magnetic and collected in the magnetic trap (primary product) and those collected in the
final collection vial (secondary product) were then compared with the total unseparated products.
It was clear that there was only negligible magnetism in the secondary product, showing the magnetite
nanoparticles were indeed produced in the fluidic system, not matured later in the collection vial
(Supplementary Figure S3b). It is interesting to note that the magnetism of the magnetically trapped
primary product was virtually the same as the profile for the unseparated product. This means that
the non-magnetic iron oxides are also being trapped in such samples, presumably because they are
intrinsically aggregated to the magnetite iron-oxides. Importantly, however the samples are not
maturing (becoming more magnetic) in the collection vial. The composition of the particles at different
ferric/ferric ion ratios was analysed by X-ray diffraction (Figure 3) and compared to the predicted
theoretical iron-oxide composition.
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Figure 3. Annotated X-Ray Diffraction (XRD) data of the control samples across the range of ferric to
ferrous ratio.

Table 1. Tables of characterization of all the control samples from 0.2-0.7 ferric ion fraction to total
ferric and ferrous ion.

. . . Particle Size XRD . . Sat. Magnetic
Sample Major Crystalline Iron Species (am) Particle Size TEM (nm) Moment (emu/g)
. - 13.1 £ 9.6 (35.7 + 19.4)
0.2 Magnetite, Wiistile, Green rust 9.32 Mean 205 + 11.8 30.89
. i 6.9+49(31.2+10.2)
0.3 Magnetite, Wiistile, Green rust 9.32 Mean 109 + 10.3 51.06
0.4 Magnetite, Green rust 13.31 109 +53 73.27
0.5 Magnetite 10.36 8.6 +3.5 78.44
0.6 Magnetite 9.32 74141 78.67
0.7 Poorly crystalline ferric oxides N/A 6.5+3.0 18.08

The XRD in Figure 3 clearly shows that Magnetite is the main crystalline component for samples
at ratio 0.4, 0.5 & 0.6. These data also reveal an absence of contaminating crystalline iron oxides,
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and this is in agreement with the magnetic data which are all high and similar for these samples.
As expected, 0.7 is too high a ratio to produce magnetite as the main product, and as such we observed
small, poorly crystalline/amorphous particles. It should be noted that any amorphous products in
the sample will not be detectable by XRD. It is impossible to assign a mineral phase to the small,
broad, poorly resolved peaks observed, but they could be due to ferric oxides such as schwertmannite,
ferrihydrite and feroxyhyte, and to some small quantity of magnetite or maghemite (to account for the
small saturation magnetism recorded).

In the more ferrous rich ratios, magnetite is seen alongside ferrous oxides such wiistite and mixed
valance oxide green rust. Due to the unknown presence of amorphous oxides ratios of minerals present
cannot be extracted from the XRD data, but is can be clearly seen that there is a large proportion
of wiistite (and potential green rust) compared to magnetite. Again, the presence of these minerals
is responsible for the lower magnetic saturation. The X-ray diffraction pattern could also be used
to calculate the average crystalline diameters using the full width half maximum (FWHM) of the
20 = 35.5° peak data in the Scherrer equation, which are shown in Table 1. Note the 0.7 sample could
not be analysed in this way due to the irregularly shaped small peaks. The samples were also analysed
by transmission electron microscopy (TEM) and the particles were measured in Image]J to produce size
distributions (Figure 4). We found the average size of the particles formed ranged from 6.5-20.5 nm
depending on the initial X-value used, with the lower ratios (0.2-0.3) forming heterogeneous particles
with a large variation in sizes observed. Much of this variation is due to the different ferrous-oxide
species in these samples. Green rust and ferrous hydroxide forms plates (some of which can be seen in
the control X = 0.3 sample in Figure 4). For clarity of sizing, the sizes of these plates were not counted
as they would distort the average size of the remaining particles. Wiistite forms irregular shaped
particles across a wide size range, which is more difficult reliably recognise to remove from the data, so
was not subtracted and so we believe this is responsible for the very large size distribution in these
samples. However, there is a visibly bi-modal distribution of smaller and larger particles in the 0.2 and
0.3 samples giving a larger mean size than the higher ratios (Figure 4 and Supplementary Figure S4)
including the magnetite particles. This is not however seen in the XRD sizing. This discrepancy
could be due to two factors. The first could be the inclusion of materials that are not magnetite in the
TEM sizing as discussed above. The second could be inaccuracies in measuring the XRD peak due to
masking. In the XRD the 26 = 35.5° peak has contributions from both magnetite and wiistite that will
serve to artificially broaden the peak, reducing the calculated size of the particles. The particles formed
at 0.4-0.6 ratios were found to be the most homogeneous with a reduced standard deviation, and this
was expected as these are favourable conditions, with the ratios closest to the natural ratio at which
magnetite forms. The magnetic and XRD data show these samples clearly contain majority magnetite
and happily also show close agreement between the XRD sizing and the TEM sizing (Table 1), showing
the crystallite size is the same as the particle size, indicating single crystalline particles. What is most
interesting is that particle size reduces as the X value increases. This is clearly seen in both TEM and
XRD sizing for this magnetite dominated samples. This shows that (with careful optimisation) the size
of magnetite nanoparticles could be subtlety tuned by varied starting ratio of ferric to ferrous iron
precursors within this 0.4-0.6 range. It should be noted that particle size also affected the saturation
magnetisation. However, recent studies show small size difference between 13 and 9 nm will have
little effect in the superparamagnetic regime [23]. Furthermore, the trend is the opposite of what we
observe in our data. Identical samples show increased magnetic saturation with increasing particle size,
whereas our samples show increasing magnetic saturation as size decreases as ratio goes from 0.4-0.6.
As such, the difference in magnetic saturation seen can only be due to increased quality and quantities
of magnetite nanoparticles present. Particles formed at the 0.7 ratio were the smallest 6.5 + 3.0nm,
however, the significant reduction in magnetism of this sample suggests the majority is not magnetite
but non-magnetic iron oxides, so while it still follows the trend, the size of this sample is not as relevant
when considering tuning the size of magnetite particles.
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Figure 4. Representative transmission electron microscopy (TEM) image of the particles formed in
the fluid device over the 0.2-0.7 ratio of ferric iron:total iron. Left column control samples and right
column with the addition of 50 ug Mms6.
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3.4. Addition of Mms6

Mms6 has previously been found to influence the phase and size of particles formed in a batch
co-precipitation of magnetite. Extensive research of this protein has shown it to self-assemble into
micelles in solution, displaying an acidic C-terminal surface to nucleate the forming iron oxides.
We thus investigated if Mms6 would have the same controlling effect in a fluidic synthesis. Again,
the synthesis was conducted across the 0.2-0.7 X ratio to draw a comparison between control particles
and those formed in the presence of Mms6 protein. In this synthesis 50 ug of Mms6 was added to
the 50 mM iron solution (1 mL) before flowing through the device. Very little difference was seen in
morphology between those particles formed with and without Mms6 (Figure 4). This was also true of
the size (Figure 5a, see Supplementary Table S2 for detailed particle size data) showing no notable
difference, except with the 0.2 samples. Here we see more control towards smaller particles more
similar to higher ratio samples. However, more difference is observed in the magnetic properties of the
particles formed (Figure 5b). Interestingly, particles formed in the presence of Mms6 showed increased
magnetic saturation for all initial iron ratios than the control, except for the 0.6 ratio. As there is no
difference in size, this difference is solely due to the improved quality in Mms6 mediated samples from
02-0.5 over controls for additional/larger TEM images of all samples see Supplementary Figure S4c.
This is in complete agreement with our previous studies in a batch synthesis [19]. XRD analysis of
these samples shows that there is indeed more magnetite present in the most extreme ratios of 0.2 and
0.7 (Figure 6).
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Figure 5. Comparison of control particles to those formed in the presence of 50 ug of Mms6 within the
fluidic system. (a) Variation of particle size with increasing initial ratio of ferric ions. (b) Variation of
saturated magnetic moment with increasing initial ratio of ferric ions.
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Figure 6. XRD of particles formed in control and Mms6 reactions for 0.2, 0.5, 0.6 and 0.7 X ratio reactions,
annotated to show iron oxide.

The X-ray diffraction data correlates well with the magnetic data, showing a now visible peak at
the dominant magnetite 311 reflection of 26 = 35.5° in the Mms6 0.7 ratio sample along with close to
doubled increase in saturation magnetisation (from 10 to 34 emu/g). Furthermore, the magnetite peaks
are clearly larger than the wiistite peak in the 0.2 Mms6 sample compared to the 0.2 control sample.
This again is matched by an increase in saturated magnetic moment from 30.9 to 41 emu/g, suggesting
that Mms6 is aiding the formation of magnetite at unfavourable X ratios, with a similar trend observed
to our previous studies [19].

4. Discussion

A key issue that occurs in many microfluidic systems is clogging and fouling, and in the case of
PDMS systems, leakage. The problem of clogging is exacerbated by the magnetic nature of the formed
iron oxide products, resulting in magnetic aggregation which leads to clogging and obstruction of
laminar flow. These issues were addressed in PDMS systems by increasing the diameter of tubing,
ensuring the fluidic channel is as straight as possible, and by shaping the needle used to cast the
device for a smoother co-axial junction. However, this system was still prone to leaking so the design
of a second PEEK system addressed this issue by utilising a capillary as the reaction vessel joined
to the inlets by specifically machined connectors, sealed with o-rings. The transparent nature of the
material of the PEEK system also allows the reaction lifetime to be potentially monitored with optical
microscopic or spectroscopic techniques with greater ease. Both devices showed consistent results
from run to run within the same device and also across the two devices (once the flow rates were
optimised) (see Supplementary Table S1), showing the formation of magnetite in this simple fluidic
system has good reaction control.

Magnetite is stoichiometrically formed of 2 Fe**:1 Fe?* giving an X ratio of 0.667. Oxidation is
known to occur when performing this reaction so initial precursor ratios of 0.5 and 0.6 are commonly
used. It is clear from this study that X = 0.4-0.6 give a good yield of magnetite, demonstrated by the
magnetism, TEM and XRD, with lower X-values contaminated with ferrous iron oxides such as wiistite
and green rust (0.2 and 0.3). It is also worth acknowledging that XRD only detects crystalline materials
so amorphous phases could also be present. There has been detailed theoretic and experimental
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research into the iron oxides that form at different ferrous:ferric precursor ratios [19,22]. The results in
this paper tally well with previous findings where mixtures of ferrous hydroxides, ferrous oxides, green
rust and a small amount of magnetite can be formed at lower ratios while mixtures of magnetite and
ferric-oxides such as schwertmannite and goethite are seen in higher ratios (above the stoichiometric
ratio). It is excellent to see the fluidic system reproduces the results from previous batch studies and
tally well with theoretical work. However, what has not been seen before is the ability to tune the
size with varying X. It is not clear from searching the literature if this has not been explored before
in all synthetic forms of precipitating magnetite, batch, fluidic or otherwise, or whether this effect
is something only seen in a flow synthesis. In the flow the iron solution is been fed the base at the
interface at a continuous rate at the interface were the crystals will be seeded. Perhaps at ratios closer
to stoichiometric, the nucleation is so rapid that the particles do not have the capacity to grow quite
as much before all the iron solution is used up, forming smaller particles. However, in the lower
ratios, fewer particles can be nucleated giving more iron feedstock to grow the smaller number of
particles more.

We developed the experiment further by adding the biomineralisation protein Mms6 to the flow
synthesis. In agreement with our previous study this aided the formation of magnetite at ratios where
the control showed less magnetite [19]. This is thought to be possible as the acidic rich DEEVE amino
acid motif on the C-terminus of the protein is exposed and is capable of binding iron ions [19,20,24,25].
The N-terminus is hydrophobic and as such causes the protein to self-assemble into rafts within
the native environment or micelles in aqueous solution, displaying the acidic residues as a negative
charged nucleation surface for iron binding. Importantly it has been show to bind ferrous ions in
some sites and ferric ions less specifically but in abundance, encouraging the nucleation of magnetite
specifically [20]. Previous work has also shown that Mms6 controls the size of the particles to be 20 nm
when formed in solution. However, we did not see this control in the flow synthesis. We hypothesis
that the synthesis in flow increases the effect of the chemical kinetics of particle formation over slower
additive modified crystal growth giving little room for Mms6 to be effective, especially with respect to
particle size control. However interestingly, it has been previously reported that the curvature of the
charged surface may be key to size controlling aspect of Mms6. When Mmsé6 is displayed on a flat
surface the particles formed are larger (90 nm) compared to 20 nm in solution, so it could also be the
case that Mms6 in the flow system cannot form the correct size-controlling surface [26].

Finally, this device, experiments and results demonstrates how this system could be a beneficial
platform for the study of nanoparticle formation more generally. The reaction vessel is long so time
points can be equated to distance. This can be useful in both experiment design (introducing additive
such as Mms6 at different reaction points) and analysis (studying the reaction intermediates in situ).
Similarly, this could be universally extended to study the action and effect of a full range of different
additive and at different stages in a wet chemistry synthesis of any nanoparticles.

5. Conclusions

We have successfully built a simple and reliable fluidic system that reproducibly formed magnetite
nanoparticles. Magnetite is the major product in the synthesis where the ferric to total iron ratio of
the precursor solution was 0.4-0.6, demonstrated by both the XRD and the magnetic data. The size
of the nanoparticles can be tuned simply by varying this ratio, however consistent magnetite and
thus tuning is best achieved between ferric fractions of 0.4-0.6 (with larger particles at higher ferrous
content (X = 0.4) and smaller particles with higher ferric content (X = 0.6). Outside this range other iron
oxides were obtained, reducing the homogenity in terms of size, and morphology, as well as reducing
the magnetic saturation. The more ferrous rich ratios (X = 0.2-0.3) contained wriistite and green rust,
while the phases of the more ferric rich X = 0.7 ratio were unidentifiable from our characterisation.
Addition of Mms6, a magnetite nucleation protein, helped to produce more magnetite within all
samples (except X = 0.6) with the most profound effect at the 0.2 and 0.7 extremes. Mms6 was not able
to affect the particle size in the fluidic system, which it is able to do in a batch synthesis. We speculate
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this may be due to the complex competing effects of the dominance of kinetics on synthesis in dynamic
flow, coupled with the flow conditions affecting the Mms6 assembly. This study shows a promising
proof-of-concept for using a simple fluidic system for the formation of and detailed in situ analysis
of the formation of a full range of inorganic nanomaterials, and their interaction with crystallization
additives, such as Mmsé6.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/12/1729/s1,
Figure S1: Demonstration of the fluidic dynamic modelled performed in COMSOL, x and y axis are length in
metres (x is x 10-3): A. shows the mesh used for the modelling. Note this is a radial symmetry model with the
centre at 0, so only half the tube is shown. B. shows the surface radial velocity. The yellow colour = 0 m/s showing
negligible or no radial velocity indicating laminar flow (red at the end is an artifact of the boundary conditions),
Figure S2: Variation of (a) magnetic saturation and (b) nanoparticle size verse the initial ferric to ferrous iron
composition for both the first generation PDMS fluidic system and the second generation PEEK fluidic system.
Ratio is of ferric iron to total ferric + ferrous iron precursor. (a) obtained from sizing > 200 particle per sample
using image], (b) was measured on a benchtop magnetometer for the PDMS device and on the VSM for the PEEK
system, Figure S3: (a) Adapted outlet of PDMS co-axial flow device, incorporating a magnetic trap. (b) Magnetic
susceptibility of primary and secondary products measured on a benchtop magnetometer, Figure S4a: Histogram
series for the TEM size analysis of control samples, Figure S4b: Histogram series for the TEM size analysis of
Mms6 mediated samples, Figure S4c: Larger TEM Images of all samples, Table S1: Comparison of the specification
of the two devices: tubing measurements and flow rates, Table S2: Mean particle sizes of the control and Mms6
mediated particles produced in the PEEK system.
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S1. Fluid dynamics modelling using COMSOL Multiphysics.

A. Mesh B. Surface radial velocity [m/s]
-4
0.01 X10
2
0.008
11
0.006
lo
0.004
-1
0.002
-2
0
1-3
-2 0 2 -2 0 2 x103 o

Figure S1. Demonstration of the fluidic dynamic modelled performed in COMSOL, x and y axis are
length in metres (x is x 10”%): A. shows the mesh used for the modelling. Note this is a radial symmetry
model with the centre at 0, so only half the tube is shown. B. shows the surface radial velocity. The
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yellow colour = 0 m/s showing negligible or no radial velocity indicating laminar flow (red at the end
is an artifact of the boundary conditions).

S2. Comparison of both 1st generation PDMS and 2nd generation PEEK systems along with their
resulting particles produced.

Table S1. Comparison of the specification of the two devices: tubing measurements and flow rates.

Iron Solution (100 mM) Sodium Hydroxide solution (IM)
Tub Tub
dia:rlle‘:er Flow rate dia:llle‘:er Flow rate
Ist tion PDMS
gene;: ‘:iOCI; 0.5 mm 60-70 pl 1.6 mm 300 ul min
(Tube length 10 cm) (0.027) min! ' H
2nd tion PEEK
genfireavil:: 0.5 mm 60-90 ul 15 mm 240-360 pl min (1:4
0'0271 . _1 . t'

(Tube length 50 cm) ( ) min ratio)

‘;; 'g 40 -

E b % -e- Control PDMS
z 2 304
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Figure S2. Variation of a) magnetic saturation and b) nanoparticle size verse the initial ferric to ferrous
iron composition for both the first generation PDMS fluidic system and the second generation PEEK
fluidic system. Ratio is of ferric iron to total ferric + ferrous iron precursor. a) obtained from sizing >
200 particle per sample using image], b) was measured on a benchtop magnetometer for the PDMS
device and on the VSM for the PEEK system.

S3. PDMS coaxial flow device modified with a Magnetic trap

A magnetic trap was introduced to the PDMS device to investigate whether MNP were formed
inside the device or matured into MNP in the collection vessel. All other conditions remained
unchanged. The nanoparticles which were initially magnetic and collected in the magnetic trap
(primary products) and those collected in the final collection vial (secondary products) could then be
compared with the total produce from the earlier unmodified study. It was clear to see visually that
most of the magnetic sample was indeed trapped and was thus formed in the device and not
subsequently.
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There was a small amount of magnetic material in the secondary product, but it is difficult to
say whether these particles were magnetic when leaving the device and failed to be trapped due to
high flow rate or if they matured to become magnetic at a later stage. Nevertheless, the quantities are

so minimal that we are confidence that the main magnetic iron oxide produce is produced within the
co-axial flow device.

Iron
oxide
out

—

Primary

. products
h > ‘

-~

Secondary
products

(@) (b)

Figure S3. a) Adapted outlet of PDMS co-axial flow device, incorporating a magnetic trap. b) Magnetic
susceptibility of primary and secondary products measured on a benchtop magnetometer.

S4. Detailed analysis of particle sizes for the PEEK 2nd generation system.

Table S2. Mean particle sizes of the control and Mms6 mediated particles produced in the PEEK

system.
. . Mms6
Sample Control Particle size TEM (nm) Particle size TEM (nm)
0.2 13.1+£9.6 (35.7 £19.4) Mean 20.5+11.8 10.1+9.0 (36.1 +11.4) Mean 15.5+18.1
0.3 6.9+4.9 (31.2+10.2) Mean 10.9 + 10.3 103+ 84
0.4 109+5.3 79+25
0.5 8.6+3.5 9.7+3.6
0.6 74+41 72+25

0.7 6.5+3.0 6.5+3.0
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Figure S4a. Histogram series for the TEM size analysis of control samples.
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Figure S4c. Larger TEM Images of all samples.
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An ethylenediamine (EDA) series of amines have been used as additives in an attempt to modify the morphology of magnetic

nanoparticles (MNP) formed. Previous results from batch synthesis show the EDA series to control MNP shape. Here we

demonstrate this can be extended to a macrofluidic co-axial laminar flow synthesis system. showcasing their robustness at

tailoring the morphology of particles. The addition of tetraethylenepentamine (TEPA) controls the morphology of particles

formed under laminar flow, producing 58% faceted particles at a 1:100 additive/iron ratio. This is significantly higher than

14% in control particles, but this however a much lower propoertion than seen in batch synthesis demonstrating the limits

of additive applicability within macrofluidic flow.

Introduction

Inorganic nanomaterials such as magnetite, Fes0,4, are seeing
increased industrial use, with applications in water
purification,! high-density data storage,? magnetic fluids,3 and
the biomedical industry.*% Industrial specifications of
nanomaterials are stringent, with the need to produce highly
tailored magnetite nanoparticles (MNP) with tightly controlled
physical properties becoming a necessity.

The physical properties of a MNP govern the particles
magnetic properties, with shape and size both being key
parameters. When a MNP is sufficiently small, typically less than
20 nm, they lose their bulk magnetism and develop
superparamagnetic behaviour.” Superparamagnetic iron oxide
nanoparticles (SPIONs) are highly desirable due to their
“switchable” magnetism, where applying an external field
switches the SPIONs on and removing it switches them off.
Hence, particles of low mean diameter may be favoured in
many industries.8

In fields such as the biomedical industry, particles of certain
particle shapes have been found to offer enhanced properties
over their spherical counterparts.® Octahedral particles of 6-12
nm diameter were found to exhibit improved specific
absorbance rates for magnetic hyperthermia and increased
efficacy as magnetic resonance imaging (MRI) contrast agents.10
Octahedral MNP have also been shown to exhibit enhanced
magnetic properties,1? highlighting the importance of MNP
shape control.

Current methodologies for the synthesis of highly tailored
nanomaterials are environmentally unsustainable, utilising

o Department of Chemistry, The University of Sheffield, Dainton Building, Brook Hill,
Sheffield, S3 7HF, United Kingdom

Electronic Supplementary Information (ESI) available: [details of any supplementary

information available should be included here]. See DOI: 10.1039/x0xx00000x

high-boiling organic solvents, toxic pre-cursors, and sustained
heating and vacuum use to obtain high quality MNP. Whilst
these techniques can produce highly faceted particles of set
morphologies such as cubic,1?2 pyramidal,’3 octahedral,’4 and
nanoflowers,’> the methodologies are unsuitable for
sustainable production of “green” MNP. Room-temperature
co-precipitation (RTCP) uses water as a solvent and requires no
use of heat or vacuum for the formation of particles. However,
poor control is afforded over the particles formed, with a high
degree of polydispersity and little morphological control over
the shape distribution of synthesised MNP. A small change in
reaction conditions can result in vastly different iron oxides and
particles forming due to the complicated system by which
magnetite co-precipitates.1®

One potential solution to this is the use of fluidic synthesis.
The unilaminar controlled environment offers a high degree of
reproducibility over batch environments, minimising the batch
to batch variations found within typical RTCP syntheses.’
Hassan et al. designed a co-axial flow device operating under
laminar sheath flow, whereby an inner flow of mixed valence
iron solution is precipitated via diffusion® with an outer flow of
base.?® Utilising the principle of sheath co-axial flow to
synthesise MNP, we have previously investigated the effect of
ferric ratio on the particles formed within a macrofluidic co-axial
system.17 This study revealed the ability to tune the size of
particle within the macrofluidic formed by simply increasing the
ratio of ferric ions, offering a unique method of tailoring MNP.17

One key method by which MNP shape can be tailored during
synthesis is via the addition of an additive, an extra reagent
which enables the formation of particles with a desired
property. The adsorption of an additive to a crystal surface
lowers that surface’s interfacial energy, and consequently slows
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Figure 1. The abbreviated names and structures of the EDA series of
additives, showing their increasing chain length and repeat unit structure.

the growth of the face.2° An additive that selectively binds a
specific crystal face will suppress growth of this face, allowing it
to dominate the final morphology.?!

A bioinspired range of amine additives consisting of
ethylenediamine (EDA) chains of increasing length were found
to drastically influence the morphology of particles formed in
batch RTCP reactions, producing up to 97% faceted particles
upon their addition, compared to only 6% in controls.22 The
amines consist of amine groups along an aliphatic ethylene
backbone (Figure 1), with the chain length increasing by a single
-CH,CH>- unit to form the series: n = 1, ethylenediamine (EDA);
n =2, diethylenetriamine (DETA); n =3, triethylenetetramine
(TETA); n=4, tetraethylenepentamine (TEPA); and n=35,
pentaethylenehexamine (PEHA). Molecular dynamics modelling
(MD) revealed a preference for this series of amines to bind to
the [111] surface of magnetite over the [100] face, facilitating
the formation of particles with predominantly octahedral
morphology.22

Whilst these additives are highly proficient in controlling the
shape of MNP in batch conditions, the diffusion-based nature of
co-axial macrofluidic flow may vyield different results. The
addition of a biomineralisation protein, Mms6, observed to
increase particle size and shape-control of MNP formed when
used as an additive in batch co-precipitation reactions?3 was
found in our previous study to not impart this size controlling
effect within the co-axial flow system.1? It is important to
determine whether this system of laminar flow is compatible
with the addition of additives for particle shape control.

In this study we demonstrate the activity of additives within
a macrofluidic co-axial flow system by observing the effects of
the addition of amines known to markedly increase the
proportion of faceted particles in a non-flow system when used
under a diffusion-based laminar flow regime.

Experimental
Materials and methods

All reactions were carried out under an inert atmosphere of N,
and all solutions sparged with N, for 30 minutes prior to use.
Ultrapure Milli-Q water (Merck Milli-Q integral purification
system) was used. All reagents were purchased from Sigma
Aldrich.

2| J. Name., 2012, 00, 1-3

iv) v) vi)

Figure 2. Cross section of PEEK system illustrating the different components.
#i) Fe inlet, (ii) NaOH inlet, (iii) inlet faceplate, (iv) capillary, (v) outlet
aceplate, (vi) outlet.

Laminar flow MNP synthesis

A polyether ether ketone co-axial device (Figure 2) was
designed, produced and operated as in ref 17 was cleaned with
ultrapure water, then dilute hydrochloric acid (1 M) followed by
ultrapure water again by pumping 10 mL through both ports.

The outer flow syringe driver was loaded with a 10 mL Luer
lock syringe of NaOH (1 M) and connected to the co-axial fluidic
device via capillary tubing. The outer flow was set at a
continuous rate of 360 UL min-l. When the NaOH within the
syringe was depleted, the syringe was replaced with another
syringe containing 1 M NaOH.
The inner flow syringe driver was loaded with a 10 mL Luer lock
syringe filled with 8 mL of a 0.6 ratio of Fe3* and Fe2* salts
(ferrous sulphate pentahydrate (44 mg) and ferric sulphate
heptahydrate (61 mg)) with a total iron concentration of (0.05
M) and a set amount of additive, relative to the ratio (1:100
(0.76 pL for TEPA), 1:1000 (0.076 uL for TEPA), or 1:10000
(0.0076 pL for TEPA) being used (example volumes given for
clarity). This syringe was then connected to the co-axial fluidic
device via capillary tubing with inner flow set at a continuous
rate of 90 pL min-1.

The iron oxide product was magnetically separated and
washed three times in deoxygenated ultrapure water and
subsequently dried in a vacuum oven overnight.

Characterisation

Transmission electron microscope (TEM): For sample analysis
of magnetic nanoparticles, a 1mg mL?! suspension of
nanoparticles was sonicated for 1 minute in hexane, after which
a 10 pL sample was dropped onto a carbon coated copper TEM
grid and allowed to dry down for a minimum of one hour. Grids
were imaged using a FEI Tecnai G2 Spirit electron microscope
(Thermo Scientific, Waltham, MA, Untied States) and the TEM
images were analysed using Imagel software (v1.52, public
domain, National Institute of Health, MD, USA). For each sample
over 200 particles were randomly selected for measurement.
For details on particles size and shape analysis see
supplementary information S1 (size) and S2 (shape).

X-ray diffraction (XRD): XRD data of samples was collected by
analysis of dry iron oxide nanoparticles in a Bruker D8 powder
diffractometer (Bruker, Coventry, United Kingdom). Diffraction
images were collected at 0.022-degree increments from 20-80
degrees, using a fixed wavelength of A = 1.54178 A from a Cu Ka
X-ray source. For XRD data see supplementary.

Vibrating sample magnetometry (VSM): Magnetic
susceptibility and saturation magnetisation were measured on

This journal is © The Royal Society of Chemistry 20xx



a known quantity (1-5 mg weighed with an accurate mass
balance) of dry iron oxide nanoparticles using a MPMS 3 SQUID
magnetometer (Quantum Design, Surrey, United Kingdom) in
vibrating sample mode, with the samples packed in size 3
polycarbonate capsules and immobilised with
polytetrafluorethylene (PTFE) tape. The samples were run at
300 K between -3 and 3 T with a sweep rate of 0.01 T s'1. The
control data is capped at 3 T for comparative purposes.

Results and Discussion

A range of additive modified MNP were synthesised using a co-
axial flow device. The range of EDA additives of increasing
length previously screened in our batch RTCP study have been
used to ascertain their effectiveness at modulating the shape of
MNP formed under a laminar flow regime.

Control particles formed at a 0.6 ferric ratio with no additive
present were found to be mostly undefined in shape, with 14%
of particles appearing faceted in shape (Table 1, Figure 3). A
saturation magnetisation of 74.3 emu g1 was achieved, with an
average particle size of 8.7 £ 4 nm.

The addition of the EDA series of additives produced
particles with a size range of 6.7 - 9.7 nm in diameter Figure 3a)
showing no significant difference to each other or to the
controls. It is interesting to note that particles formed with
higher concentration of additives are generally slightly larger
(Figure 3a).

The main trend observed across the additive series in the
saturation magnetisation (for the highest two additive
concentrations) is inverse to the quantity of faceted particles
(shape control), with the control particles with no additive
present showing the highest magnetisation. For the 1:1000
concentrations, samples formed with EDA have a similar value
to controls (72.3 emug?!) steadily declining to TEPA
(49.2 emu g1), to increase slightly for PEHA (60.1 emugl)

Table 1. Table of characterisation of control particles and particles formed with the
addition of an ethylenediamine series of additives.

Sample | Additive/Fe Particle size % Faceted Saturation
ratio (nm) particles magnetisation

(emug?)
Control N/A 8.7+4.2 8 73.4
EDA 1:100 9.5+2.6 5 70.6
1:1000 74+18 14 72.3
1:10000 9.1+25 21 61.9
DETA 1:100 80+3.3 28 59.9
1:1000 8.1+2.7 22 65.1
1:10000 7.0+23 21 54.5
TETA 1:100 9.2+34 36 62.7
1:1000 70124 31 58.8
1:10000 7.7+25 28 54.4
TEPA 1:100 79+28 58 48.0
1:1000 78+24 47 49.2
1:10000 6.7+25 28 53.1
PEHA 1:100 9.2+3.6 10 53.2
1:1000 87+26 18 60.1
1:10000 87126 17 52.6

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Effect of additive to iron ratios across the EDA series of additives: a)
effect on saturation ma§netisation; b) effect on mean particle diameter; c)
effect on percentage of faceted particles.

(Figure 3b). It seems that the strongest additive binding has a
negative effect on the magnetism, suggesting perhaps that the
binding may alter the crystal and magnetic structure of the
forming particle, lowering the magnetism. For the lowest
concentration of additive (1:1000) a lower more linear magnetic
response was recorded. With the exception of EDA, all other
samples give a constant saturation magnetisation between 53
and 55 emu g1. A different mechanism seems responsible for
these lower quantities compared to controls, with such small
amounts of additive present it could be the additive acts to
adversely affect the chemistry, so more mixed oxides are
formed, without seeing the competing benefit of controlling
crystallisation.

The most notable effect of the additive series on the
particles formed was the change in morphology (Figure 3c).
Across the series and range of concentrations 5-58% faceted
particles were observed (compared to 8% with no additives).
Notably, the addition of the higher concentration of EDA
resulted in the formation of the least defined particles, with
only 5% of particles formed being faceted, a decrease from the
control particles. EDA exhibited a reversed effect compared to
additives, with the higher
concentrations appearing to have a detrimental effect on the

each of the other amine
proportion of faceted particles formed. The short chain
structure of EDA may lead to non-specific binding of magnetite
facets, therefore lowering the presence of defined facets rather
than promoting them. Our previous study modelling the effects
of DETA-PEHA revealed that the longer amines in the EDA series
(TETA-PEHA) exhibit exothermic (favourable) binding at the
[111] magnetite surface. The longer amine additives can lie flat
on the [111] surface, allowing for additional binding
interactions. DETA however due to its short length has no
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preference for interaction between the [100] and [111]
magnetite faces and exhibits less preference for the formation
of octahedral MNP.24 It follows that EDA would also be able to
lie flat on both the [100] and [111] magnetite facets, hence
showing no ability to selectively inhibit the growth of a
magnetite face to tailor the morphology of particles formed.

As such, a rise in faceted particles is observed as amine
chain length increases, consistent with our previous studies.24
As amine chain length increases, longer additives will have a
greater number of Fe-N and O-H interactions with the forming
magnetite surface, enabling greater growth suppression of the
crystal facet.2?

TEPA produced the highest percentage of faceted particles
at each of the three tested additive concentrations, producing
58% MNP with defined facets (at the highest concentration).
This is in line with our previous research, suggesting the efficacy
of the EDA series of additives increases with chain length,
peaking at TEPA before seeing a reduction in morphological
control with PEHA. On addition of PEHA a significant decrease
in faceted morphology was observed from 58% faceted for TEPA
1:100 to 10% at PEHA 1:100. Whilst PEHA manages to produce
18% faceted particles at a 1:1000 ratio, this decrease in shape-
control efficacy is observed across each concentration of PEHA
compared to TEPA, with the lowest concentration of TEPA
outperforming the highest of PEHA. This suggests that more

Addition of EDA
(1:100, macrofluidic)

A

Control (no additive)

Addition of TEPA
(1:62.5, batch)

Addition of TEPA
(1:100, macrofluidic)

Figure 4. Comparison of representative TEM images of particles formed with
a) No additive (macrofluidic); b) addition of EDA (1:100 additive/Fe ratio,
macrofluidic); c) addition of TEPA (1:100 additive/Fe ratio, macrofluidic), d)
addition of TEPA in a batch co-precipitation reaction (1:62.5 additive/Fe
ratio).
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factors are involved than mere amine group concentration, as
efficacy is also reduced at the lowest concentration. Notably,
only a small decrease in additive performance was noted in a
batch system,?2 suggesting PEHA is rendered ineffective as an
additive under the laminar flow regime.

For each of the other additives in the series (DETA, TETA,
and TEPA), the 1:100 ratio produced the highest percentage of
faceted particles. As the mode of action of these additives is
believed to be by interaction and binding of the amine to the
forming particle surface, a higher concentration of additive
allows for greater inhibition of facet growth, hence resulting in
the development of more defined particle morphologies. The
proportion of faceted particles formed at the 1:100 ratio is ~ 20
% higher than at the 1:1000 ratio. This is not as high as would
be desired considering a 10 x increase in additive concentration
is required for this effect.

In abatch RTCP system, TETA, TEPA, and PEHA produced 96,
97, and 91% faceted particles respectively, while the co-axial
laminar flow device does offer some level of control, it falls
short of the control offered in the batch synthesis, failing to
produce particles with an equivalent degree of shape control.22
Figure 4 shows a comparison of particles formed under various
conditions to compare and contrast the influence of additives
on MNP formed, as well as particles formed using TEPA as an
additive within the batch RTCP system. Whilst over half the
particles formed are of faceted morphology when using a 1:100
TEPA ratio within the macrofluidic device (Figure 4c), it is clear
that the additive is not as effective as when used under batch
conditions. TETA and PEHA also each exhibited a significant
drop in the percentage of faceted particles formed compared to
batch reactions, with both additives exhibiting a significant
decrease in efficacy within the macrofluidic system. The short-
time scale of reaction within the capillary coupled with the
diffusion-based mixing may not allow for efficient mixing of the
additives with developing particles, with additives potentially
struggling to interact with forming magnetite surfaces under
the flow regime.

Conclusions

This study investigated the efficacy of an EDA series of additives,
some of which were effective at producing MNP with mostly
faceted morphology, when utilised in a macrofluidic co-axial
flow device. TEPA was found to produce 58% faceted particles
at a compared to the 97% formed in a batch system.22 TEPA
appears to be of optimum additive length of the EDA series,
producing the highest proportion of faceted particles at both
the 1:100 and 1:1000 ratios, further showcasing its strengths at
tailoring the morphology of particles formed at low additive
concentrations.

However, within the macrofluidic co-axial flow device, there
appears to be a decrease in magnetism observed as the
proportion of faceted particles increases. A counter-effect of
additive molecules being embedded within forming particles
lowering their crystallinity and additives enhancing the
crystallinity of forming MNP may be at play, leading to a general
decrease in magnetism as additive chain length increases, and
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improved magnetism at the middle additive concentration
rather than the lowest.

Whilst a high degree of shape-control was successfully
exerted over particles within the macrofluidic system using
TEPA as an additive, the behaviour of additives was found to
vary significantly from our previous observations within a batch
system, with TETA and PEHA no longer producing highly defined
particles.

The TEPA-enhanced synthesis of MNP using a macrofluidic
co-axial device is achievable, with TEPA exerting control over
the morphology of particles formed, producing a substantial
increase in MNP with octahedral morphology. Considering the
reduced influence of both the biomineralisation protein Mms®6,
and TEPA within the macrofluidic system, however, our results
suggest additive efficacy is lessened when directly compared to
the results achievable within a batch synthesis due to the effect
of flow synthesis.
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Abbreviations

DETA: diethylenetriamine

EDA: ethylenediamine

MNP: magnetic nanoparticle

MRI: magnetic resonance imaging

TETA: triethylenetetramine

TEPA: tetraethylenepentamine

PEEK: polyether ethyl ketone

PEHA: pentaethylenehexamine

RTCP: room-temperature co-precipitation

SPION: super paramagnetic iron oxide nanoparticle
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Chapter 7.

Large Scale Flow Mixing and Optimisation

Continuous flow paper 1: EFacsted [JUndefined
£~ 1000
- 100%
]
;J 100 Peristaltic pumps e
2
[
5 60%
S — = ) NaOH Fe
w 3 solution solution 0%
E _—r
4 Y mixer H 20%
o
/ 0\6‘\ &\s\& ‘8\0"‘ {,\/N ’N
éﬁ.\\ Q\ef‘ HzN n H o

S F AT AT Q¥ ¥
SELLELE

m

Addition of
TEPA 1:100

Continuous flow paper 2: Small
Variation of 10 20
Fe feed Addition of
TEPA 1:10000
ﬁ—-(

mmol mmol
concentration

@ @ Fe feed concentration
—

38

Peristaltic pumps

% Faceted particles
2 2

0
NaOH Fe 30-
solution solution Large Small 2
Variation of i L 40 50 60 70 80
V mixer . . 0.2 Ferricratio 0.7 ] Saturation magnetisation
ferric ratio . {emu g)
Size control Shape control

This chapter consists of two papers based on the use of a continuous flow static mixer to
tailored produce MNP on a larger scale. The first paper is titled "Robust Scalable
Continuous Flow Bioinspired Synthesis of Magnetite Nanoparticles using Ethylenediamine
Additives”. The second paper is titled "Optimisation of a scalable continuous flow

synthesis of magnetite nanoparticles using tetraethylenepentamine as an additive".
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Bioinspired Synthesis and Scale-up of Magnetite

7.1 Robust Scalable Continuous Flow Bioinspired
Synthesis of Magnetite Nanoparticles Using

Ethylenediamine Additives
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Robust Scalable Continuous Flow Bioinspired Synthesis of Magnetite
Nanoparticles using Ethylenediamine Additives

Laura Norfolk,2 Georgina Zimbitas®, Jan Sefcik?®, and Sarah Staniland®
Keywords: Magnetite, nanopatrticles, scale-up, fluidic synthesis, bioinspired
Highlights (3-5 points needed):

¢ Ethylenediamine additives were used to control the shape of faceted, octahedral
SPIONSs.

e A continuous flow static mixing setup demonstrated production rates five times higher
than reported in the previous literature.

e The method allows for further scale up for industrial production of tailored faceted
SPIONS.

Abstract

Superparamagnetic iron-oxide nanoparticles (SPIONSs) are of great interest for a wide range
of applications whereby precise control of particle properties is essential. Tunable synthetic
routes leading to monodisperse patrticles of desired properties (magnetism, size, shape, etc.)
are essential and there are growing demands on their robust highly scalable production.
Recently developed “greener” bioinspired additive methods for SPION synthesis revealed
promising results with respect to size and shape tunability but had low production rates and
limited scalability. Here we show that bioinspired synthesis of highly faceted magnetite
nanoparticle can be robustly achieved with a wide range of ethylenediamine additives that
control the shape of SPIONSs, resulting in a higher proportion of faceted, predominately
octahedral, particles. All 5 additives irrespective of chain length increased the proportion of
faceted particles (between 38 - 84 % faceted across the range of additives and concentrations)
compared to the control (32% faceted), indicating that the ethylenediamines exhibit favourable
binding to the [111] face of magnetite, while the best morphological control was achieved with
the longer additives. Using additive-enhanced, continuous flow static mixing set-up at
laboratory scale, production rates of up to 311 g day* have been achieved, which is five times
higher than previously reported for magnetite nanoparticle synthesis. Continuous flow static
mixing is inherently scalable in terms of flow rates, allowing further scale up for industrial
production of tailored faceted SPIONSs.

1. Introduction

Magnetic nanoparticles (MNPs) have seen an explosion of interest recently, with a large body
of research dedicated to their applications across a wide range of applications including
ferrofluids,® carbon capture,? high-density data storage,® magnetic drug delivery,* magnetic
resonance imaging,>® and as therapeutic agents in cancer treatment.® MNPs can be adapted
through coatings or surface functionalisation to be water-soluble,*° highly biocompatible,* or
biodegradable depending on the coating used.*?



Spherical nanocrystalline magnetite (FesO4) and maghemite (y-Fe»Os) with diameters less
than 20 nm exhibit superparamagnetic behaviour wherein their magnetisation can randomly
flip direction due to the thermal energy available at room temperature, and as such have been
termed SPIONSs (superparamagnetic iron oxide nanoparticles). The result of this effect is that
unlike larger particles or bulk iron-oxide, SPIONs do not have remnant magnetisation in the
absence of a magnetic field, with the particles instead behaving as if they were
paramagnetic.’®* This “switchable” magnetism is especially attractive in nanomedicine as it
allows for particles to be magnetically directed to desired sites (such as tumours)* under an
applied magnetic field. Once the field is removed the particles are less likely to agglomerate
due to their paramagnetic nature, increasing their half-life in the human body.**

SPIONs have other useful properties that lend themselves to biomedical applications: their
nanoscale nature offers a high surface area which can be readily functionalised in various
manners,'® high magnetic saturation,'® and low toxicity. As such, the potential of SPIONSs is
being realised across the biomedical industry.

It is clear from research that physicochemical properties such as magnetism, magnetic
heating, and biological properties such as toxicity, circulation time, and uptake of the SPIONs
are chiefly affected by their physical attributes of size, shape, and the SPIONs’
homogeneity.?>1-2° The size of particles is critical, as large or aggregated clumps of particles
in the bloodstream can block capillaries causing embolisms,?! as well as influencing circulation
time in the blood and uptake into cells.?? For example, the size range for SPIONs needs to be
within the correct range to be uptaken by cells, but outside the size range that is targeted for
destruction by macrophages.?*%* Furthermore, the body concentrates different sized SPIONs
to different organs of the body, offering a further mode of targeting if size can be selectively
synthesised for.%

Many synthetic methodologies and biomedical studies have focused on the use of spherical
SPIONs as these are easily synthesised. However, varying the shape leads to different
magnetic and biocompatibility properties.? Literature involving the use of non-spherical
particles has been rapidly growing based on wide research interested in highly faceted
SPIONs. Octahedral magnetite particles have been found to exhibit an enhanced specific
absorption rate for magnetic hyperthermia, and increased performance as MRI contrast
agents compared to spherical particles.?® It is thus crucial to understand and develop
techniques by which non-spherical particles can be synthesised, and to tailor both shape and
size of particles to create bespoke SPIONSs for specific applications.

Nanoparticle production is a huge industry, with the global market share estimated as being
approximately $80 billion in 2019,?” and demand for SPIONSs specifically is rising more rapidly.
The sector of nanomedicine is a vast potential growth area, however tailoring and precision of
particle properties need to be achieved before this can be fully realised. With growing demand
comes the growing requirement to ensure manufacture is as green and sustainable as
possible. While various synthetic methods such as oxidative precipitation,?® hydrothermal
synthesis,?® and thermal decomposition® can produce highly defined particles with specific
shapes such as cubic,?*? nanoflowers,*® and octahedral,3 many of these techniques utilise
toxic precursors, large quantities of organic solvents, and/or extensive heating and vacuum
use, making SPION manufacture wasteful and harmful to the environment.



Environmentally friendly synthesis methods with scale-out potential exist for the production of
precisely tailored SPIONs,**3" however they are not easily amenable to scale-up. Common
green methods to produce MNPs are usually variants on room-temperature co-precipitation
(RTCP), an aqueous technique that requires no organic solvents. The pH of a mixed valence
iron salt solution is slowly raised by addition of a base, resulting in the precipitation of
magnetite (and potentially other iron oxides). A pH titration study of the RTCP system revealed
a strong dependence on the ferric ratio, with lower ratios producing higher proportions of non-
magnetite iron oxides.*® However, this process is difficult to finely control, with small variations
in reaction conditions resulting in significant changes to the reaction products such as
formation of a broad distribution of SPIONs, being of mostly undefined morphology.*°
Reproducibility of the product formed and product quality are both crucial factors for a synthetic
route to be of industrial importance.

Despite the pressing need for alternative green synthetic production routes that can be
industrially scaled-up, very little research has been conducted in this area for nanomaterial
production. A promising way to exert control over particle formation in this green synthesis
regime is to use an additive. This has been achieved in nature with the assistance of proteins.

A type of bacteria known as magnetotactic bacteria can produce exceptionally homogeneous
particles under ambient conditions in a process known as biomineralisation.® Utilising a suite
of proteins that serve to induced controlled biomineralisation, lipid bound nanopatrticles are
formed in organelles known as magnetosomes. Research has revealed biomineralisation
proteins, such as Mms6, are key to controlling the nucleation of magnetite,** via iron ions
binding to a negatively charged protein surface.’

Magnetite interacting Adhirons (MIAs) are peptide display scaffold proteins discovered
through iterations of phage display biopanning“? to target cubic nanoparticles of magnetite.*3
The protein sequence of the binding region revealed a preference for basic residues,
specifically lysine. Molecular dynamics (MD) simulations identified lysine as having the lowest
adsorption energy to the [100] magnetite surface, showing basic groups are strong binders to
the magnetite surface. Bound proteins or additives lower the surface energy of a developing
crystal face, stabilising that surface and slowing its growth, resulting in it dominating the final
particle morphology.*

We have shown the success of the additive approach using both MIAs and Mms6 as additives
in RTCP reactions, with a marked increase in morphological and phase/size control,
respectively, over particles formed in vitro.*>4® Whilst several proteins and peptides have
shown promise as biological additives for sustainable nanoparticle synthesis, many of the
effective proteins are expensive and time-consuming to purify and isolate, making them
unsuitable for scale-up due to the large quantity of protein required. The concept of additives
can be extended to simpler molecules which are more compatible with scale-up (can be readily
purchased or synthesised) to develop a range of bioinspired additives containing
functionalities found to be highly effective in nature.
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Fig 1. Schematics to demonstrate the concept of developing progressive “green” (RTCP) magnetite
synthesis systems: a) depicts previous optimised batch synthesis of magnetite with and without
bioinspired additives;** b) Schematic representation of the milli-scale laminar continuous flow synthesis
method; ¢) Schematic representation of the continuous flow mixing set-up, including 2 pumps, 2 feed
solutions, a collected precipitate solution, and a Y-mixer. Supply routes are designated with arrows:
feed and collected routes are solid lines and Nz gas supply in dashed lines; d) shows the abbreviated
names and chemical structures of the bioinspired additive ethylenediamine series with arrows showing
they could be added to either the NaOH or Fe inlet of the continuous flow system.

Seeking inspiration from knowledge that amine rich lysine proteins bind strongly to magnetite
surfaces to control the morphology of nanoparticles, we recently investigated a green
synthesis route of magnetite nanoparticle production utilising as additives bioinspired
ethylenediamine-based compounds consisting of amine groups spaced out on an aliphatic -
CH2CH»- backbone (Figure 1a), with the series used being: Ethylenediamine (EDA),
Diethylenetriamine (DETA), Triethylenetetramine (TETA), Tetraethylenepentamine (TEPA),
and Pentaethylenehexamine (PEHA),increasing in length by one ethylenediamine unit per
molecules (Figure 1d). In a batch RTCP environment these amines were found to significantly
increase the proportion of octahedral/ faceted particles formed.**

While batch manufacturing often relies on simpler, widely available equipment, continuous
manufacturing is very attractive in terms of ensuring reproducibility, consistency and precision
in achieving critical quality attributes of particulate products under steady state operating
conditions.***® Several synthetic methodologies for making magnetic nanoparticles,
particularly SPIONs, have been implemented using continuous processing, including ambient
temperature precipitation,**-*2 hydrothermal synthesis,>*>* thermal decomposition,>® oxidative
precipitation,>® and high temperature precipitation®” in the presence of surfactants. Fluidic
synthesis has been utilised for SPIONs on the small scale, with maghemite® and
magnetite3%°°€ particles both being synthesised on a millifluidic scale (Figure 1b). In one of
these millifluidic systems particles were also modified using Mms6,*® however yields were



found to be low due to the small scale of the system and this sheath flow system renders itself
unsuitable for scale-up since millimetric channels are required to ensure laminar flow. The
highest production rate reported to date for magnetite nanoparticles has been 2.6 g hr! or 62
g day?, using high temperature precipitation®® with the addition of surfactants.

The key challenge in scaling up RTCP processes is to increase the space-time-yield of the
overall process, which requires much shorter residence times while achieving the same end-
product quality. This in turn requires much more efficient mixing, which is typically a rate
limiting step in precipitation processes. Very efficient mixing can be achieved under certain
continuous flow conditions using static mixers,%:2 with mixing times on the order of 10-100
ms at typical flow conditions. Continuous flow static mixing is also inherently scalable in terms
of flow rates, allowing relatively straightforward scale up towards industrial scale
manufacturing.

In this paper, green RTCP additive-enhanced synthesis is employed using a continuous flow
static mixing set-up, resulting in the production rate of SPIONs orders of magnitude higher
compared to batch and millifluidic systems, while achieving the same end-product quality.
Allowing. This approach is used to push the boundaries of SPION production rates more than
five times higher than reported in the previous literature. As continuous flow static mixing is
inherently scalable in terms of flow rates, this approach can facilitate further scale up for
industrial production of tailored faceted SPIONSs.

2. Materials and methods

Ultrapure MilliQ water (Merck MilliQ integral purification system) was used. All reagents were
purchased from Sigma Aldrich unless otherwise stated and used as purchased.

2.1 Batch room temperature co-precipitation (RTCP)

A solution of ferrous sulphate (0.4 mmol) and ferric sulphate (0.3 mmol) was made via addition
of salts to deoxygenated MilliQ water (20 mL) that had been sparged with N for at least 30
minutes in a two-neck round bottom flask. The solution was left to stir for 5 minutes using
magnetic stirring to ensure dissolution of the iron salts. N, sparged 500 mmol NaOH (8 mL)
was added at a rate of 50 uL min* for a total of 160 minutes using a Harvard Apparatus 11
plus syringe pump driver under an atmosphere of N.. The reaction was left to age for an hour
under the inert atmosphere, and the reaction mixture was then magnetically separated and
washed at least three times with N, sparged MilliQ water to remove any non-magnetic iron
oxide by-products. The particles were dried in a 40 °C oven overnight, and then ground with
a pestle and mortar for analysis.*

2.2 Millifluidic flow

For the full synthetic methodology and device fabrication details please refer to Norfolk et al.*®
The device was cleaned prior to use with 500 mM HCI, and then with MilliQ water for several
minutes. A solution of 50 mM mixed valence (ferrous and ferric sulphate) iron salts (0.6 ferric
ratio) and a solution of 1M NaOH were deoxygenated via sparging with N for a minimum of
30 minutes. A Harvard Apparatus 11 plus syringe pump driver was connected to the outer
sheath flow inlet loaded with a 10 mL Luer lock syringe of NaOH and connected to a millimetric
co-axial fluidic device via polyether ether ketone (PEEK) capillary tubing. This outer flow was



set at a flow rate of 360 UL min™. A second syringe pump driver was connected to the inner
core flow and loaded with a 10mL Luer lock syringe filled with 8mL of 0.6 ferric ratio Fe salt
solution and connected via PEEK capillary tubing. This was set at a flow rate of 90 uL min.
The NaOH syringe was refilled as required.

The iron oxide material formed and flowed to the end of the device where it reached the exit
port and dripped into a round bottom flask which was kept under an atmosphere of N,. The
iron oxide product was magnetically separated and washed three times with deoxygenated
MilliQ water and subsequently dried in a vacuum oven at 40 °C overnight. The particles were
then ground with a pestle and mortar for analysis.

2.3 Continuous flow static mixing

Two Watson Marlow 520DuN (Zwijnaarde, Belgium) cased peristaltic pumps were used, with
one attached to the NaOH feed and the other attached to the Fe solution feed. Mixing and
instantaneous precipitation both occur in a plastic Y-shaped static mixer which was connected
to an outlet tube leading to the collection vessel. Both pumps were set to 10 rounds per minute.
When both pumps were running concurrently this setup resulted in a residence time of
approximately 2s for the mixed solution in the outlet tube.

Fe solution was fed through one pump, whereas NaOH solution was co-currently fed through
the other pump (Figure 1c) in a 1:1 volumetric flow ratio. Feed solutions each contained a
magnetic stirrer bar, with the solutions placed on magnetic plates to be under constant mild
stirring throughout the experimental run. All solutions (feeds and product output) were
constantly supplied with N> throughout the run to ensure the solutions were sparged of oxygen,
thus minimising the possibility of unwanted oxidation occurring at any stage of the precipitation
process. The feed solutions were left to stir for at least 5 minutes under a constant atmosphere
of N prior to mixing to ensure deoxygenation was complete.

Modified lids were used to avoid the re-dissolution of O, into any of the three solutions (Fe
solution stock, NaOH stock, collection vessel) during the experimental runs. These modified
lids incorporated 3 openings: one for the pump feed tubing, one for the N> supply, and the
third with tubing that allowed for gas/pressure to escape the vessel.



Table 1. Additives and additive:iron ion molar ratios used for magnetite precipitation with 500 mmol
NaOH and 50 mmol total Fe at a 0.6 ferric ratio

Additive: _ ] )
iron ion 1:100 | 1:1000 | 1:10000 | Additive
ratio added to
Additive Experimental number solution:
No additive 1 N/A
50 mM
TEPA ’ ’ : Fe
5 6 7 500 mM
NaOH
50 mM
TETA ° ° - Fe
11 12 13 500 mM
NaOH
50 mM
SEHA 14 15 16 Fe
17 18 19 200 mM
NaOH
50 mM
SETA 20 21 22 Fe
23 24 25 500 mM
NaOH
50 mM
oA 26 27 28 Fe
29 30 31 500 mM
NaOH

Once the initial 5 minutes of stirring of the feed solutions was complete, both peristaltic pumps
were turned on (counterclockwise flow) for mixing to occur. Mixed solution was collected only
after the flow became constant. Timing the collection of 15-20 mL of mixed solution resulted
in a calculated flow rate of 110-120 mL min* from both pumps combined with an average of
112 ml min't across the 31 experiments.

In between precipitation runs to minimise the possibility of cross-contamination from previous
runs, the system was flushed out with in-house ultrapure MilliQ water until the fluid ran clear
from the collection tube. The flow was then reversed on both pumps (clockwise) and MilliQ
water was then left to flow out of the feeding tubes, again, until the water ran clear.

32 experiments are included in this study with effects of the amine additive, additive-to-total
iron ratio, and additive addition point. The experiments were run at a ferric ratio of 0.6 -
previously established as the optimal ratio for magnetite formation due to its proximity to the
stoichiometric ratio of ferric and ferrous iron in Fes04 (2:1) - and using total iron concentration
of 50 mM and NaOH concentration of 500 mM, to remain consistent with previously conducted
research.*

Each additive was tested at three different additive:total iron ratios; 1:100, 1:1000, and
1:10000. The additive was introduced via either the Fe solution or NaOH inlet (referred to as
addition points), resulting in a total of six experiments for each additive.



The full list of conditions can be seen in Table 1, with the amines used being TEPA
(experiments 2-7), TETA (experiments 8-13), PEHA (experiments 14-19), DETA (experiments
20-25) and EDA (experiments 26-31). In addition, a control experiment, with no additive
present, was also performed for comparison (experiment 1). The collected particles were
magnetically separated, washed three times with deoxygenated MilliQ water, and dried in a
vacuum oven at 40 °C overnight. The particles were then ground with a pestle and mortar for
analysis.

2.4 Characterisation

2.4.1 Transmission electron microscope (TEM). For sample analysis of magnetic
nanoparticles, a 1mg mL™ suspension of nanoparticles was sonicated for 1 minute in hexane,
after which a 10 pL sample was dropped onto a carbon coated copper TEM grid and allowed
to dry down for a minimum of one hour. Grids were imaged using a FEI Tecnai G2 Spirit
electron microscope (Thermo Scientific, Waltham, MA, Untied States) and discrete particles
of the TEM images were analysed using ImageJ software (v1.52, public domain, National
Institute of Health, MD, USA). For each sample over 200 particles were randomly selected for
measurement. For details on particles size and shape analysis see supplementary information
of Norfolk et al.*

2.4.2 X-ray diffraction (XRD). XRD data of samples was collected by analysis of dry iron
oxide nanoparticles in a Bruker D8 powder diffractometer (Bruker, Coventry, United Kingdom).
Diffraction images were collected at 0.022-degree increments from 20-80 degrees, using a
fixed wavelength of A = 1.54178 A from a Cu Ka X-ray source

2.4.3 Vibrating sample magnetometry (VSM). Magnetic susceptibility and saturation
magnetisation were measured on a known quantity (1-5 mg weighed with an accurate mass
balance) of dry iron oxide nanopatrticles using a MPMS 3 SQUID magnetometer (Quantum
Design, Surrey, United Kingdom) in vibrating sample mode, with the samples packed in size
3 gelatine capsules and immobilised with polytetrafluorethylene (PTFE) tape. The samples
were run at 300 K between -3 and 3 T with a sweep rate of 0.01 T s™. The data presented is
cropped at saturation magnetisation for ease of viewing.

3. Results and Discussion

3.1 Comparison of continuous flow static mixing system with batch and millifluidic
systems: scale-up in the absence of additives

Three systems were investigated: batch room-temperature co-precipitation, millifluidic sheath
flow, and continuous flow static mixing. All three used the same room-temperature co-
precipitation (RTCP) synthesis where the pH of a solution of mixed valence ferrous/ferric iron
ions is raised to precipitate out the iron oxide nanoparticles under an inert atmosphere. Varying



the ferrous/ferric ratio results in different iron oxides being formed. Magnetite (FesO.) is the
desired product and is most readily formed (according to the literature and our previous work)
at a ratio of 0.6 ferric ions, which is close to the stoichiometric 2:1 ratio of 3*/2* ions in the
structure of magnetite.
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Fig 2. Results for the MNPs formed at the 0.6 ferric ratio. Colour codes used: batch RTCP (red),
millifluidic (green),*® continuous flow mixing (blue). a) representative TEM images; b) comparison of

shape analysis results; c) particle size frequency distribution; d) magnetic data; e) production rate
comparison of the three synthetic methods.

In this study the iron species were all fixed to this 0.6 ratio. A 50 mmol mixed valence iron
solution was used for all three systems while the concentration of NaOH was set at 500 mmol
for the batch and continuous flow static mixing set-up (as this was previously optimised for the
batch system). 1M NaOH was found to be optimum in the millifluidic system as 500 mmol
NaOH resulted in non-magnetic iron oxides,*® which was not found to be an issue with the
continuous flow static mixing system.

Each sample has been analysed by TEM imaging to ascertain shape and size of particles
formed, XRD for crystallinity and phase identification, and VSM for magnetic data.

For each system control reactions were carried out to ascertain the morphology and quality of
particles formed when no additive was present. The millifluidic 0.6 control reaction has
previously been published,*® and this reaction has been selected to act as a comparison
between the three systems. TEM images of the particles formed across each of these three
set-up systems are shown in Figure 2a. The particles formed in the millifluidic and batch
reaction systems were found to exhibit minimal shape control, as shown in Figure 2b, with
undefined particles being the primary constituent of the two reactions. The proportion of
undefined particles varied from 92% for the millifluidic to 94% for the batch RTCP systems.
The continuous flow static mixing system however exhibited a higher degree of shape control,



producing 32% faceted particles. A significant variation was observed in particle size, shown
in Figure 2c. The millifluidic and continuous flow static mixing systems produced particle sizes
of 8.7 £ 4.1 nm and 9.2 + 3.6 nm respectively, whereas the batch RTCP reaction resulted in
particle sizes of 19.5 + 6.2 nm, thus resulting in particles almost double the size of those
produced in the two flow systems, and with a much broader size distribution. This is to be
expected as nucleation under flow is faster due to the rapid rise in pH compared to the slow
addition of base over time utilised in the batch reactions.

Magnetic data gathered from the three systems shows a relatively high magnetic moment
(emu g*) of material from each reaction, having values of 85.8 emu g (batch), 73.8 emu g*
(millifluidic), and 71.4 emu g (continuous flow static mixing) at a field strength of 3 T, with
pure magnetite having a value of 92 emu g* by comparison. Both millifluidic and continuous
flow static mixing produced slightly less magnetic particles than those formed in the batch
system. XRD data (supplementary figure S1) for each reaction was found to be consistent with
magnetite. Lesser magnetic particles could be due to the oxidation of the nanoparticles.
Whereas precautions were taken to minimise the degree of oxidation the possibility of it
occurring remained. For the millifluidic system the solutions were pre-sparged with No,
however they were then loaded into syringes which are not perfectly airtight thus possibly
allowing a small amount of oxidation to occur throughout the reaction process, leading to the
production of less magnetic particles. In the continuous flow static mixing system each stock
solution and the resultant mixed solution are consistently sparged with N, throughout the
experiment, with the retention time in the system being significantly lower than the time
required in the millifluidic system due to the disparity in the flow rates. Despite this, the
collected nanoparticles in this case remained in solution for an extended period of time as they
needed to be transported for analysis, again possible resulting in a slight degree of oxidation
and, subsequently slightly lower magnetisation compared to the batch system.

In summary, both flow systems show a consistency in size of particles produced, being of ~10

nm, while batch synthesis offers particles of ~20 nm. When comparing the two flow systems
the continuous flow static mixing systems produces similar highly magnetic magnetite particles
at a far greater production rate, with the promise and potential for further scale-up. A
production rate calculation for the three systems run over a 24-hour period (Figure 2e) shows
the impressive improvement the continuous flow static mixing system offers in particle
production capacity, potentially producing over 311 g of bespoke nanoparticles per day
(Supplementary information S2).

Properties of the nanocrystals are, however, not only associated with their size but also their
shape.®*%° As such there is a need to achieve a narrow particle size distribution of a uniform
shape in order to obtain high-quality nanoparticle production.

3.2 Effect of EDA series of additives in the continuous flow static mixing system

A series of amines (Figure 1d and Table 1) were selected for use as additives in the continuous
flow static mixing system. DETA-PEHA additives have been shown to influence the
morphology of particles formed in RTCP reactions via adsorption to the [111] crystal face of
developing magnetite nanocrystals producing octahedral nanocrystals.** Computational
modelling has shown this is due to preferential adsorption to the [111] crystal face (over [100])



of the forming magnetite nanocrystals, increasing its dominance in the final crystal habit. Here
we test if such additives can influence the morphology of magnetite nanopatrticles formed in
the large-scale continuous flow static mixing system.

Each ethylenediamine additive from chain length (humber of ethylene units) n =1 —5 (EDA (n
= 1); DETA (n = 2); TETA (n = 3); TEPA (n = 4); PEHA (n = 5)) was added at various
concentrations (additive:iron ratios 1:100, 1:1000, and 1:10000) and tested with addition in
each of the iron and NaOH channel inlets. For consistency with results from the previous
section, and so the continuous flow static mixing results without additives can be used as a
control, the reaction conditions were identical to those of previous sections (0.6 ferric ion ratio
with iron solution of 50mmol and NaOH solution of 500mmol concentration).
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Fig 3. Comparison of effect of additives on magnetite nanoparticles formed with continuous flow mixing
at 1:100 additive:iron ratios (Fe inlet) (coloured) and RTCP batch control (black). a) TEM images; b)
shape analysis; c) particle size distribution; d) XRD; e€) magnetic data.

Figure 3 shows the results for the particles formed when an additive was added to the iron
solution inlet at the highest additive:iron ion ratio, that being 1:100. TEM images (Figure 3a)
show the morphology is significantly improved with the addition of any of the selected
ethylenediamine-based additives, resulting in clearly more faceted and angular nanoparticles
from ~32% (control) to 58-84% with additives (Figure 3b). Notably, the faceted patrticles are
predominantly diamond shaped with a proportion appearing hexagonal. It is important to note
here that when a 3D shape is visualised in 2D, an octahedral particle most commonly appears
to be diamond shaped but can also appear hexagonal or even square if viewed down different
axes. Under these conditions, TEPA shows the most control with 84% faceted particles
compared to 57% for EDA and 58% for DETA, both of which offer the least control. Figure 3c



shows the size of particles is not significantly affected by the addition of the ethylenediamine
additives.

These results generally agree with a previous batch set-up study with the same additive series,
where crystallisation was directed to octahedral particles.** Previously TETA, TEPA, and
PEHA were observed to offer excellent morphological control, which is reflected similarly in
these results. Notable differences are that the additive could not offer quite the same level of
morphological control here as that achieved in a batch process (batch process previously
produced ~ 1.2x more octahedral/faceted particles relative to each additive).*

3.3 Effect of process conditions in the continuous flow static mixing system

All additives were used in further studies to investigate the effect of additive concentration and
addition points. The ratios of 1:100, 1:1000, and 1:1000 of additive:iron ions were selected to
investigate additive effectiveness as well as additive addition location (introduced in either the
iron or base reagent solution). The 1:10 ratio of TEPA to iron yielded poor quality particles in
the batch reaction system and was hence not investigated further in this study.* The 3
different concentrations with 2 different addition points resulted in 6 different particle samples
to analyse for each additive (total of 30 data sets, see Supplementary figures S3-S7 for TEM,
size and shape analysis, XRD and magnetism for each additive individually).

Reactions with PEHA each exert similarly good control, with DETA less so0.** This was
explained through prior molecular dynamics simulations that DETA shows no preference for
either the [111] or [100] face of magnetite, and hence does not as efficiently promote
octahedral particle morphology. We propose there is the same advantage of longer chains
and increasing number of amine groups as that which we reported for the batch system.
Modelling showed the longer molecules can bind strongly to the [111] surface, with increased
numbers of both Fe-N and O-H interactions.**

The addition of additives in any proportion resulted in an increase in proportion of faceted
(square, diamond, hexagonal) particles observed, with a minimum of 38% and a maximum of
84% being observed (Figure 4a) compared to 32% in the comparable control. Generally, there
is a trend that the more control is exerted over forming faceted particles using additives at the
longer amine lengths. This follows the trend previously observed wherein TETA, TEPA, and

There is an exception to this trend; for the highest concentration of additives (1:100) added to
either the iron or NaOH solution we see TEPA has the highest quality particles, then a
reduction for PEHA (for the same conditions) (Figure 4a). This, again, is very interesting and
suggests there is an optimum number of amine groups beyond which control over crystal habit
is reduced. The concentration is the ratio of additive to the iron ion concentration and as such
PEHA will have more amine groups present than TEPA at the same additive:iron ratio. At this
highest concentration the quantity of amines PEHA introduces may go beyond the optimum
amines required. As such, the highest quantity of faceted particles is achieved for PEHA at
the middle concentration of 1:1000, producing 70% faceted particles compared to 67% at the
1:100 ratio.
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Fig 4. Effect of additive to iron ratios and additive feed (addition to Fe or NaOH inlet) for each
additive. a) Effect on percentage faceted particles; b) effect on saturation magnetisation; c) effect
on mean particle diameter.

While the main difference in faceted particle formation is seen by varying additives, there are
some trends seen with respect to the reagent inlet the additive is introduced in and the
additive:iron ion ratio. There is a higher percentage of faceted particles produced with the
smallest additive (EDA) when added to the NaOH solution inlet, compared with those
produced where the additive is present in the iron solution. This is reversed for the longest
additive (PEHA), where additive present in the iron solution produces a greater proportion of
faceted particles. However, the difference is not so clear for the mid-length additives with
variations presented being too small to be of any significance. This behaviour could hint to a
small advantage of protonating the longer amines, which would only occur in the more acidic
iron solution. This could be expected to be attractive to a negatively charged magnetite
surface. It is not clear why the neutral EDA in basic conditions would produce more faceted
particles than the EDA introduced to the reaction in the acidic iron solution. The continuous
flow static mixing environment is much more effective in homogenising local concentrations
compared to more heterogeneous environments in mixed flasks or under laminar flow
conditions, so that local concentrations of positive and negative ions are much more uniform.

When TEPA was used at the highest concentration of 1:100, a high percentage of faceted
particles were produced from use in either inlet (84% with additive added via Fe solution
compared to 80% via NaOH solution). Despite the efficacy of longer chain amine additives



appearing reduced when added through the NaOH solution, TEPA appears to be highly
effective at the 1:100 concentration. This effect rapidly falls off at the medium and lowest
concentrations, producing a similar proportion of faceted particles (~50%) as the other
additives.

Higher quantities of faceted particles occur with higher concentrations of additives across the
full range of additives and regardless of inlet solution (Figure 4a and Supplementary figure
S8) with the exception of PEHA and TETA 1:100 (NaOH inlet), as already discussed. For
example, EDA at a 1:100 additive:iron ion ratio produces 58% faceted particles compared to
38% at the 1:10000 concentration when added via the iron solution, showing approximately
20% difference. Similarly, for EDA added via the NaOH solution, the 1:100 ratio yields 57%
faceted particles versus 43% at the 1:10000 ratio, again showing approximately 15-20%
difference. There is a much smaller difference with concentration for DETA (insignificant for
DETA in the NaOH solution) and a larger difference observed for TETA and TEPA (excluding
the TEPA 1:100 result discussed prior) (Figure 4a). While this trend is consistent it is worth
noting that the additive concentration increased by 100-fold between the lowest and highest
concentration for only a marginal 15-20% improvement. These marginal improvements in
particle shape would not be likely to offset additional costs of using 10- or 100-times larger
amounts of additives per unit mass of particles produced, meaning it would appear to be most
cost effective to use the lower additive concentration. Furthermore, it is worth highlighting the
most faceted SPIONs (70%) are achieved with PEHA at the mid-concentration of 1:1000
introduced through the iron ion channel (Figure 4a), demonstrating that there is a more
significant difference seen by varying the additive used rather than varying additive
concentration.

The effect of the additive is predominantly confined to altering the particle morphology, with
no significant difference observed in magnetism (Figure 4b and supplementary information
S9) or size (Figure 4c and supplementary information S9) across all additives, concentrations,
and addition inlet. The magnetic saturation of all samples lies between 83.5 emu g (for PEHA
NaOH 1:10000) and 65.8 emu g (for PEHA Fe 1:100) (supplementary figure S9). It is
noteworthy that PEHA magnetic saturation is highest (higher than control sample) for the
lowest concentration of additive in base, with magnetic saturation reducing as the
concentration of additive increases, then reducing furthermore with additive added in the iron
channel at the lowest concentrations to highest concentration giving the lowest magnetic
saturation (Figure 4b). There is a small increase in magnetic saturation in samples produced
with increasing length of additives, added in NaOH, whereas the magnetic saturation of
samples produced with additives in the iron solution see a peak at DETA and TETA. The
highest saturation quantities are from samples produced with the lowest concentration of
additives. There is no difference in size across all particles, in keeping with the data from the
batch study and the hypothesis that the amine is not nucleating particles but is solely a shape
controlling additive.

4. Conclusions

Particles formed using RTCP conditions across three different systems (batch, millifluidic, and
larger-scale continuous flow static mixing) without the addition of additives were found to each
produce particles with poor shape control, with particles of such undefined morphology making
up 68% (continuous flow static mixing) to 94% (batch) of the particles present. The batch



system produces particles approximately twice the diameter (~20 nm) of those formed in the
other two fluidic systems (~9 — 11 nm). Each system produces highly magnetic particles, with
the most magnetic being formed in the batch system.

The inclusion of ethylenediamine-based additives significantly affected the morphology of the
resultant particles with the addition of any of the additives increasing the proportion of faceted
particles from ~32 % to 50%, ranging from 38-84 %. The majority of faceted (square, diamond,
hexagonal) particles formed in each reaction appeared to be octahedral in nature. These
results suggest additives play a key role in shape direction of the forming magnetite particles.
The addition of additive in any proportion led to a substantial increase in ratio of faceted
particles observed, with a general trend of more additive resulting in a higher proportion of
faceted particles. PEHA showed to be a notable exception to this, showing slightly more
faceted patrticle control at the mid-concentration, possibly due to the amount of amine groups
being too high from the combined effect of longer chain and high concentration, thus causing
a detrimental effect on the forming particles. Overall, the increase in octahedral particles
present due to additive addition supports the hypothesis that the amines exhibit favourable
binding via adsorption to the [111] face of magnetite. Using an additive-enhanced synthesis
in a continuous flow static mixing system we demonstrated robust scalable production of highly
faceted magnetite nanoparticles with production rates of 311 g day* which far exceed those
previously reported in the literature. This approach is inherently amenable to both scale up
and scale out, facilitating translation of magnetite synthesis to continuous manufacturing at
kilogram scale per day using green chemistry. Finally, this versatile process provides an
alternative, “greener” bioinspired additive method, where minute amounts of additives are
needed, water is used as a solvent, and the reactions are all performed at room temperature.
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Figure S1. XRD data of control (no additive) RTCP reactions for each set-up system: batch
(red), millifluidic (green), and turbulent flow (blue).

Supplementary information S2. Theoretical production rate (g day™ of nanoparticles)
calculation

Reaction information used:
*Batch: 1 mmol of iron salts produces 0.333 mmol of magnetite per reaction
Millifluidic: 90 pL min flow rate of 50 mmol iron solution
Turbulent flow: Average flow rate of 112 mL min* (from 31 measurements) for both

NaOH and Fe solution. As they flow in a 1:1 ratio the flow rate of only
the Fe solution can be assumed to be half the overall flow rate - 56 mL min



Assumptions:
1. Time for system set-up and particle extraction from the batch system between
batches is not accounted for
2. All batch synthesis is run directly after one another for a 24-hour period (9 batches)
3. Millifluidic and turbulent flow run continuously for a 24-hour period

4. 100% conversion of iron salt to magnetite (FesO molecular weight = 231.531 g mol™?,
3 mol of iron salt produces 1 mol of magnetite)

Calculations:
Batch: 3 x 10 mol of magnetite x 231.531 g mol* = 0.69 g day™
Millifluidic: 1440 (mins day™?) x 90 uL min't = 0.1296 L day*

0.1296 L x (0.05/3) Mol of magnetite formed x 231.531 g mol™* = 0.50
g day™

Turbulent flow: 1440 (mins day?) x 56 mL min* = 80.64 L day* of iron solution
processed

80.64 L x (0.05/3) Mol of magnetite formed x 231.531 g mol™* = 311.2 g day™
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Figure S4. DETA additive data compilation: a) i-vi. TEM images; b) shape analysis; c)

frequency distribution; d) XRD; e) magnetic data of particles formed at 1:100 (pale green),

1:1000 (green) and 1:10000 (dark green) DETA:iron ion ratios Solid lines indicate additive
added through Fe inlet, and dashed lines indicate through NaOH inlet.
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Figure S5. TETA additive data compilation: a) TEM images; b) shape analysis; c)
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Introduction

Optimisation of a scalable continuous flow synthesis of magnetite
nanoparticles using tetraethylenepentamine as an additive

Laura Norfolk,® Georgina Zimbitas °, Jan Sefcik® and Sarah Staniland?®

The synthesis of superparamagnetic iron-oxide (SPIONs) has increasingly become of research importance due to their rising
applications in industries which depend on precise control of particle properties, such as the biomedical industry. The
current synthetic methodologies utilised to form the morphologically consistent particles desired for industrial use are
energy intensive and utilise toxic pre-cursors and high boiling organic solvents. To address the environmentally unfriendly
nature of these syntheses, room-temperature co-precipitation (RTCP) of magnetite has been investigated however in most
studies it proved to offer poor control over the morphology of particles formed. In contrast, our previous study presented
a RTCP synthetic method that not produced faceted magnetite nanoparticles, but also did so at high yields of approximately
300 g / day. In this paper we optimise our previous study, selecting the additive previously found to produce the highest
amount of faceted particles within the smallest range of size distribution. Particle size was found to be tunable via the
concentration of the Fe feed used, with an average particle size of 6.8 nm formed with a 10 mmol Fe solution, increasing to
8.7 nm at a 50 mmol Fe solution. Further size control can be exerted over a wider range of particle sizes via simply adjusting
the Fe3*/Fe?* ratio, producing highly magnetic particles of >70 emu g spanning 22.7 to 9.2 nm particle diameter between
a 0.2 - 0.6 ferric ratio. TEPA was found to exert control over the morphology of particles formed between a 0.4 — 0.6 ferric
range at a 1:100 additive/Fe ratio, producing 73-81% faceted particles. This showcases the robustness of the continuous
flow static mixing system and its reproducibly in synthesising highly faceted particles under environmentally sustainable
reaction conditions.

Many synthetic methods of forming MNP are reliant on high
boiling organic solvents,1° extended heating times, and use of
toxic pre-cursors such as iron pentacarbonyl

and iron

The rise of the inorganic nanomaterial industry has been
apparent over the past decade, with both funding and
publications increasing with each passing year. Nanomaterial
syntheses, however, are exceedingly wasteful. Up to 1000 kg of
waste material is produced in the synthesis of 1 kg of desired
product,? long-term the
environment. This highlights the urgent need for producing

with devastating effects on
these materials under “greener” conditions if the industry is to
maintain its growth in a sustainable manner.?

Magnetite, Fe304, nanoparticles are no exception to this
commercial interest, seeing applications in multiple industries
spanning high-density data storage,3 carbon capture,* and
crucially, biomedical applications requiring precision magnetic
nanoparticles (MNP) such as in magnetic drug delivery5,
magnetic hyperthermia for cancer treatment,®2 and as contrast
agents in magnetic resonance imaging.®

a-Department of Chemistry, The University of Sheffield, Dainton Building, Brook Hill,
Sheffield, S3 7HF, United Kingdom

b.Department of Chemical & Process Engineering, University of Strathclyde, James
Weir Building, 75 Montrose Street, Glasgow G1 1XJ, United Kingdom

¢ Future Manufacturing Research Hub in Continuous Manufacturing and Advanced
Crystallisation, University of Strathclyde, Technology and Innovation Centre, 99
George Street, Glasgow G1 1RD, United Kingdom.

Electronic Supplementary Information (ESI) available: [details of any supplementary

information available should be included here]. See DOI: 10.1039/x0xx00000x

acetylacetonate.!! These syntheses however remain in use due
to their ability to form highly morphologically consistent
particles, with defined shapes possible such as cubic,1213
octahedral,4 and nanoflower!5.16 particles.

The co-precipitation of MNP is a preferred synthesis of the
nanomaterial due to its ambient temperature and aqueous
solvent being more environmentally friendly than other
magnetite syntheses.l” However, RTCP fails to replicate the fine
tuning and control of particle morphology achieved in thermal
decomposition and hydrothermal syntheses. RTCP reactions
produce inconsistent particles high degree of
polydispersity,18 and other undesired iron oxides forming.18.19

One example by which highly homogeneous MNP have been
formed under ambient conditions occurs in nature within
magnetotactic bacteria (MTB). MTB utilise a suite of
biomineralisation proteins, such as Mms6 and MmsF, which
interact with aqueous iron ions and growing magnetite
surfaces, leading to the formation of larger, more highly faceted
particles.18:20.21

Mms618 and MmsF21 have been both successfully used in
vitro as additives under RTCP conditions, resulting in the
formation of larger, more consistent nanoparticles. However, it

with a

is both labour intensive and costly to isolate and purify these

proteins, eliminating the realistic possibility of these



biomineralisation proteins seeing immediate industrial scale
use.

Robust, well-expressing proteins have also been developed
for highly specific molecular recognition applications. Adhirons,
for example, are peptide display scaffold proteins that were
initially developed as effective alternatives to traditional
antibody binding proteins. Magnetite interacting Adhirons
(MIAs) were discovered through iterations of phage display
biopanning?22 with the purpose of targeting magnetite cubic
nanoparticles.2?> The binding region is made up of a protein
sequence that shows a preference for residues of a basic nature,
such as lysine. Molecular dynamics (MD) simulations revealed
that lysine had and affinity for a specific magnetite face, namely
the [100] magnetite surface, indicating that basic groups are
strong binders to the magnetite surface. In general, additives
such as bound proteins can lower the surface energy of a
developing crystal face, leading to the stabilisation of that face
and deceleration of its growth.24 This, in turn, results in the
specific face affecting the final particle morphology.

By adapting our understanding of the function of MIA and
biomineralisation proteins, it is possible to dope reactions with
‘additives’, compounds added for the purpose of influencing the
magnetite product formation, whether that be in the
production of homogeneous particles with a tight size
distribution or controlling the shape of the MNP.

Equipped with the knowledge that amine-rich lysine binds
strongly to the magnetite surface leading to control over the
morphology of the forming particles, attention was then drawn
upon utilisation of bioinspired compounds consisting of amine
groups. Specifically, our previous study focused on the effect of
an ethylenediamine (EDA) series of additives in a continuous
flow mixing system,25 one of which being
Tetraethylenepentamine (TEPA). This EDA has been studied as
an additive via MD modelling and experimental data of batch
RTCP, revealing its ability to inhibit growth of the [111] crystal
face of magnetite, slowing its growth, and thus resulting in well-
defined octahedral particles.24

TEPA is an ethylenediamine based alkylamine that has been
studied as an additive, with molecular dynamics (MD) modelling
and experimental data of batch RTCP revealing the amine’s
ability to inhibit growth of the [111] crystal face of magnetite,
slowing its growth and resulting in well-defined octahedral
particles.?* The addition of TEPA has been found to be highly
effective in producing morphologically consistent octahedral
MNP, exhibiting a high degree of shape control in co-
precipitation reactions.24

Batch manufacturing is often preferred as it requires
simpler, cheaper, and widely available equipment. Continuous
manufacturing, however, can ensure higher reproducibility,
consistency, and precision of critical quality attributes of
products under steady state operating conditions.26-2°
Magnetic nanoparticles, such as SPIONs (superparamagnetic
iron oxide nanoparticles), have been produced under a variety
of synthesis methodologies that involve continuous processing,
including ambient temperature precipitation30-33 oxidative
precipitation,34 hydrothermal synthesis,35 thermal
decomposition36 and high temperature precipitation.3?

2| J. Name., 2012, 00, 1-3

When operating on the small scale, SPION production is
often done using fluidic synthesis. For example, millifluidics
have been employed to successfully produce both maghemite38
and magnetite3? particles. In the latter case, Mms6 was also
utilised to modify magnetite precipitation leading to faceted
nanoparticle production, however due to the small scale of the
set-up yields were predictably low. Small scale production and
the need for millifluidic set-ups to use millimetric channels to
ensure laminar flow render this flow system unsuitable for
industrial scale-up. Alternatives are thus needed to ensure
quality product manufacture at higher yields.

Scaling up of RTCP processes requires increase of the space-
time-yield of the overall process, meaning shorter residence
times are needed while maintaining the quality of the end
product. To accomplish this, mixing - recognised as the rate
limiting step in precipitation processes - needs to be more
efficient. Static mixers are often utilised for this purpose as they
can provide very efficient mixing under certain continuous flow
conditions. In addition, continuous flow static mixing is
inherently scalable with regards to flow rates, thus allowing for
direct scale up for applications in industrial scale production.

Whereas high temperature precipitation using surfactants3?
had shown the highest reported magnetite production rate of
2.6 g h'1 (62 g day?) to date, our previous study utilised both the
benefits of continuous flow static mixing and the
implementation of a series of EDA additives to surpass this by
achieving yields of over 310 g day?, while still producing high-
quality, magnetic, faceted magnetite nanoparticles.2>

In the study presented in this paper focus is on optimising
the reaction conditions by which particles are formed under co-
precipitation conditions by systematically varying both the iron
and base concentrations. From there, we systematically vary
the ferric ratio between 0.2 - 0.7 to ascertain the influence on
magnetic quality of particles formed. We then further research
the effect of TEPA on particles formed alongside a variation in
ferric ratio to further establish optimum conditions for scaled-
up production of highly faceted MNP.

Materials and Methods

Ultrapure MilliQ water (Merck MilliQ integral purification
system) was used. All reagents were purchased from Sigma
Aldrich unless stated otherwise and used as purchased.

Continuous Flow Mixing

Two Watson Marlow 520DuN (Zwijnaarde, Belgium) cased
peristaltic pumps were used, with one attached to the NaOH
feed and the other attached to the Fe solution feed. Mixing
occurred in a plastic Y connector which led to the collection
vessel. Both pumps were set to 10 rounds per minute. When
both pumps were running concurrently this setup resulted in a
residence time of approximately 2s for the mixed solution.

Fe solution was fed through one pump, whereas NaOH
solution was co-currently fed through the other pump (Figure 1

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Schematic of experimental set-up for the continuous flow mixing set-up
including 2 pumps, 2 feed solutions, a collected precipitate solution, and a Y-
mixer. Supply routes are designated with arrows; feed and collected routes are
solid lines and N, gas supply in dashed lines.

in a 1:1 flow ratio. Feed solutions each contained a magnetic
stirrer bar, with the solutions placed on magnetic plates so as to
be under constant mild stirring throughout the experimental
run. All solutions (feeds and product output) were constantly
supplied with N; throughout the run to ensure the solutions
were sparged of oxygen, thus minimising the possibility of
unwanted oxidation occurring at any stage of the precipitation
process. The feed solutions were left to stir for at least 5
minutes under a constant atmosphere of N, prior to mixing to
ensure deoxygenation was complete.
Modified lids were used to avoid the re-dissolution of O, into
any of the three solutions (Fe solution stock, NaOH stock,
collection vessel) during the experimental runs. These modified
lids incorporated 3 openings: one for the pump feed tubing, one
for the N; supply, and the third with tubing that allowed for
gas/pressure to escape the vessel.

Once the initial 5 minutes of stirring of the feed solutions
was complete,
(counterclockwise flow) for mixing to occur.

both peristaltic pumps were turned on

The collected particles were magnetically separated,
washed three times with deoxygenated MilliQ water, and dried
in a vacuum oven at 40 °C overnight. The particles were then
ground with a pestle and mortar for analysis.

To minimise the possibility of cross-contamination from
previous runs the system was flushed out with in-house
ultrapure MilliQ water until the fluid ran clear from the

Table 1. Experimental conditions for the optimisation of Fe and NaOH feed concentration.

Control — No additive
mM Fe Experimental Number
10 1 2 3
20 4 5 6
30 7 8 9
NaOH 300 500 1000

This journal is © The Royal Society of Chemistry 20xx

Table 2. Experimental conditions for the optimisation of TEPA concentration with ferric

ratio
rric ratio
0.40 | 0.45 | 0.50 | 0.55 | 0.60

TEPA

1:100 1 2 3 4 5
Experimental
Number

1:10000 6 7 8 9 10

collection tube. The flow was then reversed on both pumps
(clockwise) and MilliQ water was then left to flow out of the
feeding tubes, again, until the water ran clear.

Characterisation

Transmission electron microscope (TEM): For sample analysis
of magnetic nanoparticles, a 1mg mL?! suspension of
nanoparticles was sonicated for 1 minute in hexane, after which
a 10 pL sample was dropped onto a carbon coated copper TEM
grid and allowed to dry down for a minimum of one hour. Grids
were imaged using a FEI Tecnai G2 Spirit electron microscope
(Thermo Scientific, Waltham, MA, Untied States) and the TEM
images were analysed using Image) software (v1.52, public
domain, National Institute of Health, MD, USA). For each sample
over 200 particles were randomly selected for measurement.
For details on particles size and shape analysis
supplementary information of Norfolk et al.24

see

X-ray diffraction (XRD): XRD data of samples was collected by
analysis of dry iron oxide nanoparticles in a Bruker D8 powder
diffractometer (Bruker, Coventry, United Kingdom). Diffraction
images were collected at 0.022-degree increments from 20-80
degrees, using a fixed wavelength of A = 1.54178 A from a Cu Ka
X-ray source.

Vibrating sample magnetometry (VSM): Magnetic
susceptibility and saturation magnetisation were measured on
a known quantity (1-5 mg weighed with an accurate mass
balance) of dry iron oxide nanoparticles using a MPMS 3 SQUID
magnetometer (Quantum Design, Surrey, United Kingdom) in
vibrating sample mode, with the samples packed in size 3
gelatine capsules and immobilised with polytetrafluorethylene
(PTFE) tape. The samples were run at 300 K between -3 and 3 T
with a sweep rate of 0.075 T s1.

Results

Co-precipitation of MNP generally offers poor control over the
morphology of particles formed compared to less green
synthetic methods. As biomineralisation proteins are capable of
drastically altering the morphology of MNP formed under
ambient conditions, it follows that compounds containing
similar active functionalities may exert similar influence over
the morphology of synthesised particles.

Our previous study revealed that the addition of EDA
additives raised the percentage of faceted (defined diamond,

J. Name., 2013, 00, 1-3 | 3
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hexagonal, or square shaped) particles formed under co-
precipitation conditions utilising a continuous flow static mixer,
forming 84% faceted particles, a significant increase on the 34%
observed in the control reaction.2> We intend to build upon this
work, identifying optimal conditions by which highly faceted
MNP may be facilitated by the addition of TEPA, the most
effective of the EDA based additives, and produce particles
which are both highly defined and exhibit the highest saturation
magnetisation possible.

Optimisation of Fe and NaOH feed concentrations

Previous fluidic experiments under millifluidic conditions were
found to require optimisation to produce the highest quality

Journal Name

particles.3® Varying the Fe and NaOH feed concentrations
altered the quality of MNP product formed, with an optimum
being established prior to the full study being conducted. 3°

In the journey to establishing the ideal conditions for the
large-scale production of co-precipitated magnetite, it is
important to screen for conditions which produce the highest
quality MNP.

Three different concentrations of iron and NaOH have been
tested to cover each possible variation. The iron concentrations
tested were 10, 20, and 50 mmol Fe with 50 mmol Fe previously
being the standard concentration used for each of our batch,24
millifluidic,3® and continuous flow static mixing work. The
representative TEM images and data for these reactions can be
seen in Figure 2a-e.
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Figure 2. Comparison of effect of changing ferric ratio at high (1:100, solid) and low (1:10000, dashed outline) TEPA:Fe ratios. a) Representative TEM images; b) XRD
data where M = magnetite, H = hematite, and GR = green rust c) comparison of shape analysis results; d) comparison of mean particle size and standard deviation; e)
saturation magnetisation data.
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The shape distribution in Figure 2b showed each reaction
formed between 23-44% faceted particles. The lower iron
concentration of 10 mmol produced particles with the least
defined shape, however variability between each of the
reaction conditions was not significant, with undefined particles
being the major constituent of each sample. This system has
been noted to produce the most defined MNP with no addition
of additives, producing 34% faceted particles in our prior
work.25 As the [111] crystallographic plane of magnetite has the
lowest surface energy, these facets are favoured during fast
reactions where particle nucleation and growth rates are high,
which facilitate the formation of the most energetically
favourable morphology.*° In contrast, slower reaction rates
have been observed to promote the equilibrium growth of
facets, producing less defined morphologies.4! Consequently,
the rapid timescale (< 2 s) of the continuous flow static mixer
may promote the formation of octahedral particles
incorporating energetically favourable [111] facets.

The size of particles formed (Figure 2c) ranged from 6.4 + 1.8
nm (10 mmol Fe, 300 mmol NaOH) to 9.2 + 3.6 nm (50 mmol Fe,
500 mmol NaOH). Particle size increased with iron
concentration, with larger particles forming at higher iron
concentrations as more iron is available for the formation of
MNP.

XRD of the reactions (Figure 2d) suggested a higher level of
particle purity was observed for the higher Fe concentration of
50mM, whereas lower iron concentrations (20, 10 mmol)
exhibited the presence of non-magnetite iron oxide impurities
of green rust, wiistite and hematite, appearing as additional
peaks observed for 20 = 28.8, 42.3, and 49.2 respectively.

Whereas most of the particles formed were highly magnetic
(> 65 emu g1), the effect of impurities may have been reflected
in the saturation magnetisation. For all three Fe concentrations,
saturation magnetisation dropped when going from 500mmol
to 1000mmol NaOH, with 20mmol and 50mmol Fe showing
similar saturation magnetisation values (app. 70 emu gr! to 60
emu grl), and 10mmol Fe being significantly higher (app. 85
emu g1 to 70 emu g'1). The presence of impurities may have

affected the 20mmol Fe set, lowering its saturation
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magnetisation to values observed for 50mmol Fe. Saturation
magnetisation values at 300mmol NaOH decreased with
decreasing Fe concentration, with the highest value being 77.3
emu g1 for 50mmol Fe, dropping to 65 and 45 emu gr-! for
20mmol and 10mmol Fe respectively (Figure 2e).

Our next studies were conducted at a Fe ratio of 50 mmol to
maximise output of particles within a given time (the space-
time-yield), whilst selecting the NaOH concentration which
consistently produced highly magnetic particles, 500 mmol.

Optimisation of Fe3*/Fe2* ratio

Another manner by which the properties of MNP can be either
tailored or optimised without the addition of further additives
is by altering the ratio of ferric to ferrous iron within the
reaction solution.42 RTCP is a complex reaction system whereby
magnetite is formed through a series of intermediate ferric and
ferrous iron oxides as the pH of the reaction increases.1® As
magnetite natively contains a 2:1 stoichiometric ratio of ferric
(Fe3*) and ferrous (Fe?*) iron, the highest proportion of
magnetite is formed close to a ferric ratio of 0.66. However, the
synthesis is sensitive to oxidation. In this study the ferric ratio
was systematically varied with each reaction containing the
same total concentration of iron ions, however the Fe3*/Fe2*
ratio was varied from 0.2 (ferrous rich) to 0.7 (ferric rich). Each
reaction was conducted using a 50 mmol Fe solution and
representative TEM images, size, shape, magnetism, and XRD
data for each sample are shown in Figure 3.

The size of particles formed changed drastically across the
varying ferric ratios, with the size and standard deviation (SD)
generally decreasing as the ferric ratio increased. Figure 3b
reveals the smallest particles (7.7 £ 2.2 nm) formed at a 0.7
ratio, with the largest forming at the 0.2 ratio (22.7 £ 11.5 nm).
This trend has previously been observed in a millifluidic system,
whereby it was concluded that variation of the ferric ratio could
be utilised as a powerful tool to tailor the mean particle size
formed.3°

The percentage of faceted particles present varied between
reactions, with generally 29 — 41 % faceted particles being
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Figure 3. Comparison of effect of changing Fe3+/Fe2+ ratio between the 0.2 - 0.7 range. a) Representative TEM images; b) frequency distribution of nanoparticle size;
c) shape distribution; d) saturation magnetisation e) Annotated X-ray Diffraction (XRD) data of the samples formed across the 0.2 - 0.7 ferric ratio range, where M =

magnetite, W = wiistite, and H = hematite.
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formed across each sample. These results are comparable to
the particles formed in our prior study.?>

Notably, highly magnetic particles are formed from the
lower ferric ratios, which was previously not observed in the
millifluidic system.42 Saturation magnetism remains reasonably
consistent across the 0.2 - 0.5 ferric range, between 79.7 — 81.6
emu g1. Saturation magnetism begins to decline past the 0.5
ratio, with the 0.7 ratio producing particles with a saturation
magnetisation of 63.2 emu gl In the millifluidic system
magnetism rose until 0.5 - 0.6 then declined significantly,
producing particles with an 18.1 saturation magnetisation at a
0.7 ferric ratio.

XRD of each of the varying ferric ratio samples (Figure 3e)
showed magnetite was the primary constituent for each of the
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Journal Name

reactions. At the 0.7 ratio the XRD was less defined, with a high
signal to noise ratio suggesting less crystalline material present.
Interestingly, the 0.2 ferric ratio contained minimal impurities,
with wiustite and hematite peaks appearing in the later
reactions. This contrasts with previous studies suggesting the
highest purity magnetite occurs at ratios closer to the ideal 2:1
ratio observed in nature. A range of ferric ratios are viable for
magnetite production from this system, offering the potential
to tune particle size via simple adjustment of the Fe3*/Fe2* ratio.

Optimisation of TEPA concentration with ferric ratio

Building upon our study of the effect of ferric ratio on the
properties of MNP formed within the continuous flow static
mixer, we selected a tighter range of ferric ratios to ascertain
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Figure 4. Comparison of effect of changing ferric ratio (0.4 — 0.6) at high (1:100, solid) and low (1:10000, dashed outline) TEPA:Fe ratios. a) Comparative TEM images of
i) control particles, ii) 0.5 Fe3*/Fe?* ratio 1:100 additive/Fe, iii) 0.5 Fe3*/Fe?* ratio 1:10000 additive/Fe; b) comparison of shape analysis data ¢) comparison of saturation

magnetisation; d) comparison of mean particle size and standard deviation; e) XRD data where M = magnetite, Mh = maghemite, H = hematite, and G = goethite.
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the influence of additives around the previously believed ideal
ferric ratio, at smaller increments than previously tested (0.4,
0.45, 0.5, 0.55, and 0.6).

Throughout our previous studies, the concentration of
additive has been observed to significantly influence the
amount of faceted particles precipitated.2* Our previous study
into the result of additive addition alongside the effect of
increasing additive length revealed that additive effectiveness
increases with chain length, up to the point of
pentaethylenehexamine at which point diminishing returns
were observed as the excess amine functionalities were
deemed to poison the reaction. As such, TEPA was selected to
produce the highest proportion of faceted particles. As it is
economically favourable to use little additive while maximising
additive efficacy, two additive/Fe ratios have been tested: high
(1:100) and low (1:10000). This allows us to observe the
difference in percentage of faceted particles formed with a 100-
fold difference in additive concentration. In our previous study,
a difference of 15-20% faceted particles was observed between
the use of a 1:100 and 1:10000 ratio.2>

The percentage of faceted particles, particle size, XRD,
magnetic data, and select TEM images can be seen in Figure 4.
As the ferric ratio increased the particles were observed to
decrease in size and polydispersity, with tighter size
distributions occurring between the 0.4 and 0.6 range. This
trend was also seen for the control system. Of interest here is
the fact that both samples with additives had comparable
particle sizes to those of the control sample at the same ferric
ratio, indicating towards the presence of TEPA having a minimal
effect on the overall particle size, with the size being more
influenced by the ferric ratio.

The addition of TEPA, however, does appear to affect the
amount of faceted particle formed (Figure 4b) and the degree
of magnetism (Figure 4c). Indeed, the control samples showed
the lowest overall percentage of faceted particles (22-42%) and
had the highest saturation magnetisation (app. 62—83 emu g1).
The 1:10000 TEPA:Fe system followed, having a higher overall
percentage of faceted particles (48-56%), and lower saturation
magnetisation (app. 65-75 emu g1). The 1:100 TEPA:Fe system
had the highest amount of additive present, leading to the
highest percentage of faceted particles (73-81%), but also had
the lowest saturation magnetisation (app. 58-66 emu g-1). In
any case, the magnetism remained high (> 65 emu g-1) for
almost all of the samples measured. The above further solidify
the idea of using additives for tailoring the degree of magnetism
and of faceted MNP formed.

XRD data revealed each sample consisted primarily of
magnetite with minor maghemite, hematite, and goethite
impurities in some of the samples. The 0.6 ratio XRD again
appears to contain the smallest proportion of impurities,
however, did not offer improved magnetic properties.

Discussion

From the three studies conducted varying Fe and NaOH feed
concentration, ferric ratio, and finally ferric ratio in conjunction

This journal is © The Royal Society of Chemistry 20xx

with the addition of TEPA as an additive at high and low
concentration, several key findings have been identified.

The Fe feed concentration appears to play a more significant
role than the NaOH feed concentration, which is in line with
expectations as the Fe is the limiting factor in the amount of
product formed due to NaOH being in excess. Changes in NaOH
concentration had small effects on the particle sizes formed,
with average sizes increasing slightly from 6.4 to 9.3 nm as
NaOH concentration went from 300mmol to 1000mmol. As
expected, the supply of Fe to the magnetite formation had a
much more dramatic effect on particle size, whereby size and
size variability dropped with increasing ferric ratio. Sizes varied
from app. 23 to 8nm as ferric ratio went from 0.2 to 0.7. This
behaviour was seen irrespective of the presence and
concentration of additive, indicating that overall particle size is
mostly driven by Fe availability.

Magnetisation measurements notably revealed that within
the 0.2-0.7 ferric ratio reactions magnetism was high at the low
ratios, which has previously not been observed. The larger
particle size of the lower ratio reactions suggests the particles
may have had longer to mature. As the reactions were left to
develop, mineral dehydration can occur with ferrous rich iron
oxides converting to magnetite with time.® This occurs over a
longer time-scale than magnetite which is precipitated within
the timescale of the reaction, and may explain the larger
particles. As the lower ratio sample (0.2) was not immediately
magnetic on exit from the continuous flow static mixer (dark
green and non-magnetic, later developing to black and
magnetic), this lowers its viability for scale-up despite its high
magnetism as additional time would be required for MNP
maturation to form the desired product. In the case of reactions
closer to the “optimal” ferric ratio, the MNP formed were fully
nucleated and grown within the timeframe of the reaction,
being magnetic on formation. Due to transport in solution for
analysis, it is likely some oxidation occurred which may account
for the drop in magnetism observed at the 0.6 ratio, which
produced the highest magnetism within the millifluidic
system.42 For the system varying NaOH concentration, a drop
in magnetism was observed for all 3 of the mmol Fe samples
with increase of NaOH concentration from 500 mmol to 1000
mmol, suggesting there is an optimal ratio of Fe/NaOH to be
determined, requiring further investigation.

Our previous work has found TEPA to be highly effective at
promoting the formation of octahedral MNP via inhibition of the
[111] surface of magnetite during the growth face of particle
development.2* TEPA has previously successfully been utilised as an
additive within the continuous flow static mixer system, producing
84% faceted particles at a 0.6 ferric ratio with a 1:100 additive/Fe
ratio. TEPA exhibited a similar degree of effectiveness across the
TEPA optimisation study, 73 - 81% showcasing the robustness of
additive assisted MNP synthesis. As TEPA operates by selective
binding to the [111] magnetite surface, higher additive
concentrations allows greater growth inhibition, with an
optimal concentration of 1:62.5 TEPA/Fe producing 97%
faceted particles within a batch RTCP.24 This ideal concentration
may vary in a system which produces smaller particles, as a
larger proportion of additive would be required to form a
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Figure 5. Saturation magnetisation plotted against percentage of faceted particles
for the Fe/NaOH feed concentration optimisation and the TEPA concentration
with ferric ratio optimisation.
monolayer due to the increased surface area of particles
forming. As such, a greater quantity of additive may be required
than the 1:100 currently tested to produce octahedral particles.
Figure 5 depicts the relationship between TEPA addition,
saturation magnetisation, and faceted particles formed for the
Fe/NaOH feed concentration optimisation and the TEPA
concentration with the ferric ratio. From the graph it is clear
that the addition of TEPA increases the percentage of faceted
particles formed. Notably, saturation magnetisation decreases
on addition of the higher additive concentration, with an
average decrease of 8.7 emu g1. This inverse proportionality of
increasing percentage of faceted particles with decreasing
saturation magnetisation may occur as the result of TEPA
contaminating the forming particles, becoming incorporated
within their structure, and disrupting uniform crystal structure.
However, the particles formed on addition of 1:10000 TEPA/Fe
appear highly magnetic, outperforming many of the samples
formed with no additive. Faceted particles exhibiting defined
morphologies such as octahedral may be more crystalline than
undefined particles, raising their saturation magnetisation. As
such, these two competing factors may result in an interplay
between particle properties, with a compromise between
percentage faceted particles and particle magnetism being
required.

Conclusions

Continuing our study on the use of additives within RTCP
systems, in this body of work we sought to further our
understanding of the synthesis of highly faceted MNP utilising a
continuous flow static mixer and TEPA as an additive.

From this work we have identified two methods by which
the size of particles formed can be tuned within the continuous
flow static mixer. Varying the concentration of the Fe feed
solution limits the amount of iron available for particle growth
within the short residence time of the continuous flow system,
allowing control over particle growth. Variation of the ferric
ratio. As the size of MNP has a significant influence on the

8 | J. Name., 2012, 00, 1-3

magnetic properties of the nanoparticle product, it is key to be
able to exert control over this.

The addition of TEPA was observed to have a marked effect
on the proportion of faceted particles formed at both a 1:100
and 1:10000 ratio, with the ferric ratio of the reaction (between
0.4-0.6) having minimal impact on the proportion of faceted
particles present. This opens the field to synthesising octahedral
shaped particles of tailored size, whether it be by selective use
of lower ferric ratios within the continuous flow static mixing
system, or utilising a batch RTCP system to produce larger
particles.24

These studies showcase the strength of TEPA in modulating
the morphology of particles formed under RTCP conditions. The
ability to produce ~ 300 g of tailored nanomaterials whilst
tailoring the size of particles formed is a promising prospect and
a significant breakthrough in the journey to scalable green
magnetite.
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Optimisation of a scalable continuous flow synthesis of magnetite
nanoparticles using tetraethylenepentamine as an additive
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Table 1. Table of characterisation for the optimisation of Fe and NaOH feed concentrations.

NaOH concentration Particle size (nm) % Faceted particles Saturation
(mmol) magnetisation (emu g?)
10 mmol Fe
300 6.4+1.8 26 44.5
500 6.7+1.8 20 84.4
1000 7.3+1.8 25 79.2
20 mmol Fe
300 7.1+19 33 65.0
500 7.6+2.5 40 68.1
1000 7.1+3.2 30 58.0
50 mmol Fe
300 9.0+3.3 32 77.2
500 9.2+3.6 32 71.5
1000 8.0+2.9 23 54.9

Table 2. Table of characterisation for the optimisation of ferric ratio.

Ferric Particle size % Faceted Saturation magnetisation XRD impurities
ratio (nm) particles (emug?)
0.2 22.7+115 41 80.6 N/A
0.4 11.0+4.7 31 81.6 Waiistite, hematite
0.6 9.2+3.6 32 71.1 Woistite, hematite
0.7 7.7 £2.2 22 63.2 Undefined ferric oxides

Table 3. Table of characterisation for the optimisation of TEPA concentration with ferric ratio.

Ferric Particle % Faceted Saturation XRD impurities

ratio size (nm) particles | magnetisation

(emug?)
1:100 Fe/additive

0.4 12.3+4.4 77 57.5 Maghemite, hematite, goethite
0.45 12.5+3.9 77 66.3 Maghemite, hematite, goethite

0.5 10.8+3.4 81 64.5 Maghemite, hematite, goethite
0.55 10.3+3.2 75 63.3 Maghemite, hematite, goethite

0.6 9.6+2.6 73 63.2 Maghemite, hematite

1:10000 Fe/additive

0.4 11.5+3.6 51 74.6 Maghemite, hematite, goethite
0.45 10.8 £3.5 53 74.4 Maghemite, hematite, goethite

0.5 10.6 +3.2 55 66.0 Maghemite, hematite, goethite
0.55 10.9+3.9 51 73.4 Maghemite, hematite, goethite

0.6 10.0+2.8 48 70.0 Maghemite, hematite
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This chapter concludes the thesis, revisiting the original aims and hypotheses and

reflecting on the success of the project. Future work and directions are also discussed, as

well as the real world importance of this body of work.

Chapter 8
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8.1 Conclusions

Throughout this thesis, the idea of drawing inspiration from the forms and functions observed
within biomineralisation proteins and their derivatives has been a constant. Starting from the
acidic biomineralisation proteins, Mms6 and MmsF, and delving into magnetite interacting
Adhirons heavily enriched with basic amino acids, additives inspired by these biomolecules
have been curated for use as magnetite control agents. Each of the aims set out within the
introduction will be addressed, discussing how they were met and further work which would

allow for each research aim to be further explored.

8.1.1 Screening Additives

The first aim of this project was the screening of prospective additive compounds which
could be utilised to tailor the properties of MNPs formed under ambient RTCP condi-
tions. This was successfully achieved through the screening of a range of 30 compounds
spanning acidic, basic, and mixed-functionality (containing both acidic and basic groups)
compounds, alongside amino acids, homopeptides, and polymers such as polysaccharides
and carbon backbone-based compounds with varying degrees of backbone flexibility. By in-
vestigating a wide range of additives with varying backbone flexibilities and functionalities,
a greater understanding of the influence of additives within a RTCP system was established.
As particle nucleation and growth operate under two differing mechanisms, current under-
standing suggests that acidic functionalities are key to the control of nucleation, whereas

basic functionalities influence the growth regime of particles.

Prior to this study, several compounds had been identified which were suitable for in-
fluencing the size of particles formed under co-precipitation conditions. However, fewer
compounds were readily known to tailor the shape of particles formed. Whilst oleylamine
and oleic acid, two well-studied additives, found success in producing cubic particles us-
ing thermal decomposition conditions,'% these compounds are insoluble in water rendering

them unsuitable for use in RTCP reactions.

This study revealed several starting points for further research by identifying additives
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which exhibited a marked effect on the shape of particles formed. TETA, TEPA, and
PEHA produced 96, 97, and 91 % faceted particles respectively, showing near homogeneous
control over the morphological control of particles formed. The success of these amines at
modulating the shape properties of MNPs supports the understanding built upon from MIA
proteins that the interaction between basic amines and magnetite surfaces is key to tailoring

the shape of particles formed.

The mixed functionality additive L-lysine, containing both an acidic carboxyl group and
two amine groups, was found to aid the formation of particles with the lowest polydispersity
of each of the additives screened, producing particles of reduced size and standard deviation
of 14.3 £+ 4.3 nm compared to the 6.5 nm observed in an additive-free control. Shape
control was also exhibited, producing 55 % faceted particles. This aspect of influencing
both desired morphological properties (shape and size) is promising for the simultaneous
control of both the shape and size of MNP with the addition of only a singular additive. 7-
Aminoheptanoic acid and 12-aminodoceanoic acid each also produced a greater proportion
of faceted particles compared to control reactions with reduced mean particle diameter. As
each of these compounds were tested at the relatively low amount of 8 x 10" mol of additive
per 20 mL reaction, their effectiveness at simultaneously tailoring shape and size may be
inhibited. As such, future concentration studies on these three additives would reveal further

information on both their mode of action and efficacy as additives.

Notably, high-acyl (HA) gellan gum (GG) was found to control the shape of MNPs
formed, producing 74 % faceted particles despite no amine groups being present. There
are two suspected mechanisms by which HA-GG may exert this effect. As the glycerate
sidechains of the polysaccharide backbone exhibit structural similarity to the ethylenedi-
amine series of additives, instead containing ethylenediol groups, these alcohol groups may
interact with forming magnetite surfaces in a comparable manner. Secondly, the polysac-
charide backbone itself contains multiple ethylenediol groups, meaning the backbone of the
polysaccharide may instead be binding to forming particles. By using low-acyl (LA) GG
(Figure 8.1) as an additive, these sidechains are removed as a factor and a comparison

could be drawn between the additives structure and effect.
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Figure 8.1: Chemical structures of a) High-acyl gellan gum (HA-GG), b) Low-acyl gellan
gum (LA-GG).

To ascertain whether active functionalities spaced out with ethylene groups are ideal for
shape control further studies into additives utilising an ethylene spacer between active func-
tionalities must be conducted. By investigating additives such as EDTA and analogous

compounds (Figure 8.2), understanding of the effect of this spacer group could be deep-

ened.
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Figure 8.2:  Chemical structures of a) Ethylenediamine tetracetic acid (EDTA), b)

N,N,N’,N'-Tetrakis(2-hydroxyethyl)ethylenediamine, c) Ethylenediamine-N,N’-diacetic acid,
d) N,N-Bis(2-hydroxyethyl)ethylenediamine.
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Interestingly, some additives found to exert influence over MNP formation in prior research
such as citric acid were not observed to have a notable effect within this study. As the
concentrations selected were in line with the concentration of Mms6 required to exert mor-
phological control in vitro, this concentration may not be ideal for additives which do not self
assemble. As such, this study could be further developed by screening each additive across
a range of concentrations. This is supported by the spermine concentration study which
showed an improvement in additive effectiveness as the additive concentration increases.
Repeating each additive across a range of concentrations may yield results which are more

consistent with the literature.

8.1.2 Additive Optimisation and Understanding

The second aim of this work was upon identification of additives which could significantly
tune the morphology of MNPs, to further study their mode of action and utilise DoE
principals to develop understanding of how an additive may interact with the RTCP system.
As the EDA series produced the most homogeneous shape-controlled particles these additives

were selected for further optimisation.

MD modelling of DETA-PEHA was conducted on the [100] (cubic) and [111] (octa-
hedral) surfaces of magnetite to develop understanding of why these additives direct to a
primarily octahedral morphology. TETA, TEPA, and PEHA were found to preferentially
bind to the [111] magnetite surface, with these amines able to lie flat against this face,
binding with multiple amine groups simultaneously which was not seen on the [100] surface.
The shorter chain amine, DETA, was found to bind unselectively to both the [100] and [111]
surface, consistent with its reduced effectiveness at morphological control, producing 42 %

faceted particles compared to >90 % for TETA-PEHA.

This application of MD modelling crucially sheds light on the mechanism by which the
EDA series of additives direct the morphology of growing MNPs towards octahedral. Further
study into other additives found to be effective would be beneficial, with MD modelling
offering potential insight into the binding and efficacy of other compounds. L-lysine has

previously been modelled against the [100] face of magnetite, revealing the strong binding
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of basic amino acids compared to acidic amino acids.?®> Modelling L-lysine alongside other
additives such as alkylamines with differing C:N ratios and spacing between amines would
allow for the importance of active functionality spacing to be better understood. Due to
the structurally more complicated nature of both LA-GG and HA-GG, these additives would
not be readily suitable for modelling. Instead, either comparative studies between the two
compounds or modelling of individual sugar rings rather than polymeric forms may allow

the function of GG to be identified.

DoE was implemented across three iterations of experiments to study the influence of
TEPA addition on the formation of MNPs under co-precipitation conditions. DoE had
previously not been applied using the addition of an additive as a factor, leaving a key gap
in the understanding of how additive addition may influence the properties of MNPs formed.
Two full-factorial designs (FFDs) and a path of steepest ascent (PSA) optimisation were

conducted, with each design building upon the findings of the prior designs.

The time-point of TEPA addition was found to be an insignificant factor, supporting
the idea of amine-based additives not impacting particle nucleation but instead interacting
with already nucleated magnetite and directing particle growth. As the other two factors
investigated (ferric ratio, and Fe/additive ratio) were found to be significant in the first

FFD, they remained as factors throughout each subsequent study.

Notably, higher concentrations of TEPA were found to promote the formation of mag-
netite at sub-optimal ferric ratios, producing particles which were both more magnetic and
closer in morphology to particles typically seen at ratios closer to the 2:1 ratio observed in
magnetite. The second FFD and PSA identified two similar Fe/additive ratios at which an
optimal proportion of faceted particles is formed, 50:1 and 59:1, producing 90 and 95 %
isotropic faceted particles (faceted particles excluding rods as these are not ideal for many
industrial purposes). This was in agreement with a concentration study conducted on TEPA
which found 62.5:1 and 125:1 Fe/additive ratios produced 97 % and 81 % faceted particles

respectively.

However it must be noted that in the PSA design many of the reactions performed worse

than predicted, producing lower proportions of faceted particles than predicted by the model.
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The batch co-precipitation system is highly sensitive to small environmental changes such
as room temperature and humiditity, as well as more controllable variables such as stirring
rate. Further validation and work on the use of TEPA within batch RTCP is required to
understand the discrepancies observed within batches of particles formed to truly develop
a robust method by which morphologically controlled MNPs can be consistently produced.
Due to the slow nature of the RTCP reactions conducted (160 minutes for the addition
of NaOH) the influence of environmental conditions may exert a greater effect than would
be observed in a short time-scale reaction. Future DoE experiments conducted within a
more tightly controlled environment such as utilising a water bath to maintain consistent

temperatures would allow for the cause of these differences to be determined.

8.1.3 Fluidic Systems and Scale-up

The final aim of the project was to produce MNPs in a range of systems with the goal
of increasing reproducibility between syntheses, and to enable the large-scale synthesis of
magnetic nanoparticles with enhanced properties. Previously, RTCP has been noted to be
highly sensitive to small changes in reaction environment with differences in saturation mag-
netism and percentage of faceted particles formed being noted. As such, the exploration of
alternative synthetic techniques was of great importance to ascertain a robust methodology

for the production of consistent high quality MNPs.

A macrofluidic/millifluidic system, henceforth referred to as the millifluidic system, was
designed to combat the issue of reproducibility issues within batch RTCP reactions. The
effect of Mms6, a biomineralisation protein found to strongly control the size and shape of
magnetite particles formed when used as an additive in batch RTCP, was studied within
this system at a range of ferric ratios. Whilst Mms6 was found to be unable to tailor
the morphology of particles formed under millifluidic conditions, saturation magnetism was
higher at lower ferric ratios (0.2-0.3) compared to additive-free controls. This suggests
Mmsb6 still aided the formation of magnetite, even if it could not exert a shape-control

effect under laminar flow conditions.

Crucially, by simply adjusting the ferric ratio between 0.2-0.7, particle size could be
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tuned to produce particles between 20.5 and 6.5 nm diameter. This reveals a methodology

by which particle size can be controlled, without even requiring the use of an additive.

This system was further tested with the addition of the EDA series of additives, spanning
from EDA-PEHA to cover the full range of readily available EDA-based amines. Three
additive to iron ratios were selected (1:100, 1:1000, and 1:10000), with the intention of
determining an optimal balance between additive effect and the reduced economy of using
more additive. TEPA once again produced the highest percentage of faceted particles,
producing 58 % faceted particles at a 1:100 ratio compared to 47 % at a 1:1000 ratio. This
is not a significant difference for a 10-fold increase in additive concentration, suggesting
lower additive concentrations may be more economically viable if this methodology were to

be scaled out.

The incorporation of a clear glass capillary into the design allows for both the in situ
analysis of product formation using methodologies such as colour analysis of the iron stream
to monitor reaction progress, as well as readily being able to adapt the length of the capillary
to optimise residence time within the system. The system could be adapted further via
machining additional inlets to allow for the introduction of additives at various reaction

points.

However, the millifluidic system has flaws which make it unsuitable for large-scale particle
production. The iron oxide products are prone to oxidation due to the inability to sparge
the Fe and NaOH feed solutions with an inert gas throughout the reaction, as the solutions
are required to be within a syringe for the system to operate. Despite the reasonably low
residence time (~1 minute) of iron solution within the millifluidic device, small amounts of
particles are produced due to the low volume of the reaction channel. Careful calibration
is required to ensure the Fe inlet needle is central, as the capillary is prone to fouling if
the needle is askew. It was also found that additives do not appear as effective under the
laminar flow regime, with both Mms6 and TEPA not performing as well as observed under

batch conditions.

A continuous flow static mixer was designed to overcome the shortcomings observed

with regard to additive mixing within the millifluidic system. The use of a continuous flow
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static mixer allows for rapid mixing of the reagents, whilst minimising residence time within
the system for efficient production of particles and a simple route to industrial scale MNP
production. This continuous flow system is capable of producing > 300 g day! of MNP,
an increase of greater than five times the highest production rate previously been stated in

the literature for MNP synthesis.

Each of the EDA-PEHA series of additives was used at three concentrations (1:100,
1:1000, and 1:10000) within this continuous flow system. The addition of additives increased
the percentage of faceted particles from 34 % in an additive-free control, to 38-84 % on
addition of EDA-PEHA across each of the three concentration. The 1:100 additive/Fe ratio
formed the most faceted particles, with TEPA producing the highest proportion of each of

the amine additives (84 %).

Optimisation of the continuous flow static mixer revealed two manners by which MNP
size could be tuned, with both the concentration of the Fe feed and the ferric ratio found
to influence particle diameter. When varying the ferric ratio between 0.2-0.7, mean particle
diameter ranged from 22.7 nm at the lowest ratio to 7.7 nm at the highest. Interestingly,
magnetism is maintained at lower ferric ratios, despite being non-magnetic on exiting the
continuous flow static mixer and requiring time to mature. This size tuning effect was
maintained in a further study on the addition of TEPA between a 0.4-0.6 ferric ratio, with
a high degree (73-81 %) of faceted morphology being noted across the ferric range. This is
a critical finding, as it allows for the size and morphology of the particles to be tailored in

tandem with the addition of only a single affordable additive.

Future studies into the use of TEPA as an additive at the lowest ferric ratios (0.2-0.35)
would reveal whether shape-control is maintained at typically less ideal ratios within the
continuous flow system, which would allow for octahedral particles spanning a wide range

of sizes to be formed within a system which is readily amenable to scale-up.

Notably, both fluidic systems produce smaller MNP (~10 nm) than those synthesised
within a batch system (~20 nm). This provides another approach to tailoring the size of
particles produced, with the addition of TEPA to different systems allowing the production

of octahedral particles of either size.
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Whilst the potential for scale-up has been explored as a continuous concept, batch
manufacture is still deemed preferable across many industries. The current batch RTCP

! of base, limiting the speed at which

methodology uses the slow addition of 50 pL min-
MNPs are formed. The rapid addition of base requires both rapid and consistent stirring
throughout the vessel to ensure homogeneous particle formation. Poor mixing results in
steeper pH gradients within the reaction mixture, allowing some particles to nucleate before
others and altering the size distribution of MNPs formed. The use of a more controllable
system, such as a reactor vessel with overhead stirring, would allow for the fast mixing

required to avoid significant pH gradients and lay the foundations of additive-assisted batch

RTCP on larger scales.

Throughout this body of work, TEM, XRD, VSM have been used as the primary means
of analysing the particles formed across the range of RTCP synthesis methods. At the
stage of research where additives are being identified and initially optimised, this analysis
is adequate. However, other methods may offer additional information required for future

development of the particle synthesis methods and their subsequent characterisation.

Dynamic Light Scattering (DLS) is one method commonly used to analyse the size of
nanoparticles. The magnetic nature of MNP causes particles to aggregate, which causes
inaccuracy in the measurements compared to TEM. As such, the human error attributed
to TEM analysis is an improvement on the measurements gathered from DLS. Atomic
force microscopy (AFM) is another technique which has applications in the measurement of
nanoscale materials. Once again, TEM offers superior resolution, and if cost is not an issue,
offers superior size information. Zeta potential readings measuring the electrical potential of
MNP is key information when developing suspensions of nanoparticles and would be crucial
when the formed MNP are being further developed into potential medical formulations.
Ultraviolet visible (UV-vis) spectroscopy measures the absorbance of specific wavelengths
of light. Standard spectra are available of a range of compounds, including magnetite. UV-
vis spectroscopy of magnetite formed in the presence of organic additives may shed light
on the binding and presence of additives to particle surfaces, allowing another means of

characterising the binding of additives, similar to FTIR. Electron paramagnetic resonance
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(EPR) allows for the study of materials with unpaired electrons. Maghemite exhibits a
broadening of peaks compared to magnetite and use of this technique may allow for more

precise characterisation of magnetite and maghemite in samples.

When considering future changes to the synthesis of MNP utilising continuous flow tech-
niques, the methodology could be expanded in several manners. The use of online measure-
ment to continuously monitor the synthesis of particles would be a significant step toward
industrial synthesis of continuously produced MNP. Whilst the continuous flow methodology
produces high quality MNP on a massively reduced timescale compared to the original batch
RTCP methodology utilised, TEM, XRD, and VSM are not typically automatable analysis

techniques.

8.2 Final Remarks

Within this thesis, a significant body of work has been developed and presented on the use
of bioinspired additives to tailor MNPs, particularly pertaining to the use of TEPA as a
morphological control agent. The robustness of this additive has been demonstrated, show-
ing effectiveness at modulating the shape of MNPs formed within RTCP reactions across
three synthetic systems. As well as displaying the efficacy of TEPA within co-precipitation
reactions, the use of TEPA has been understood and optimised through DoE and modelling
studies. It has been demonstrated that bioinspired additives have the potential to offer
near homogeneous control over the morphology of particles formed within co-precipitation

reactions, directing the syntheses to octahedral morphology.

This work has been a major step towards the bioinspired large-scale production of
additive-mediated MNP synthesis. The combination of the ability to control particle size
by utilising fluidic and batch methodologies whilst directing the shape of MNPs formed
to octahedral allows for bespoke particles to be produced. With the development of the
continuous flow static mixer, it is feasible to synthesise over 300 g day™ of primarily octa-
hedral MNPs whilst controlling the size of particle formed via adjustment of the ferric ratio.
With further optimisation and development of the continuous flow static mixer, this finding

could significantly impact how MNPs are synthesised on an industrial scale. The ability to
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produce large quantities of MNPs with both tailored shape and size, without the use of
environmentally unsustainable practices, is a substantial step towards the development of

sustainable MNPs produced on an industrial scale.

The bioinspired large-scale production of MNPs may be within reach as the industrial
community becomes more aware of environmental issues surrounding the production of
nanomaterials, leading to the selection of greener alternatives. By developing these alterna-
tive green methodologies, the sustainable manufacture of MNPs becomes an attractive and

viable option for industry.
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